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Abstract
Thiolate-protected gold anoclusters (Au(SR) NCgxhibit moleculdike

properties that are both remarkable and unusual for #bas#d nanoparticleShe utra-
small particle size and high stability enables Au(SR) NCs to be synthesized with atomic
precisionwheredistinctpartideshavean exact composition of Au atoms and thiolate
ligands.Recently crystalstructures oatomically-preciseAu(SR) NCs(e.g, Auzxs(SR)s
and AuoxASR)u4) have beemrlucidated This structural information enablésar
fascinatingstructure and propgesto be examinedn greatdetail, allowing forthe effect
of structural componentsuch agore surfaceandmetatligandinterface,on the
moleculelike propertiedo be addressed. Working towards tt@mainingchallenge,
experimentaK-ray spectrosopy(mainly X-ray absorption spectroscopgind supporting
techniques were utilizedsa suitable means to stuiiye structure and electronic
properties of Au(SR) NCand other NC systenisom an elementand $te-specific
perspective.

Herein, studiesvere devoted to understanding the effect of core structure and
protecting ligands on the structure and properties of Au(SR) Né&sinfluence of core
size and geometig first examined for iceahedrabased and faeeentredcubic (FCC)
based Au(SR) NCdt is shown that difference of only a few Au atoms in the coam
modulate the valence electronic structure mstiructure the surfacd icosahedrabased
AU(SR) NCs Au(SR) NCswith aFCC core geometrgre found tdhave a commoAu4
core structural coponentthatdirects the moleculdike electronic properties and
temperaturalependent bonding propertigmat are unique to FGBased Au(SR) NCs
Examining the effect of ligand head grogpructurallyanalogouselenolateprotected
Au NCsreveal the preduoinate effect of Se on the electronic and bonding properties of
Au NCsthrough more covalent Aligand interactionsThe role of watesoluble
glutathione ligands on the structure and photoluminescence of Au(SR) NCs were then
investigated along with a corapson to organsoluble Au(SR) NCs of the same
composition. Finally, experimental and investigative techniques develomegjhout
this workwere extended to study the structarel propertiesf proteinprotectedAu
NCs andhiolate protected Ag NG.
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Chapter 1 - Introductio n

1.1 Metal Nanoparticles

A particlethat has at least one length dimension between 1 tarh@®
considered to be a nanoparti@éP). NPs are nolimited to sphericaparticles theyalso
existin manydifferent shapesr forms, such as rods, cubesmisms!? Theycan consist
of organc and/or inorganic constituentsut often have an organic surface protecting
layer3# The possiblecombinatiors of shape andompositionareextensive, makingyPs
a versatileclass ofmaterias for application across several scientific disciplifé€NPs
areregarded as important materials that will hopefatfyanceechnologies crucidab
the sustainability ohumanking such asnergy storagandmedial technology 191!
Thus, identifying the potential of NBroperties antheir corresponding structusés an
exciting andmportantarea of chemical research.

As alluded to above, there are several kinds of NP cotigpasand structures.
One main distinctionms thetype ofmaterial used to form the corie(, bulk) of theNP,
broadlycategorized asrganic €.g, polymers and lipids), inorganie.¢, mineratbased
or metatsulfide) or metalNPs g.g, transition meals).Organic and inorganic NRge a
diverse class of NP withromising applicationsuch agirug deliverydevicesand
semiconducting materials for solar céfs3However their properties do not change as
dramatically agor metal NPs when the size, shape or position is modified, ar can
the surface structure and shape of organic and inorganic NPs be controllesaiméhe
extentasmetal NPs* Metal NPs on the other hanéxhibit an extensive rangd

optoelectronic and physicochemical properties are scalable and sensitive to NP
1



dimensions and compositids a result, metal NParepromisingfor a broaer
spectrum ofpplications including catalyst8,*® nanoelectronicg’ biomedical
imagingt?2and therapeutic devicé$?*

On the nanoscale, some metzdn exhibitpropertieghat are distinctrom the
bulk-phase. Many of thaniquephysical, chemical, electronic and optipabperties
occurbecause o& high surface aret-volume ratioand undeicoordinated surfaceetal
atoms(e.g, edge or corner of a surface lattice pldf@mportantly, these properties can
be furthercontrolled or modifiedhroughthe design of NRize, shapesurface structre
andmetalcomposition?®2’ For metalbased NPs,able metal{d® and d° metalssuch as
Pd, Ag, Ptand Au)have beemoreextensively studied in comparisondarly transition
metalsbecause of their strong metallic bonding and resistance to oxidation or carrosion
Although costlier, noble metal NRse stable andxhibit a strong response to incident
light and external stimuli, making thesmcellent systesito studythe propertiesof nanc
sizedmetak.

1.11 Gold nanoparticles

Of the noble metals, Ais a favourablehoicefor NP research andeveloping
NP applicatiors because of iteesistance tsurface oxidationrandgeneral ease tP
preparatiort® Remarkablgropertiesof Au NPsinclude electrical enductiity,
magnetism, strong quantusize effectsabroad range of optical activity and
biocompatibility?®-2°Importantly, theoptical, physicalndelectronic propertieare
tunable by changing trsize, shapand surface morphology?*3031

The fascinating properties of Au NRave been documenteeériodically

throughout history, but one of the most significant contributwas by Faraday 6857,
2



whenhe investigated the optical prafiesof colloidal Ausolutiors.*? Aimost one
hundred yearkater, Turkevichet al23 reported on the nucleation and growth properties
of colloidal Au using transmission electron microsc¢p¥M) while collecing some of
the first images oAu NPs The study of Au NPs waginvigoratedn thelater pat of the
20" century when various bottorrup or solutiosphase synthesis approaches reported
better control over size, shape and propeffi€ar example, e BrustSchiffrin
synthesis waa monumentahdvancemerni thesolutionphase synthes highly stable
Au NPsprotected by a surface monolayer of thiolate molectfiBespite the long
history of Au NPresearchthis areacontinues to grow and remaiasnajor focus in
many scienfic fields.243938
1.1.1.1Structure and properties

AlthoughmetalNPs can be proded with afi t -d p w approach through
physicalmeans €.g, balkmilling),® @ b o t-u pajsproaches througdolutionphase
chemical reactionsavebetter control oveAu NP size,shapeand surfae structurg=> A
solution-phaseAu NP synthesstypically includes protecting molecuke or surfactantto
preventparticleaggregationwhich leads to narrowgarticle sizedistributiors. The
surface layer of protecting molecules can also influence the properties of Au NPs and is
an important consideration for thedl intended applicatiorhere are several types of
protecting moleculesuitable for the surface passivation of Au Ne&emmonlyincluding
amines, phosphines and thiét¢%+*1An exanple of a ligangprotected Au NP is
presented in Figure 1.1 to generally illustrate the metal core and protecting ligand layer
components. A closer look at the protecting ligand layer stiostthe head group of the

ligandinteracs with the NP surface arttie tail grougs directed away from the NP
3



surfaceThe tail group of the protecting molecwan range from hydrocarbon chains or
branches to hydrophilic or amphiphilic moleausubstituentswhich providesdditional
protection of the Au NP surfacedorincludes functionalization for interactions with

other systems.

2 PP " Protecting ligand layer

- e LI R R R R
@ <
@ Metallic core »
® o _
o . o0
- g = LN .
| L
" Pogett

Figure 1.1 Generalized model of a liganebrotected gold nanoparticlewith cross
section and sirface views(metal atoms are yellow, ligand head groups are red and
ligand tail groups are green lines witha functional moiety (R)).

In solution, Au NPs can interact with light to create what is known as a surface
plasmon resonance (SPBPR occurs wheAu NPs (and other noble metal NPs) absorb
incident electromagnetic radiatiamsually in the visible (Vis) spectrurthat induces a
collectiveand resonamascillation of free conduction electroan the surface of Au NPs,
creating a dipole resonant&or spherical Au NPs, the SPR feature is typically seen as
an intense and broad peak around 52G%ife effect of Au NP dimension and size
exemplifiedby comparing the SPR from spherical NPs withramorods and
nanoprisms4243For Au nanorods and nanoprisms, the SPR isshdftied by 100 to 200
nm, depending on the aspect ratio of the nanorod adbe length of the nanopristh*®
A useful application oAu NP SPR is for surface enhanced Raman spectrosedpn

Au NPs are useds asubstrate nthe probeSPR can enhance the detection of
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vibrational enegies from small molecule$:** Combining thebiocompatibilityof Au and
Au NP surface functionalizatigrseverabiomedical aplcations related to diagnostics,
biolabelling photothermal therapy and druglidery arealso promising?3244¢

When the diameter &fu NPsis small,around2 to 3 nm the SFR feature
diminishesand electronic properties begin to deviate froetalparticlebehaviar.*’ For
Au NPs of this sizethe relativeratio of surface atom# core atom#creases
dramatically.Along with this decrease iiu NP size comes drasticchange irelectronic
propertiesSemicontinuoussalencebandsof larger Au NPs transition to discontinuous
or quantized valencenergy levelsAs a result, the properties of the Au particle appear
more moleculdike in nature, compared to larg&u NPs This class of ultramall Au

NPsis commonly referred to a&u nanoclusters (Au NCs).

1.2 Gold Nanoclusters

The study ofAu NCsand other metal NCs has expanded the possibilities of
metals on the nanoscale. Instead of-sirel shapelependent properties for Au NPs, the
exact number of Au atoms per particle cavdna significant influence on the properties
of Au NCs.This is generally caused by the extremely small Au NC seegs Auis,

Auzs), where valence electrons reside in moledilde electronic levels that are sensitive
to structure and compositionchievingsinglesized Au NCsand other metal NCis
especially important for nanoscience and nanotechnologybasvis forimportant
fundametral studies of structurproperty relationshipsf metalson the nanoscale.

1.2.1 Electronic properties



Au NCswereinitially examined in the gaphasebeforesophisticatedolution
phase syntheses were develaffgd Experimental insiglttinto the electronic properties
of Au NCswere gainedvithout surfaceprotectingmolecules ofigands At the time bare
metalNCs wereof significantinterest since thegxisiedbetweerorganomallic
complexes and larger metdPs andalso showd promise as catalysts when deposited
on substrate® Free andsubstratesupporteddu, and other metalCs are nowwidely
recognized as high performance cataly5ts:>’Beforea deeper understandibghind
the stability and electronic propertiesAu NCs, however, gaphase Nalustersvere
investigated to reveaémarkable order irizeabundanceand electronic structutéat
resembld electron sheltlosings®® Select sizes oNa, clusters vere detecteth higher
proportiors (n = 8, 20, 40, 58)Interestingly, i was lateffound that Au NCs in the gas
phasedisplayedsimilar properties with regartb stable clusterof specific sizé®

Thevalenceelectronic stucture of Au NCss more semiconducting or insulating
in nature, compared theé semicontinuous band structuoé larger Au NPsand
conduction band of bulk AtAu NCs of sufficiently small size hawingle-electron
transitionsbetweerhighest occupied mecular orbitalHOMO) and lowest unoccupied
molecular orbita{LUMO) energy levelssimilar tomolecular systens' *° This
transformation in eleobnic structuras illustrated in Figure 2.andis generally
explainedby taking into account quantum confinement effectslectronghat appeaas
the particle sizer the number of atoms per partidecreasesAccording to fee electron
theory, the gpearance of quantum confinemeffectscan beapproximatd by
calculating theaverage spacing betweealenceenergy levelsy) with the following

relation,



3 (1.1)
whereEr is the Fermi energy of Au aridlis number of gold atoms in tloduster or
particle®® Quantumconfinementeffectsare predicteavhentliis greater thaksT (Wwhere
ks is Boltzmann constant aridis temperature) at room temperature, which represents
background thermal energyFrom this simpleelation these effects are apparent far
whenclustersareless than-2 nm in diameteor less than ~170 Au atoms in size

Consideringegn 1.1, even a smatlhange tadhe Au NC size or N in this casecan alter

thevalenceelectronic structureffecting optical and physicochemical properties.

4

Au bulk Au NPs Au NCs Au atoms

Figure 1.2 Generalized valence electronic strcture for Au bulk, Au NPs, Au NCs
and Au atoms, whereEr is Fermi energy andl is the energy gap between highest
occupied and lowest unoccupied levels.

The moleculdike electronic optical properties of Au NCs were suitably
demonstrated with th&ize dependentphotoluminescenc@L) of dendrimesprotected
Au NCs. Au NCs weakly protected within dendritic polymers, ranging frogté\éus:

in size, were found to have emission energies that changed from blue to NIR when the
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Au NC size increaset®. To accout for these sizelependent emissions, the electronic
potential that describes the bare Au particle changes from a harmogjdqAusquare
well (Ausi) potential when the Au NC size increasé&®
1.2.2 Ligand-protected gold nanoclusters

Gasphaseand weaklyprotectedAu NCs offered initial insightsito the highly
quantized electronic structutébut without goodsurface protectiother stability was
extremelylow or limited Hence, ligangbrotected Au NCs in condensed phasese
desiratte andallowedfor furtherstudy anccharacterizationrPhosphine and chloride co
protectedAu NCs, [Auss(PPh)14Cle]Cl2 and Auss(PP1)12Cls,?%2were some of the first
ligand-protectedAu NCs producedia solutiorphase synthese&u atoms in the core of
Auzg(PPh)14Clg]Cl2 (Auzg) were arranged in an unexpected hexagonal qasked
(HCP) structurethat represented a new cluspraseuniquefrom thefacecentred cubic
(FCO) bulk-phaseof Au. Ausg also carried an overall 2+ charge on the NC (two CI
counterions$! which demonstrated the distinct charge state property of some Au NCs.
Although te structure of the metal core and surface ligand arrangement of
Auss(PPh)12Cls (Auss) havenot beerunambiguously determinedarious
characterizationeave suggesteaitwo-shell cuboctahedn core(1+12+42 atom shells)
for Auss with an arrangement of Cl and PRigandson surface facets, edges and corners
of the Aws core®® Notably, Auss NCs shoved exceptional resistance to oxidation in
comparison to smaller ANCs and larger Au NP8 There was also evidence of
moleculelike electronic structure with discretalence energy levef8:**However, he
phosphine and chloride gqootected Au NCs suffedfrom low stability, low yieldand

difficult synthesis procedures.



A short time after the elucidation of Agand Auws, the inclusion of thiolate
ligands to protect the Au NC surface was demonstrated. The compositions and structures
of Au13(PPR)4(SRYCI> and Aus(PPh)1o0(SRECI2 NCs (where SR represents an
abbreviated thiolate molecule) revealed the new potenti#hifmateprotecting ligands
and the icosahedrllased Au core geometry as a new clupteasel’ ® Consistent with
previous liganeprotected Au NC studies, molectlike properties were detected using
optical and electrochemical measurements.

In general, a variety gdrotectingligands,such as polymers, phosphines,
biomolecules and thiof8;" 2 have been shown to protect astdbilize the surface of Au
NCs, but not all can be used to synthesize atomigaicise Au NCs with exact
compositionsf ligands and Au atom&ollowing breakthrough in thiol sefissembled
monolayers (SAMsdn Au’3 7® and theBrustSchiffrin synthesis* thiol molecules
becamebetter recognized as strong andatle protecting ligands for Au NCs.

1.2.3 Thiolate-protected gold nanoclusters

TheBrustSchiffrin synthesiseventuallypecame a welknown protocol for the
formation of thiolateprotected Au NP&* andlater forthiolate protectedAu NCs This
method achiesdlow polydispersity of particle sizejniform particle shapand longterm
stablity in solutionor in solid form.”® The synthesids a twophasereaction ommonly
toluene andvater) that involves theeductionof Au(lll) precursorgo Au(l) and Au(0)
with subsequerthiolate surface protectioof the Au particle The synthesisf
atomically-precise thiolatgrotectedAu NCs(abbreviated a8un(SR}» NCs whereinn
andmdenote a specific and consistent number of Au atoms and SR ligands peari

from developments anchodifications of tis synthesis protocol
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By controlling the SBAu precursoratio and therate ofreduction Alvarezet al.”’
demonstrated thaiarrowsizedistributions otthiolate-protectedAu NP andNC reaction
producs could be synthesized and theeparated with chromatograpiiscrete sizes
(reported as detected massa&shun(SR)n NCs werdadentifiedusingmass spectrometry
(MS) (e.g, 93 kDa, 57 kDa45 kDa, 29 kDa, 8 kDaJ hissuggestdspecific sizes or
compositionsof Aun(SR)}n NCsweremorestablethan other$® Comparing the optical
properties of each A(SR NC product, he SPR absorption feate diminishedvith
decreasing size, whighitially demonstratedhetransitionof optoelectronic properties
from Au NPs to Au NC4’ Theonset of quanturnonfinemeneffects andnolecue-like
electronic behaviour was nfutlly recognizedt this time howevertherewasasmall
sizedistributionfor each separatqaroduct which smeagd-out theabsorption features
for eachAun(SR)» NC. Thus,the synthesis ddinglesized Au(SRn NCs was imperative
in orderto understand the sensitive chawngeptical and physia properties witlsize
structureand composition.

Another synthetidevelopmentor Aun(SR» NCswastheonephase aqueous
preparation of glutathiorprotected Au NC$Aun(SGn NCs)."*8%Using polyacrylamide
gel eletrophoresis, discrete sizesAulin(SGh NCswereseparated from the reaction
mixture andsolatedfor individual characterizatigrsimilar to the work with organo
soluble Aw(SR}n NCs’” Here,Au NC sizeswereidentifiedwith evenbetter precision
rangingfrom Auio(SGo to Auzg(SG)a. This allowed for careful characterization of their
optical and electronic propertiashich clearlydisplayedhe moleculelike natureof
Aun(SR)}» NCs.However, the synthesis yielded several sizes a{$®)n that had to be

separatedandas a resulthe yieldof each NC sizevas low.
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To improve product yields and focus on certaim(@®R ) sizeswithout
chromatographic separatioonepot synthesis approaches were develd¥é&din a
typical synthesisa highSR:Auratio wasused to first producAu(l)-SR aggregate3he
conditions for mixing these aggregates and the thiolate ligancctygmthhave an
effect on the target AUSR NC sizeandstructure A strong reducing agemtasthen
slowly added dropwise to control the nucleation of the Au NO$ie highSR:Auratio
keptthe Au(0O) core sizes small and additional mixaagisedAun(SRm NCs of lesser
stability to be destroyed or converted to the most favourable(Bie&ils on syntheses of
Aun(SRINCs studied in this thesis apresentedn Section 25.)

1.23.1 Characterization and dructure

Due to thel to 2nm diameter size Aun(SR)n NCs, limitations in the imaging
resolution ofTEM prevent accurate and reliable determination of particle Aze.
result, gplying electrospray ionization and matassisted laser desorption ionization
MS techniques for the identification of AR NCs was monumental for this research
area®*8From the combination of newsthesisstrategies ah characterizatioran
impressive series &un(SR)» NCshawe been synthesized and identiffé& However,
not allhave beerstructurallycharacterizedo understand how their properties change
with compositim, size, structurand ligand.

Auss andSAMs of thiols m Au surfaceglid offer someinsight on theAu NC
core structure and tHiggand-metal interface on the nanoscatowever it wasuncertain
whetherthese structures would directly translaté\te(SR NCsbecause athe
different chemical interactiobetween S andu, andextremely smal€orestructues

with ahigh degree of curvatur€ortunatelythetotal structureslucidation(i.e.,
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determination o&tomic positions of Au, &nd other atomgertaining tahe thiolate
ligand) wasachieved fosomeAun(SR» NCsby growingcrystalsof asinglesized
productfor X-ray diffraction(XRD) measurement3.his has led to a deeper
understanding of thiolatprotected Au NC structure and detailed strucun@perty
relationships.

Considered a scientificreakthrougtacross materials science, chemistry and
physics, the crystal structures @tomicallypreciseAu1o(SRu4, Auzg(SRp4 and
Auzs(SR)s were obtainedavithin a few years of each othavhichelucidaedthe core and
surface structuresf thiolateprotectedAu NCsfor the first time®¥ °2 Severaimportant
discoveries were made from these crystal structurelsidingtheicosahedralor
decahedratorepackinggeometry of Au atomanddistinctivesurface Al)-SR
oligomeric cappinginitsthat defied earlieconceps ofthiolatebonding motifs €.g, on
top, bridging, and thretold hollow site)®7>93%The elucidation of this A{SR}» NC
seriesallowed for some of the firsiorrelatiors of structure(i.e., structurespecific, not
sizespecifig with eledronic andopticalpropertiesAn important finding from the
crystal structure of Au(SR)gwas the presence of a tetraoctylammonium(ahrarge of
1+) in the crystal, whichalancedhe overall 2 charge on the Alg(SR)s NC.92%°This
led to a better understanding of charge states fe{SR NCs, particularlywhen they
are studied by electrochemical me&h¥.%’

Foracloser inspection of surface and core structure figabedrabased
Aun(SR)n NCs, the crystal structuféof Auzs(SGH4Ph)1sis shown inFigurel.3. In this
structure, here arel3 Au atoms arranged in a highly symmetric icosadlezbre with

the remaining 12 Au atoms in-BR-Au(l)-SR-Au(l)-SR- oligomer structureprotecting
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the surfaceOnly oneAu atomout of the 25total Au atoms is surrounded by 12 surface
Au atoms andhasno interaction withthiolate ligandsThe 12 Au atoms oré surface of
the icosahedrohave a partigAu(l) oxidation state from the electron withdrawing effect
of the thiolate ligandAu atoms interacting with two thiolate ligands on the surface in
oligomer structurebave a valence state Afi(l).”>**Because of the shape asuiface
cappingnatureof theAu(l)-SRoligomeric components, theyer ef er r ed -t o as
I i k e o fstaplésjfdr short).The discovery of these surface structuwmes
Au10SRu4, Auzg(SRp4 andAuzs(SR)g offeredfurtherexplanation for the moleculéke
electronic structure and remarkable stability of thiclat®ectedAu NCsand possibly
largerthiolate-protectedAu NPs In addition to strong metallic AAu bonding in the
core aurophilic interactions between Au atoms on the surface contribute to the stability
and favourable geometric structuriethe Au NC®48

Auzs(SR)gis one of the most thermodynamically stable compositions of
Aun(SRn NCs¥It is often used as a model systemrigferenceor to demonstrate
structureproperty relationshipgsis done in Chapter &d Chapter 6 Au2s(SR)s also
contains the basgtructuralanatomy oimanyAun(SR)}» NCs. Auzxs(SR)s hasthree
distinctsites for Au atomscertre, surfacend stapleThis introduces foutypesof Au-
Au bondingthat range fron2.7 to3.5 A; listedfrom shortest to longest, they acente-
surface, surfacsurface surfacestapleandstaplestapk. For Aws(SRxsNCs the surface
is stabilized by doubl@imeric)stapleunits, exclusively, whereasuzg(SRp4 NCsis
stabilized witha mixture of singlerhonomeric SR-Au(l)-SR) and double staplesnd

Au10ASRu4 NCs haveonly single stapleDepending on theize of the Au core and the

13

N



type of protecting thiolate, there are various combinations and configurations ofSRu(l)

oligomer surface structures possible.

Figure 1.3 (a) Auz2s(SC2H4Ph)is crystal structure with one complete
phenylethanethiolateligand (H atoms omitted), (b) isolated double staplestructure
and (c) Ausicosahedral core. Au atms are yellow, S atoms are rednd C atoms
are green.

Although icosahedral core structures andace staplanitsconsistently
appearedor the firstseriesAun(SR)» NC structuresthe FCC-ordered core structure of
Auss(SR)4 changed the architectural possibilitfes the Aun(SR» NC framework!°
The crystal structure for As(SGH4C(CHg)3z)24 is displayed irFigure 1.4 (Ause(SR)4
NCs arestudied in Chapter 4There are28 Au atomsassembled into aRCC-ordered
structure with fourcentral Au atoms and a shell of 24 Au atoms that are surface Au sites.
The surface is protected Bydouble staple units (8 Au atoms) and 12 bridging thiolates,

wherethethiolate ligandoonds with two surface Au atoms.
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(b)

Figure 1.4 (a) Auss(SCsH4C(CHa)s)24crystal structure with one complete bridging
thiolate ligand (H atoms omitted), (b) isolated FCGordered Auzs core and (c)
central Auas structure.

Anotherclass ofAun(SRIn NC structure typesonsist of Ay cluster unitsas the
core structure. Tleecorestructurs haveneither icosahedralor FCGorderedsymmetry
because of their small sizend are considereasbuilding blocksfor the smallest
Aun(SR)nNC core structurege.g., Auis(SRiz and Awo(SR)e).2°+1%2With smallercore
structures, longer All)-SRoligomers (equivalent to triple guadruple staple structujes
interlok andor wrap around to protetihe Au core surfacél hesestructural features
have beenexperimentallyverified for Auz4(SR)20'% and Awo(SR)6,'%*and predicted for
Au2(SR)s.1%° With a variety of core structure geometries and AGR) surface
protecting motifsconstantly being elucidatethere is a need to identify the influence of
each guctural feature on the electroraad bondingroperties. Importantly, the
correlation between structural feature and property is possible given the study of distinct
Aun(SRnNCs.

1.23.2 Gold-sulfur bonding
15



Although a general description of Au NC eleciwostructure was given iRigure
1.2, the high relative ratio dbR:Auper Ak(SRNC and strong &u bondng have a
considerablenfluence the electronic propertiéhe spedic orbital interaction between
S and Au occurs because of the unique Au valence electronic structure induced by
relativistic effects%®1%These effects cause 6s and 6p orbitals to contract and the 5d
orbital to expand. As a result, Au 6s and 5d orbitals become closer in energy (enabling s
d hylridization). Hybridized 3shorbitals from S form a bond with 6s orbitals with some
contribution from 5d° Similarto other metathiolate and metgbhosphine complexes,
"-" backbonding will also transfer electron density fromddAu to the3p orbitals of
S1%9Dye to the covalent bonding nature of-8wand the higher electronegativity of S,
electron density is generally transferred from Au atoms on the NC surface to S. As seen
from the surface structure of A(SR)s and Aus(SRp4 (Figurel.3 andFigure 1.4),
there are several Au atoms with a valence statg-oivhich provides aurophilic
interactions between Au atoms from closdutll 5d°-5d'° orbitals and further
contributes to the stability of the NE°

Finally, the electronic structud Aun(SR)» NCsis also affected by unique Au
core structures or AAu bonding environments. Since Au atoms are not in typical FCC
arrangements, other digurations of AuAu packing and bonding can modulate the
occupancy of electrons in Au valence energy levels. For example-coolglinated Au
atoms on NP surfaces or in small clusters experience-fesishybridization than bulk
Au, which increases themount of electron density in the 5d valence region fotAtt?
Overall, the interplay from surface ABR interactions and Au core structuadiect

the electronic structure of ABR NCs and are both examined in tthesis.
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1.2.3.3 Optical properties and photoluminescence

As mentioned above, discrete electronic transitamtairbetween valence levels
for Au NCs Such electronic transitiorese evidenfor Aun(SRn NCsasabsorption
featuresdetectedn the UV to thenearinfrared (NIR) region® Even largeAun(SR)n
NCs like Aus4SR)o0 can exhibitmany singleelectron transitions despitaving a
significant metal core componerard are thereforenore moleculdike than metalike
with regardto optoelectronic properties® Theopticaland electronigroperties of
Aun(SR)n NCs are sensitive to a number of factors including sizesgmunetry of Au
core structures, Al)-SRsurfacestructuresand thethiolateligand type®® Therfore, the
absorptiorenergy, ntensityandspacingof featuresn the UV-Vis-NIR regionwill
change based on the specificsf&R)n NC being measuredh this regardthe absorption
spedrum can beused as a diagnostic tool for determiningAlg(SR)}» NC product or
monitoringthe stability in solutio®1*An example of an absorption spectrum for

Auzs(SGH4Ph)18 NCs is shown irFigure 1.5.
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Figure 1.5 UV-Vis absorption spectrum of Aws(SC2H4Ph)1s NCs in toluene.

Au-S surface interactiorsay a significantrole in stabilizingAun(SR NCsand

depending on thiolate ligand type, cafluence the valencglectronic structureDensity
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functional theory (DFT) calculations performed orn&8R)sNCshaveconfirmed the
origin of several absorption featurasthose seen ikigurel.5 and determined the
relative ontribution of Au and S (ligand) atoms to each HOMO and LUMO energy
level >>11°1t was shown that the S 3p contributiorseveraHOMO-LUMO levels is
significant andhe selection of the stabilizing thiolate ligand can affecetaetronic
properties andptical propertie$®

The PL of thiolateprotected Au NCs is distinct from larger Au NPs @otymer
protected Au NCs, which exhibit a sidependent emission propettf:}!’Early studies
on a diverse selection of thiolgpeotected Au NCs demonstrated the emisgioargy
and intendly to beindependenbf the core and the amount of ligand protectitiThis
suggestedhatthe emissionfor Au NCs with stronghiolateligand protectiorwas more
complicated than a simple core sitependent propertiNegeshiet al® reported a
similar compositiondependengmissionpropertyfor a series oAUn(SG)m NCs.

The role of the ligand angpecificcoresurface structuresn thePL was
examined in more detail after the structural elucidation e&(SR)s. Wu et al11®
identifiedthatcharge transfer frorthethiolateligand to Au core via At bondingand
the donation of delocalized electrons to the Au cath contribute tahe PL. This result
supported ligando-metal charge transfer (LMCT) as a general concept to undetsi@and
photoexcited energy transfer mechanism fon@R) NC PL. Furthermore,he excited
state dynamics of Ag(SR)swas studied in comparison to larger Au ${@hich
revealedhatrelaxation fromboth Au coreand Au(l)}SR electronistatesaccountor

emission a500 nm and 700 nm, repsectivét) Although thequantumyield (QY) for
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Auzs(SR)sis high for a metallic particle (QY = ~@0%) 12° other Ai(SR)n NCs have
been synthgized with QYs of at least 5482

Rigidifiedor aggregatedu(l)-SR surface structures were more recently proven
to account fothe highly luminescertharactenf some Au(SRh NCs Rigidified or
aggregatedu(l)-SR oligomersnducemoreradiative energy loss fromghotcexcited
stateby prevening nonradiativeenergy losshroughprocesses s as vibrations or
rotations of AuS bonds anthiolateligands!?!1?>This has beenbservednainly with
Aun(SR)» NCsthat havea high Au(l)/Au(Q ratio and small core structuteuo et al1?3
were the first taconneciaggregatiorinduced emissiowith theenhancedPL of certain
Aun(SR)» NCs. Specific structural comgnentsarealso responsible for the high emission
property In particular, interlocking A{l)-SR oligomer structures have been predicted
andverified for highlyluminescent Aep(SGhs (QY = 8%)and Aw4(SR)20(QY = 5%)
respectively03:124

ThePL property of Au(SRnNCs ispromising forbioimaging and sensing
applicationsAlthough theQY is still lowerthan other fluorophore® (g, quantum dots
or organic moleculesjhiolateprotectedAu NCshave suitald imagingproperties
including photostaklity , tunableemissionenergis andgoodbiocompatibility2>126The
surface structure digand layer of Au NCs cabe easilytailored tocreatetargeting
abilities inside a biological environmeiithe high emission and good biocompatibility
enabls Au NCsto besuitablenanomaterialgsin vivoandin vitro imagingprobest?/:128
As will be discusseth Section 12.4, proteinstabilizedAu NCsarea promisingcategory
of luminescenAu NCsfor imagingand sensingpplicationswith highQYs, goodphoto

physicalpropertiesand low toxicity.
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1.23.4 Silver nanoclusters

Other noble metals have been usedombination with Auo form atomically
precise thiolatgrotected metal NCs following the breakthroughsXo#(SR NCs.
Metals such as Cu, Pt, Pd and Ag have all been used as dopants to modulate the
electronic properties of A(SRnNCs1??132However, only Ag has demonstrated the
ability to form atomicallyprecise thiolatgrotected metal NCs without the additiof
Au or any other metaf33In fact, utilizingAg over Auis becoming an increasingly
active area of NQesearch, which maptroduceanotherset ofphysical or optical
propertiedistinctfrom Aun(SRnNCs.

Ag NPshave been investigateimultaneouslyvith therapiddevelopments for
Au NPs®26135In many respects, Ag &milar to theelectronic and structal properties
of Au; for examplethey share similarvalence electron structucenfiguration(i.e,
d'%!) and have almost identicalilk unit celk (e.g, FCCandunit cell lengthof ~ 4.08
A). Like Au NPs,Ag NPs can be synthesizeith thiolate ligand protectioandexhibit
SPR¥:13’"However, the stability of Ag NPs is hampered by the poor resistayaiest
tarnishing™® which limited their advancement alongside Au NPs.

With the rise intotal structure elucidatioreportsfor Aun(SR)» NCs, there were
veryfew successsin synthesizing highly stable A@GRn NCs that couldilsobe
crystallized. Thisnadeinformationon strudural and optoelectronic propertigsficult to
study.Only recently have synthie advancements aided in discovering the first few
crystal structuresf atomicallyprecise thiolatgrotected Ag NC$Agn(SRn NCs).
Notable beakthroughs for AGSR)}n NCs rave been made with AgSR)so, 133130

Age2S12(SRE° and Ags(SR)s!**NC systemsThough it is hard to summarize the
20



overallstructural and electronic properties off9R ) NCsat this point they have
generaimoleculelike characteristicssimilarto Aun(SR NCs thatdistinguishthem
from larger Ag NPsSingle-electron transitions between HOMQIMO levels are
evident from multiple absorption features in the-t\R region!3313°Enhanced PLin
comparison to larger Ag NPs, has also been repéttétt.14’There aralsodistinct
surface capping structures that pobteniqueicosahedrabased and FCBasedAg core
structuresUnlike Aun(SR}n NCs, a sulfide surface layer has been found for certain
Agn(SR)n NCs'“Csimilar tolarger thiolateprotect Ag NPg3” which may be linkd to
their enhanced stabilithapter 9nvestigateshe coincidingresearctarea of thiolate
protected Ag NCHy examinng the Agi(SR)o NC system in a similar manner to
Aun(SR)n NCs.
1.2.4 Protein-protected gold nanoclusters

The crossover of biology and nanotechnologpt{y referred to as
bionanotechnology) has inspired new ideasfeatingnanoscale devicemdsensos.
Biomoleculeprotected Au NPsvere an earlgxample of directly combining the
properties of nanoscale metalith biological materiad to create functional
bionanomaterial ybrids.®1*3Biomolecules such asligonucleotides, gptidesand
proteins havelemonstratednability to protectand stabiliz relatively monodispersau
NPs43144with certain combinations of biological molectyges and Au, and under the
right experimental conditions, biomolecules can direct ¢feassembly oAu NPsor
Au NCs

Peptidesand other biopolymerare attractive for theynthesis of A NPs because

theamino acidor monomer unisequence can loarefully selected aartificially created
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to tailor the resultariroduct.For instanceDNA-protected Au NParea prominent
systemfor biodetection and biorecognition applicatidrecause ofhe programmability

of DNA sequences and nucleobase pairifay.the synthesis of peptigotected Au

NPs, glect amino acids have been identified as important reducing or-lpedahg
residuesSlocik et al1*° usedcustommultifunctional peptides that could reduce®Au

ions and assemble monodisperse Au NPs at room temperature with only nibétgdy

by Tanet al1*® uncovered more on the interplay between amino acid type and proximity
to other neighbouring amino acids for the synthesis of Au NRtfie case of protein
directed synthesishére are several amino acid residue sites that ok tagether for
particle nucleation and protection.

Unlike oligonucleotides and peptides, the tertiary structure of polypeptides or
proteinscaneasilychangeconformationin response tpH or temperatureo tunethe
particleshape and siz€roteins soh as apoferritid?’ amylase'*® bovine serum albumin
(BSA)*°and lysozym&° have been reported pootect andstabiize Au NPs. Au NP
size around 2 t8 nm in diameter was achieved for both B&Adlysozymeprotected
Au NPs, which demonstrated good control over the particle growth and adequate
protection to prevent particle agglomeratidhe protecting protein molecufeay also
have adesirable biologicgbropertythatcanbe pairedwith theoptical properties of the
Au particlefor sensing or imagin(e.g, SPR orPL).

More recently, ptein-protected Au NCs emerged fracombinedadvancements
of proteinprotected Au PsandAun(SR NCs. The small Au NC size of the metal
component inside the protemresponsible fontensePL that is useful for imaging,

sensing and drug delivery applicatidAgl*>importantly QYs for proteinprotected Au
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NCsare100 to 1000 timegreater than sontiolateprotected Au NC¢e.g,
Auzs(SR)s).”% "t Additionally, the protecting protein molecule invites facile integration
into biomedical applications and enhances biocompatibility. Despite the tremendous
potential of proteirprotected Au NCs, the formation, structure, luminescence and
sensiig properties of these materials still awaits deeper understanding.

Several advantages come from the biomoleculafessiémblyr proteirdirected
synthesiof Au NCs.Unlike the twophase synthesfsr organothiolateprotected Au
NPs andNCs proteinscanfacilitate a facileagueougphasesynthesis of Au €s. The
proteindirectedsynthesisnvolves mild reaction conditions with limited usestrfong
chemical reagentsenderingAu NPs or NCs more suitable for biological applications
without harmfu] or difficult to separateby-products.
1.2.4.1 Characterization and structure

Xie et al®?were the first to publish the efficient protadirected protocol for the
synthesis of highly luminescent Au NCs. Thed shown BSA could direct the
formation ofl to 2 nmdiamaterAu NCs (AuBSA NCs) using a green, epet approach.
The resultant AUBSA NCs wegtable over a broad pH range dadseveral months in
solution or in lyophilized powder. The red luminescent Au NCs were first characterized
usingMS asAu-2s in size and possibly resembledAwmetallicclustersprotected by
dendrimer® or Aus(SR)s. Soon after this seminal publication on highly luminescent
AuBSA NCs, many other protein molecules were found to produce red luminescent Au
NC, indicating thesuccessful applicatioof this approach%’+1>3The proteindirected
synthesis has also been extended t@Ad) CUNCs 4156 although Au NCs are byifa

the most investigated systeithe pH of the reaction mixtufer BSA-directed and other
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proteindirected synthesas typically alkaine, which allows for better metal binding and
reducing potential from certain amino acid residéenino acid residueare ablgo
reduce Au(lll)to Au(l) and further to Au(OJf the pH conditions are adjusted to increase
their reduction potentiadf®1571% For proteins containing cysteine or cystiheq
cysteine linked vialisulfide), studies have indicate&l-S bonding as therucial
stabilizinginteraction between protein and Atj-151.152.161

In general, he structure of Au NCs insidedlprotecting proteirs uncertain
Though some proteiprotectedAu NCs are expected to contain covalent&u
interactions like the surface layefr Aun(SRn NCs there is littleexperimental evidence
thatsuggest#\u NC structure resembles thexhall Usng the size difference between
pure protein and the proteAu NC fromMS measurements, reports have suggested Au
NC sizes that range from Ato Auss.1®>161162X -ray photoelectron spectroscopy (XPS)
analysis of the Au 4f core level have indicated the presence of both Au(0) and Au(l) with
a higher relative amount of Au(&2!®*However MS resultssuffer from noisy and
broad size/chargeeaks and incident Xrays from XPS measurememiselectron beams
from TEM measurementsgave been known potentially to reduce metals or cause-beam
induceddamagé®® TEM imaging capabilities are limited since the size of Au NC is
below 2 nm andhe electron beam camduceparticle agglomeratiorXRD is unhelpful
for determining the structure of Au NCs inside the prot@mijlar to Aw(SR) NCs, and
the growth of proteiprotected Au NC single crystals is extremely unlik@gspite
limitations in these characterization techniquas NCs areexpected to bemall in size

and bound to the protein molecwi@ Au-S interadbns.
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From the protein perspective, IR aticcular dichroisnmspectroscopies have been
utilized to monitor the change in protein structure or conformation after the formation of
Au NCs. For lager proteins, such as BSAyman serum albumiand transfern, small
changes in the secondary conformation vedrservedising IR1%91€8 Circular dichroism
measurements show a shift in absorption features in the UV region relae@toease
i n-helix content:®”:1¢8More significant changes to protein structure have been reported
for smaller proteinssuch as lysozyme and trypsfii:1’°Overall, protein conformational
changes have nog¢vealed informatiomnthe Au NC structure in significant detail.
1.2.4.2 Optical properties and photoluminescence

ProteinprotectedAu NCs are expected to share electronic and optical properties
with Aun(SRIn NCsdescribed in Sectioh.2 3. While Aun(SRn NCs have multiple
absorption features that span from UV to NIR dep@ndn the structural composition,
protein-protected Au NCsvith red luminescencipically have a broad absorption band
cented at 500 nmThis absorption featurie generallyascribedo HOMO-LUMO
electronictransitionst>2 ProteinprotectedAu NCs withblue luminescence
correspondinly have ablue-shifted absorption band, again from HOMOMO
transitions, that is likely related to the smaller Au NC $#2&here are fewer reports of
proteinprotected Au NCs with blue luminescence compared to those with red
luminescence.

ThePL propertiesof proteinprotected Au NCs are distinct froother
luminescent Au NCs, such as those protected by small thiolatiendrimersin
particular, PLdecay lifetimes arshorter for thiolaterotected (16 s)'2°and dendmer-

protected (18 s)*° Au NCs which is related tthe metallic Au core componewith
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faster excited state relaxatiofi$ie slower excited state relaxation for profeiotected
Au NCs ison the order 010° to 107 s.1’! ProteinprotectedAu NCs are expected to have
more covalenandmolecular bonding between the Au and pinetecting molecule
which couldexplain thedifference in relaxation dynamif©m stronger ligand bonding
With regardto QY, emission intensity of proteiprotected Au NCs is modestround 5
to 7 %07t

ProteinprotectedAu NCs have photphysical propertiesustable forimaging
and sensingpplications In comparison to conventional fluoropharesch as organic
moleculesand lanthanide complexes, protg@rotectedAu NCs haveafavourablylarge
Stokes shiftgoodphotochemical stabilitandresistance againphotobkaching!®®:172
ProteinprotectedAu NCs maynot be able to compete withe superiopptical properties
of quantum dotsbut one main advantagetigir biocompatibility2’166.173Quantum dots
may be composed tbxic metalsor employothe hazardougshemicals for thie
synthesisand have relatively unprotectedrticlesurfaces thatauseundesirable
reactionswith its surrounding environmeht? Protein-protectedAu NCscircumvent
theseproblemswith aproteindirected synthesithat involves minimal reagenémda
largeencapsulatingrotein moleculeCytotoxicity is also lower pgparticlefor protein
protectedAu NCshavingonly tens of Au atomswhile quantum dotgancontain several
hundred or thousands ahetal atomshat havehigher toxicity than Au

Red luminescent proteiAu NCshave been shown gpecificallyinteract wth
heavytransition méeals like Hg and Pbwhichareenvironmental concerns water
systems’1®The interactiorbetweerproteinprotectedAu NCs and Hg or Pb ioris

selective occuring through metallophilicclosedshell 5d%-5d'° interactionge.g, Au(l)-
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Hg(ll)). The result of this interacticzause a luminescence quenching effeehich ca
be usedisananalytical detection tool for certain metal iamsthe nM concentration
level’917® The luminescencguenchingproperty of proteirprotectedAu NCs has also
been applied for the detectionatheramalytes in¢uding acetylcholing®® Cu(ll) ions'®
and glutaraldehyd&?

Otherpotential applicationfor luminescent protexprotectedAu NCsinclude
biolabellingandbioimaging.An examples thecombined biocompatibility, preservation
of bioactivity, and luminescencef insulin-protected Au NC$or imagingpurposes 3
Insulin-protectedAu NCs were successful with vivotesting for regulating blood
glucose levelsn miceand were adiitionally found to besuitable agents for Xay
computed tomographyluman transferrigprotected Au NCs with red luminescence
demonstrated that the protecting protein had preserved its bioactivity after the-protein
directed synthesi¥® Cell viability tests confirmed the low cytotaiiy of the human
transferrinprotectedAu NCs and successful cellular uptake was shokor.in vivo
tumor targeting and imaging, BSgrotectedAu NCs were reported to be an excellent
candidate given the biocompatibilitynaging contrast, and enhancedrpeability and
retention effectd?®
1.2.5 XAFS characterization of gold nanoclusters

The examination astructureandelectronic propertier Aun(SR)» NCsis
experimentallychallengingand limited Common naterialssciencecharacterization
techniquesuch asXRD and TEMare unsuitabléue to the lack of lorgange atomic
order andhel to 2 nm particlesize ofAu NCs.Obtaining crystad of a Aun(SR» NC

productand characterizing via sing@ystal XRD is idealbutoftendifficult to
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accomplishdue tocrystallizationchallengesXPShas shown some success i
characterizing the electronic propertt€s83however the insulatinglectriceffect of the
ligand-protectedsurfaceprevents reliable characterizatit X-ray absorptiorfine
structure(XAFS) spectroscopyon the other hands an invaluabletool for examining
both theelectronic and structural propertiesmetalNP and NC materials, including
Aun(SR)n» NCsand related system& XAFS is uniquefrom other characterization
techniquedecause of thelementspecific and sitespecific details that can be afforded.
Uniquely, $ructural and electronic properties can also be measured simultaneously in one
spectrumFor charactazing Aun(SR NCs of sufficiently small size{AFS data can be
analyzedo separately probeore, surface and metigand bondingenvironmentg® and
can be used tmonitorthe structuravith accurate bond diznces and other structural
parameters

A few examples are presented to demonstrate the utility 6iX#pectroscopy
for the study ofAu NC structure and electronic properti¥&FS structural
characterizatiosi of Au NCswerereportedfor Auss alongside its discoverf” 18 Au Ls-
edge XAFSdata vasused tosupporta cuboctahedron coreer an icosahedron core for
Auss.18818The local structure of Aygwas further probed by Marces al'® who
supported the cuboctahedron core model and provided new quantitative inforomation
Au-ligand interactionsA few years after the initial XAFS studies onsuMenardet
al.1* combined high resolutioREM imaging with XAFS to confirm the low
heterogeneity of Ai(PPh)4(S(CH)1:CHz)2Cl> NCsand to investigate the local structure

of Au. In this study resultspointed to an icosahedrAlz coreandmoleculelike
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electionic structure fronthe Au Ls-edge Structural findings alsdeterminedridging
and ontop bonding modes for the protecting liganddlm surface oAuis.

The perimental conditions for XAFS measurements lsamodified and
controlledsince vacuum coriibns are not required for hard-bay XAFS experiments;
thisallows for the study aAu NC respons& temperaturesolvent and chemical
additives.Au NC structurabnd electronichanges have been observeditu from
solvent and chemical reactiotd:!*2XAFS can also b useful tool to characterize the
effects of heatingnd annealing, which is sometimes conducthergreparation of Au

NC catalystst®3194

1.3 Motivation and Outline

1.3.1 Scientific motivation

This thesis was inspired lblye structure-propert relationshipghat are now
attainableusingXAFS spectroscopin conjunction with recently elucidated A&R
NC structures®1%The combination of crystal structure infioation and XAFS
measurementsnableghestructureand associated propertieSAu,(SRiNCs(e.g,
electronic and opticglropertiey to be examineth response to protecting ligand type
core structurendbr variedexperimental conditiong.hese structe-property
relationships aref significantinterestfor nanotechnology and nanosciemgieéen the
potential Au NCsand related metal NC materiaglevefor advaning technologiesuch
ascatalysis and biomedical imaging/sensing. Furtherntegloping a experimental
approacho study the core and surface structurdof(SR)» NCswould improve future

investigationon monitoring chemicateactionsvith Au NC systemge.g, catalytic
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activity and ligand exchange) and aid in geicturalcharacterizatin of Au NCs in
complex environment&.g, proteinprotectedAu NCs)

Studies in this thesiseredesigned taincoverNC structurespecificelectronic,
physicaland optical propertie§ o accomplish this, series of atomicallprecise Au
NCs(Au19(SR)3, Auos(SR)s, Auzs(SR)p4, Auzg(SRpo, Auzs(SeR)s andAuig(SR)4) and
extended\C systems (BSAprotectedAu NCs and Agu(SR)o) wereinvestigatedising
synchrotrorbasedXAFS measurementalong with supportingechniquesand
calculationsThese tidieswereorganizednto three project2rojecs | and Il examinel
how core structure anlijand type influence the bonding, electronic /andptical
properties 0AUn(SRNCs while project Il employe@xperimental and investigative
XAFS approacksutilized inthe first two projectso studyother NCsystemsXAFS
analysismethodologiegor studyingAu NCs of various size and structuaeealso
developedn this thesis withthehope and intentiothat XAFSspectroscopy wilprovide
future researchemsith a powerful experimentalool for studyingmetalNC materials
1.3.2 Thesis outline

Before presenting scientifresultsfrom eachproject Chapter Zoversthe
background andcientific principles behind expanental techniqugand theoretical
calculatiors usedin the thesisExperimental details more specificaachstudy, or from
collaborationare included irtheir associated¢haptersectionsChapter 10 is theverall
conclusionandthe proposed futte work related to this thesiEhe following is an outlia
of each projecand chapter

Project I i Core Structure: Research itChaptes 3, 4, and 5nvestigate the

influence ofcore structur@andcoregeometryon the bonding and electronic properties of
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Aun(SR)nNCs.Chapter 3 ustexperimental XAFS and XPt® compare the structure
and electronic properties tfo similarsized Au(SR)n NCs with icosahedrabasedcore
structuresAuzs(SR)s and Augo(SR)s. A multi-shell EXAFSTitting analysispreviously
developed for Aps(SR1sNCs'%®was employedo probe the undetermined structure of
Aung, verifying theoreticalstructuralpredictionsfrom other research’” This comparative
X-ray spectroscopstudydemonstratetiow changinghe Aun(SR NC core structure or
compositionby only a fewAu atoms can have a substangéect on the structure and
electronic propertiesf icosahedrabasedAun(SRNCs

Chapterd and Chapteb examine howthe core geometry of FCGrdered
Aun(SR)I»NCs influence®lectronic and bonding properties. The feser discovered
FCGCordered AuW(SRINC, Awe(SR)4, was studiedn Chapted. Temperature
dependent XAF$evealed initial insights on hothe FCG-ordered core structure dirsct
the electronic and bonding propertiesa different manner than icosaheebaksed
Aun(SRmNCs In particular, geudo Au core structuresrereidentifiedwithin the FCG
ordered corewhichoffered an explanation faheir divergentbonding behaviour and
electronicstructure fromAun(SR)» NCs similar in sizebut with different core geometry
In Chapterb, smaller FC-ordered Aug(SR»o NCsthatsharesimilar core and surface
structural features witAuzs(SR)4 were examined anidllowed-up on results from
Chapterd. Auzg(SRpo was examinedvith similartemperaturalependent XAFS
experimend thatconsistently supportethe role pseudo Auicore structurebavein
directing the electronic and bonding properties for Fe@red AY(SR)»NCs.

Project Il T Ligand Type: In Chapte6, theimpactof ligandhead groupype

was studied by comparing two AUNCs, one protected lphenylethanethiolatéggands
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(Au2s(SGH4Ph)s, same asn Chapter 3) and the other bgnzenselenolate ligands
(Au2s(SePh)1g). Electronic properties and local structure of the selengledeected Aus
analog werenvestigatedrom XAFS studiesat the AuLz-edge and, for the first time, at
the Se Kedge(i.e,| i gand 0 s .AueSememidigandibondingvas shown to be
more covalent than A&, which hadasignificantinfluence on the Au electronic structure
and the AvAu framework of Aus NCs. Tempeaturedependent XAFS measurements
and supporting molecular dynami@4D) simulationsrevealed a unique thermal
contraction propertthat originatd from the surface ofuzs(SePhjs.

A subtler change in ligand type was examineddyparing cyclohexanetlate
protected and glutathiorrotected Awg(SR)4 NCsin Chapter 7This comparison
demonstratetiow organesoluble thiolate ligangland watersoluble thiolate liganglcan
alter the bonding properties in soejithaseandin solutionrphase. The small siznd high
SR:Auratio of Aug(SR)4 NCs provided an opportunity to capture solvigéand
interactions that affediC surface structure. Th&ui1s(SR)4 System was also of interest
as the two thiolate ligand typaaddifferent luminescence intensities di#spghaving the
sameAu NC framework A correlation of ligandnduced structural and electronic effects
with thePL identifiedimportant structuratonditionsof glutathioneprotectedAu1s(SR)14
thatcould account foits enhanceduminescence.

Project Ill T Extended SystemsMoving from studies o\un(SR NCs,
Chapter &nd Chapter thvestigate two closely related Au and Ag NC systems.
Chapter 8nvestigate the unresolvedstructure ofuminescenAu NCs protected by
protein moleculesBovine serum albmin-protected Au NCs were synthesized and

studiedwith XAFS to understand their formation and Au structure ingsigeotein
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molecule Using XAFS methodologies developed from previous studies in this thesis and
additional experiments, the Au N@greidentified as interlocking goldhiolate rings
that resemble catenane molecules. Extended studiighlightedthe role of ligand type
for directing the structure and propegiof Au NCsand providd the firstreportof an
experimentally determined structui proteinproteded Au NCsin the known literature
thatalso describetheenhanced Plpropertyfor proteinprotected Au NCs

Chapter ®2xaminel the bonding properties bfghly stablethiolateprotected
Ag44(SR)x0 NCs. Beingthe first Ag(SR)» NC to have its coresurfaceand metaligand
stiucture solvediia singlecrystal XRD anXAFS studyon Agi(SR)go NCswas
conducted talevelopsome initialstructureproperty relationship® fitting analysis was
designed and applied to study &R0 NCs in ®lid-phase, solutioqphase anth
mixed solvents. The surfasgructureof Ags4(SR)}owas found to respond twordinating
solventssuggestinghe solvenplays arole in the unusually high stability of these
thiolateprotectedAg NCs.A different mode ofolventNC interactionwasidentified for
coordinating solvents amilgs4(SRko NCsin comparison to that found in Chaptefor
Auig(SR)4. Lastly, he stabilityandstructuralconversiorof Agsa(SR}o NCsat high

temperaturevasinvestigated
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Chapter 2 - Experimental Methods

2.1 Ultraviolet-visible and Fluorescence Spectroscopy

Ultraviolet-visible (UV-Vis) spectrgcopyis a useful tool for monitoring the
progress of a reaction and characterifingl products. On the simplest level, a
spectrophotometer detedhe intensity of light before and after it has passed through a
sample. The chemical species being measured will absorb light of a particular wavelength
that corresponds to the energy required for an electronic transition from the ground state
to an exded state. The absorban@g of the light for a certain chemical species is
dependent on the path lengh), (the molar absorptivityJ and the concentratios)(

This relation to abso®andinsheninBgRAnown as Be

l

€

b - O® (2.1)

When a molecule absorbs a photon in the\Wd¥ region, it undergoes an
electronic transition to an excited state from the ground. stateder for the molecule to
return to theground state, the absorbed energy must dissipate through ploysical
electronicprocesses. One process is an internal conversion from the excited state back to
the ground state where it will relax by transferring vibrational energy to the surroundings.
This involves only vibrational relaxation with no emission of light.

Another possibility foreturningto the ground state is through fluorescence or
phosphorescence. Fluorescence emission is the result of a fast transition occurring from
an excited stateta ground state where both states have the same spins. Phosphorescence
is the result of an intersystem crossing between excited states having differentespins (

singlet to triplet). This latter process occurs on a longer time scale than fluoresance an
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its occurrence is relatively rare. THeorescence or phosphorescengensity can be
calculated using Eg 2.2 wherel is the luminescence intensilyis a representative
emission rate constant of the species being meadeyedthe radiant powesf the
excitation source, antlis the concentration of the fluorescent spetigs.
| = kPoC (2.2

The emission efficiency of a luminescenblecule or materials sometimes
needed for comparison to otterstemsThis value of efficiency is often calculated as
the quantum yield (QY) in percent form. To calculate the QY of a sample, a comparison
can be made with a fluorescent molecule stand@ida known QY(e.g, Rhodamine B,
QY =~95 % in ethanol). Typically, the integrated areas of the sample and standard
reference emissions are calculated and compared. The absorption value at the excitation
wavelength used for the sala@and the standard sHdube equal for a valid estimate of
QY for the sample.

Experimental seups for absorbance and fluorescemseasurementaresimilar
in nature, apart from the fact that fluorescence is detectddo®® the excitation source
to collect only emission frorthe sample, whereas absorbance uses a linear transmission
detection seup. Figure 21 shows a general experimentatsptfor each techniqu&or
all UV-Vis absorption and fluorescence measurements, a suitable refexgndbd
solvent used to dissoltbe sample of interest for subsequent measurement) was first
measured to obtain a background signal. This signal was subtracted frabsdingtion
or fluorescencspectrum of the sample to exclude effects from ambient light and/or

imperfections in the cartz cuvette cell.
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Figure 2.1 Experimental setup for in-houseUV-Vis absorption and fluorescence
spectroscopy measurements.

2.2 X-ray Absorption Fine Structure (XAFS) Spectroscopy

XAFS spectroscopis a versatile Xray characterizatiotechniqueusedto
investigateboththelocal structure and electronic propertidsa material SinceXAFS is
anelementspecifictechniguewheremultiple absorption edges can be measuneghe
sample and everlow con@ntrations (dopant concentration levels) can be detecigd
measuredWith careful fitting analysis of spectra, X& has the ability tdistinguish
differentbondinginteractionsat variousdistances from the absorbing até/hSince
XAFS is inherentlyalocal structure characterization techniquatenials thatire
structurallyamorphousr non-crystallinecan beexaminedFromthe high energy nature
of XAFS experimentssamplesan be measured @xperimentatorditionsat ambient
pressure (withoubw-pressure conditions of a vacuum chanmder examplejn
solutionphase Thisversatilityoffersunique opportunities to study materialsder

applicationrelevantconditiors.
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The X-ray absorption procegsr obtaning XAFS spectranvolves excitation,
emissionand scattering processésray absorption occurs whéigh energyncident
photors excitespecificcorelevel electros of the desiredabsorbing atonfirst to
unoccupied valencenergy levelsthen into tle continuum at higher excitation energies
The removal of a corkevel electronleaves the system in an excited state wiiima-
limited corehole2! Absorption edges from thexcitation of 1s, 2and 2pcore levels a
commonly referred to as,K1 andL23(two edges from sp#orbit coupling for 2pkdges
respectivelyExcited corelevel electrors leavethevacuum level of thabsorbingatom in
the form d photoelectrorwaves andbackscattefrom neighbouringatomslocal to the
absorbing atomThe lifetime of the photoelectron wave is limited, as is the-bote
excited state of the absorbing atdherefore backscattering from the nearest atoms
predominatesOutgoing photoelectron was@andreturningbackscatteregphotoelectron
waves interfere constructively and derstructivelyover the course of the experiment.
This createsnodulations in the measuredry absorption coefficiee(E)) over the
change in incident photon energ¥ As the incident Xray photon energy increases
during tre experiment, the kinetic energgd the mean free patii the emitted
photoelectron @b increase, providing greater proportion acatterig information from
more distanheighbouringatomsto the absorbing atorithe X-ray absorption process is

illustrated in Figure 2.
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Absorbing Atom
Figure 2.2 Absorption of incident X-rays abovethe edge energwill cause a core
level electron to be ejected (left, kedge excitation shown for examplefrom the
atom in the form of aphotoelectron. Local surrounding atoms cause backscattering

of the photoelectron wave (right)that leads to modulation in the measured Xay
absorption coefficient.

XAFS data can be collectesinga variety ofexperimental setips.Thegeneral
configuraton for XAFS experimerg conducted in this thesis is shown in Figufe &
this work, transmissioand fluorescence yield (FLYetectioormodeswere usedFor
transmission measurements, the following relation determines the modulation in the X

ray absorpon coefficientwith energy
S © I B = (2.3

wherelo is the incident Xray intensity andr is the Xray intensity transniiedthrough

the samplé® The signal intensity before and after the sample is measured with gas
ionization chambers with voltage readings for each energy ipdihé XAFS spectrum

A reference material (typically a mefail) can be placed downstream from the sample
and XAFS data for this reference can be collected simultaneasisiy an additional
ionization chambern a similar manner to the transmission data collection of the sample,
the voltage readings before)and after kzer) the reference are used to plot the XAFS

spectrumTransmission measurements are typically used if the material has a high
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concentration of the element that is bemgasuredThe sample thickness is important
when considering transmissierperimers for a concentrated sampieavoid self
absorption.

FLY detectioormode is used when the concentration ofahsorbingelement is
dilute in the bulkof thesample andf self-absorption effects are not significant. fFarY
measuremesta mult-element fluorescence detector is positionetitd@he sampleThe
sample is normallpositioned 45to the incident bearfor FLY detection Both X-ray
fluorescencghotons and Auger electrons are emitted from the sample as decay products
of the coe-hole, and both can be collectad a means for determinia¢g).?° The
following relationship destes the modulation of the-Kay absorption coefficient for
FLY measurements,

0 'O TO (2.4)
wherelrLy is the measured signal intensitgm the multielement fluorescence

detectorr®®

Synchrotron |
radiation —] IO IT | IREF
source

IFLY

Figure 2.3 XAFS experimental setup with sample oriented at 45° to the beam and
positionedbetween b and It ionization chambers.A reference sampléds positioned
between I and Iret.

2.21 Synchrotron and beamlinefacilities
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Au Lz-edge(11.919 keV) and 4 K-edge (25.514 keVXAFS datapresented in
this workwerecollected from th&€€LS@APS(Sector 26BM) beamlineat the Advanced
Photon Source (APS), Argonne National Laboratory, IL, UB#e APS synchrotron is a
third generation facility thadccelerateslectrons up to 7.0 GeV in energy with a beam
current 0f200 mA in the storage ring. Specifically, Ag-€dge XAFS experiments were
conducted at theending magnet erstation (hence, Sector M). A Si(111)double
crystalmonochromator and a Pt harmonigeoion mirror are usedt Sector 26BM to
select the desired-ray wavelengthfrom unfilteredsynchrotroright. lonization gases
usedin lo, IT andlrer chambersvere commonly a mix of Nand Ar.For X-ray
fluorescence measurementsigaid No-cooled12-element detector was positioned 80
theincidentX-ray beam to collect Xay fluorescencérom the sample.

S K-edge(2.472 keV)XAFS data presented in this wowkascollected from the
Soft X-ray Microcharacterization Beamlif8XRMB) at theCanadian ight Source
(CLS), University of Saskatchewan, SK, Canaldze CLS is also a third generation
synchrotron facility that caacceleratelectrons up to 2.9 GeV with a maximum
operating beam current @50mA in the storage ringsXRMB islocatedat a bendig
magnet endstation and uses Si(111) and InSb(111) crystal monochromatlet the
incident Xray energyFor solidphase measuremer@sSXRMB samplesre loaded
into avacuum chambeandpumped down to 08 Torr. Vacuum conditions are
necessary duto the lower energy of-xay photons used for teeexperiments.

2.2.2 Sample preparation
NC samples were measured in either sphése or solutiophase. For solid

phase measurements, NCs in powdered form were either spread evenly onto kapton tape
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using a spatula or rdispersed in solvent and dropst onto kapton film using a glass
pipette.Kapton is a polyimide film that is transparent taays and compatibleith
extremecold and hot temperatures; thus, it is useful for preparing samples for XAFS
measurementdn either cas@bove the NC sample must be concentrated into a small
region to avoid empty space or pin holes within the samgiech would lead to noisy
data If the concentration of the absorbing elemierioo low for transmission data
cdlection, the kapton film with deposited sample can be folded in order to incre@se X
absorption. For solgphase measurements at the Atedge or Ag Kedge, prepared
samples were mounted on a mugkill sample holder and measured at ambient pressure.
At lower X-ray energies, such as Sa€lge, samples for solghase measurements were
prepared by spreading the NC material ar@doon tape, which was then mounted on a
Cu sample holder for measuremarside avacuumchamber

For olution-phase XAFS measements NC samples were dissolved in aqueous
or organic solvents and pipetted irtteflon liquid cell with kapton film windows
Having kapton film on both sides of the callowed X-rays to pass through for
transmission data collectiphut could stillbe measured at 45° using a fluorescence
detector positioned at 90° to the incidenta¥ beam.

2.23 X-ray absorption near-edgestructure (XANES)

There are two important regionstbe XAFS spectruno analyze: Xray
absorptiomearedge structure (XANESand extended Xay absorption of fineteucture
(EXAFS). The XANES regionis locatedaround thecore levelabsorptioredge from ~10
eV beforeto ~30 eV after the absorption edgéepending on the cotevel transition In

this region, excited corlevel electrors arepromoted tdow-lying valence levelswhich
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allow for theexaminatioo f t h e a b s ovalenceelgctramit e ment 6s
structure?00:201.203

A normalizedXANES spectrunfor a Au foil reference (bulk Auls shown in
Figure2.4. Before the energy is high enough to excite dexel electrons from the
absorbing element, there is absorption from the bulk of the material or the background
that can be seen in the prdge regionFor some Kedge XAFS spectrpre-edge
absorptdn features can be detected from forbidden, quadrupole trangftéfs
Following the preedge is the main absorption ed@be primary absorption peak
following the absorption edgeksownas the whitdine. The intensity of thiseature
reflects thevalenceelectrondensity ofthe allowedfinal state Electronic transitions to
this final state are governed by dip@lkowed transitions, which follow thekection
rule,

Yo  pa (2.5
wherel values are angular momentum quantum numtyémaking the Au k-edge
trarsition as an example, the whitee intensityis inversely proportional to thelectron
population of 5d orlbalsand somés orbitals This meandigh valence electron density
or fully occupied valence levét.g, Au(0)in bulk Au) will yield a low whiteline
intensity.Nearedge featuredirectly following the whiteline are complicated by
scattering of the eitted photoelectrorbut can be considered in a qualitative sense to
distinguish the coordination environment of the absorbing elefeant AuS vs. AuAu
bonding)?®® For examplethe feature at ~11.945 keV is typically seen for bulk Au or

FCGC-structured Au.
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Figure 2.4 Au L 3-edge XANES of Au foilwith labelled regions.
2.24 Extended X-ray absorption fine structure (EXAFS)

Following the XANES region, oscillations of thetdy absorption coefficierihat
occur over an extended energy range be examined to reveal fine structure information
of the absorbing atotns | o c a | . Ehafiné structorenas ra function of incident
phaon energy ¢(E)) is determined by,

©0
yl

.0 o (2.6)

‘ Tt
o)
whereg(E) is the measured-Xay absorption coefficient of the materigd(E) is the

smooth background absorption of the absorbing atom in the material with no sgatterin
effectsa n co(EJs the absorption edge jump, where the foraesounts for the
difference in %ray absorption before and after the absorption é¥fdeor EXAFS

analysis, it is more appropriate to examine fadxorption edge modulations as a

function of photoelectron wavenumbe(k)). The conversion of photon energy to the
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photoelectron wavenumbék) is obtained with,

n 400G © O 2.7

9

wheremis the electron maskg,is the incident Xray energyEo is the threshold energy
absorption dge energy n d i's the r educ e dhetumntsofrtheo f
photoelectron wavenumber are reciprocal distareqgésenting spatifilequency),
typically expressed iimverseAngstroms (AY). Postedge oscillationsy(k)), presented as
a furction ofk, make up whats known as &-spaceplot.

Figure 2.5 illustrates the standard XAFS wagkprocedurérom raw data td-
space andR-spacethe latteris also referred to as tl@urier transformedEXAFS
spectrum(FT-EXAFS). The raw data (Figer2.5a) is first normalized by subtracting the
background signal from the pesige and postdge regioa The preedge region is
typically fit with a linearpolynomialandthe postedge region isiff with a linear or cubic
polynomial Once the XAFS data hdeen normalized (Figure 2.5b), the spectizim
energy calibrated by checking tBevalue of a reference mater{@.g, Au Lz-edgeof
Au metal is 11.919 keVand adjusting the energy of the data accordingly. The XAFS
data is presentad Figure 2.5lasa normalized and calibrateshergyspectrumor
XANES spectrumif the region around th&o was in focusThe next step involves
converson of energy tk-spacgFigure 2.5¢). From thenergy spectrurar XANES, the
Eo value is found by determining theflection point of the absorption edgesing itsfirst
or second derivativend isassigned a value 6fAin k-space. A higher degree
polynomial f”°) spline functioris then used to fit through the mediartiod XAFS

oscillatiors, as shown in Eqn. 2.&ao(E) (or po(K) in k-space). Once an appropriate
44
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range for theuo(K) fit is found, XAFS oscillations argeparatedrom preedge and near
edge regions. The data is nowtre form of anormalizedk-spacespectrumshown in
Figure 2.5dA k-weighting carbe added tancrease the intensity of highoscillations
(Figure 2.5e)which is sometimes useful to closely examine the scattering contribution
from heavier atos orfrom longer-rangescattering The k-weighting is also important for
the next transformatn to R-space, where scattering features are directly observed.
Lastly, a region ok-spacgshown in Figure 2.5} Fouriertransformedo yield the
spectrum shown in Figure 2.5f, which is Rapace or FIEXAFS. Thek-spaceegion
selected should engpass enougfine structure opscillations to accurately represent
the local structure of the absorbing elem&hile avoidng excessive experimental noise
in the highk region The minimumk-rangewill vary depending on the sample and/or
absorption edgdgut ak-range of ~30 10 A is typically required to discertwo or three

single scattering pather Au Ls-edge EXAFS
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To elucidate the contributions from different scattering neighbours in the
measured(k), thek-space data isommonly converted to FEXAFS. TheFT
deconvolutes the measured signal to determinsdhgeringntensity from atoms
located at various distances from the absorbing 8t6f%2°The resultingR-space plot

or FT-EXAFS offers a visualization ahe local structural environmemiowever there
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are typically manyingle and multiplescattering paths in any given sample that
complicate the feataes in the FIEXAFS spectrumWithout further refinement, botk
space andR-space can offer qualitative information regarding structural properties of the
sample Another approach for understanding the structural information from XAFS was
explored in Chagtr 7 using waveldransformed EXAFS (WIEXAFS) 28 WT-EXAFS

is atwo-dimensiaal (2-D) plot in bothk-space and-space, and is useftdr separating
overlapping contributions from different backscattering elements without quantitative
analysis.This method helps resolkespace features as they pertain to specific scattering
featues in theR-space’® Furthermore, this is particularly helpful for complicated
systems with more than one backscattering atom type and with many single/multiple
scattering features, such aspf&Rh NCs.

For guantitative structural information, tHeXAFS equation(described in the
following section)is used taccount for scattering effects and wave propeniesder to
refine local structural information such as bond lengths and coordination nufifbers
2.25 EXAFS fitting

To understand the origin of the EXAFS equation and how structural parameters
are obtanedfrom experimental EXAFS datthe followingsimple approximation is first
considered,

Q0
o

whereR is the radial distance to a single scattering af¢khijs the scattering amplitude

.Q OEJqQY |1 1 (2.9

function of the sd@ering atomas a function ok, andti(k) is the phasshift function of

the scattering atoras a function ok.?°® Both the scattering and phaskift functions are
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specific to thescattering atonand can be determined empirically from known standard
EXAFS spectraHowever,ab initio methods are now capable of calculating these
functions. The simplified approximation of the EXAFS equation assumeseaicgl
photoelectron wave armhly onebackscattering atom. Developing this approximation
into a more representative EXAFS equation requires additional factors to be considered
concerning the material and scattering effects

One important factor to consider in the more complete EXAk@ten is
multiple-scatteringeffects caused by the photoelectron wave being scattered by more
than one neighbouring atom before returning to the absorbing atom. This can create
problems when fittig the data in a region where multygeatteringcontribues
significantly to the measured signal. Additional factors included in the EXAFS equation
arethe contribution from severalnglescatteing paths, inelastic scatteriagd a limited
electronmeanfree path. With these considerations in mind, the mamgptete EXAFS

equatioR09-202:203.206 2183 pe formulated as follows:

Q YB 606 OEdJoy 1 (2.9

whereSy? is the amplitude reduction facttr account for inelastic losses of the
photoelectronCN,; is thecoordinatiornumber (CNYor particular scattering distan¢e,

0,2 is the DebyaWaller factor R is the scattering distanemda- ( ik the measfree path

of the photoelectron wav&heS? parameteis determined by fitting a standard reference
with known coordination thereby allowing more accurdiged CNsfor unknown

sample material The DebyeWallerfactoraccounts for the thermal and static disorder
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among atomsf a particular scattering shellhe DebyeWaller factorhas units of £,
whichrepresens the meassquared variation in thecattering path

It is nearly impossible to include all the possible scattering paths when &tting
EXAFS spectrumEven ifthe structure of the material is known alldscattering paths
can be assignethe Nyauist criteriorf™ limits the number of dependent fit parameters
(CN, R,(?, andEyo shift) thatareintroduced vena scattering path is incorporatiedo
the fit Themaximumnumber of independent variablé¢) (n a given EXAFS spectrum
is found with

o — (2.10)
whe r &is ttpek-range used for thieansformatiorio R-s p a ¢ e Ristheditting
window inR-spacelt is desirable to have the number of dependent variables less than
two-thirdsthe total number of independent data points. The number of independent data
points can be maximized by increasing kh@ange used for the Fourier transf@tmon
and by selecting a wide fitting window in tRespace From thisinformation,it is easy to
understand that scattering paths have to be carefully selected in ordssuotdor as
much of the local structure as possible.

EXAFS fitting was conducted using tM&nXAS software packagd he program
employsaleast quar es mi ni m?) oarovide optimzed EXAFS fittieg ( 6
parameters (CN, Ri?, Edgyfor each of the simulated scattering paths included in the fit.
For Chapters 4 through 9ncertainties in fitted EXAFS parameters were calculated
using a corhined approach from the Artemis EXAFS data fitting program and
suggestions biNewville 212214 This method uses standard deviation values assedciat

with each fit parameter from effiagonal elements of the fit correlation matrix and
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wei ghts t he m?wlueflomthe EXAFS fitkhe rdagnitude of
experimental nise in the FTEXAFS from 15to 25 A, and the number of independent
(N) and depedent variables (each fitting parametargincluded incalculatingthe
reduoau. 6
2.26 EXAFS fitting of gold nanoclusters

EXAFS structural analysis @tomicallyprecise Au NCHias many advantages
over other characterization techniques. Téisainly due to the fact that the EXAFS
signal is averaged over all Au atoms in M@ and there ara consistent number éfu
atoms in each particlevith a variety ofdistinct scattering doonding environments.
Unlike larger Au NPs which have the majgrof seemingly identicahu bonding
environments located in the bulk of the particle, Au NCs have Au environments
somewhat equally distributed in tA& core, on the Au core surfaaed in surface
protectingAu(l)-SR oligomerstructures. Thignabledocal structural informatiomo be
gained from the Au NC core, sadeand the Adligand interface simultaneoushyhich
is impossible to determine for larger Au Ndtswith other characterization techniques
sincethe signal from their relatively large cor@lsscures the signal from surface atoms.

The number of scattering shells that can be added to account for each Au bonding
environment in Au NCs is still limited by the Nyquist criterion and the limited scattering
range of the photoelectravave Neverthelss just a few scattering shells can be
employed in the EXAFS fit to account for each environment, given that there is not a
substantial overlap in Au bonding distributions. This information can only be gained for
Au NC structureslucidatedrom single-crystal XRD characterizatiorinspection of

each crystal structure and the spatially distinguishable bonding enviranocaenprovide
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the idealCN and average bond distance for each scattering dheetimum resolution
betweerEXAFS scattering shells of theame scattering neighbour tyged, core AuAu

scattering and surface A scattering) is determined IBgn. 2.11.

wY — (2.11)
CN parameterfor each distinct scattering shelin be fixed to limit the number of
depeneént varidles in the EXAFS fitin general given the abilities and limitations of
EXAFS fitting for Au NCs, it is achievable to fiiree to fivescattering shells of various

scattering element typand distancegiven that a sufficierk-range is collected antie

experimental noise iminimized

2.3 FEFF Calculations

Theab initio computational code FEFF was used to generate simulated XANES
spectra and angular momentymojected densities of statddYOS) to compare with
experimental datand to create outptiles of scattering functions sthwere used in
conjunction with XAFS data analysis packages, such as WinXAS or Arférhispbtain
quantitative EXAFS fitting results. In particuléine FEFF8.2computational packageas
employedn this work?200:215

The FEFFcomputational codemploysself-consistenenergy calculationand
realspace multiplescatteringGr e e n 6 s cafculationdo simutatea variety of Xray
absorptiorand scattering spectfa.g, EXAFS and XANES)andto calculateelectronic
structure €.g, I-DOS)?1® FEFF calculations first determine theativisticatomic

potential of each isolated atom in a particular clugtefined by Cartesian coordinates)
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by solving the Dirad=ock equatiorf!’ Groundstate energy calculatiomsclude von
Barth-Hedin exchangeorrelation potentialét® Atomic potentials are then reconstructed
for the cluster of atom® yield the molecular potentily applying a muffirtin
approximatior'® The muffintin approximation usesspherically symmetrienuffin-tin-
like shapeo account for the potential field around each atom, havingféin-tin radius
dependent on its potential. The framework of muffimpotentialswill touch or slightly
overlap, creating an interstitial region between atomic potentials. This intersufiaih
is approximated by a constant potential. Withrti@ecular potentiah place, a
scattering potential for photoelectrons can be determined for a particular cluster of atoms.
A core-hole calculation is also included to account for the change nyelevels
foll owing the excitation of a core electro
used inthe FEFF calculation o$imulatedEXAFS tohandlemultiple-scattering
contributions weeding out ineffective paths that do not significantly conteitbo the
calculation ofu(E).?t®

FEFF simulations are conducted from a-specific approach. Instead of
calculating the entire systema sphere of neighbouring atoms around the specified atom
(absorbing atom) is definedhich usually includes 30 to 50 atoms. To calculate the
molecular potential of the given cluster of atoms, aaatisistent field loop is utilized to
calculate the energy of the system. From here, EXAFS scattering paths and simulated
XANES orl-DOS speca are calculatedJ s i ng a compl ex plane of
the imaginary component is related to the total eledd®@®. Thismethod of calculating
the DOSavoids hecostly calculation of wave functions or eigenstafdthough this

approach to callate electronic structure is not as robust as modern DFT methods, FEFF
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is used in this work téurther inspecbr interpretthe electronic properties observed from
XANES or XPS resultdn particular, he sitespecificelectroniccalculationsusing FEFF
areusefulto examine the contributions of variousiqueAu sites in AU(SRn NCs

Simulated-DOS spectra from FEFF computations are used in this work to
compare with experimental XPS of the valence regiimpter 3 or with experimental
XANES (Chaptergl to 6). Although the calculatéeDOS spectra are more directly
related to the XPS valence band dats utsefulfor identifying relative contributions
from orbitals or atom type to the valence electron density that may affeatchggar
absorption/sc#ering features. FEFF simulate®OS enables the calculation of specific
electron DOS contained in the valence regmg (5d for Au), which can aid in

determining structural properties that affect valence band energy shift or narrowing.

2.4 X-ray Photoelectron SpectroscopyXPS)

XPSis an Xray techniquevidely used to study the electronic structure and
atomic compositions of materials. Incidentay energy is used to excite both core and
valence level electrons from various elemaita material nto the continuum; this
process igamouslyknown as thg@hotoelectric effect?° Photoelectrons emitted from a
material can provide informian regardinghe electronic structure through determination
of the originalelectronbindingenergy

In a typical XPS experiment, the sample is placed under vacuum coadihdn
exposed to amonochromatick-ray beam When the energy of the incidentrays is
sufficient to liberate an electron frothe core or valence energy levelsatdns in the

sampleaphotcelectron will beemitted A detector positioned above the surface of the
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samplemeasursthe kinetic energy of themitted photoelectrorBy knowing the energy

of the incident Xrays (3) and the kinetic energKE) of the emitted photoelectron, the
binding energyBE) from theoriginal energy levelvhere the electron residedn be
determined. For accurate measurement and comparison with other samples, the addition
of a work function tam (- ) to the kinetic energy is required for the calculation of binding
energy??! The work function accounts for the energy required to remove an electron from
the Fermi level to the vacuum levét.The calculation for determining the electron

binding energy is therefore,

50 T 0O %o. (2.12

2.5 Gold NanoclusterSynthesis

2.5.1 Atomically-precise thiolateprotected Au NCs

The use of higipurity, singlesizedAu and Ag NC products was crucialrf
detailedEXAFS analysis and reliable structupeoperty studieq this thesisThese
samplesveresynthesized angdrovided bycollaborators from théaboratories of Dr.
Rongchao JinGarnegie Mellon University, Pitbsirgh, PA, USA, Dr. Manzhou Zhu
(Anhui University, Hefei, Anhui, P. R. ChiheDr. Jiangping XieNational University of
Singapore, Singapoyand Dr. Terry Bigioni (University of Toledo, Toledo, OH, U.S.A.).
These laboratories specialize in the synthésiationand characterizatioof
atomicallypreciseNCs using advancezthromatography anillS techniquesThe
characteristidJV-Vis absorption profildor eachAu or Ag NC samplewhich often have
specific absorption features associated with core steftwasmeasured andonfirmed

with previous measuremerisfore conductingynchrotron Xray experimentsGeneral
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synthesigroceduredor each Au NC studied in thteesisarebriefly introduced below
Completedetails on theynthesis and experimentdiaracterization of the NC material
can befound inthe givenreferences.

Au19(SR)3 (Chapter 3), Aps(SR)s (Chapter 3, Chapter 5, Chapter 6) and
Au1g(SR)4 (Chapter J weresynthesized using modifig8rust Schiffrin
procedure$§!#3222\Modified versions uscarefulcontrol over the Au:SR ratio, stirring
speads, addition of reducing ageartd temprature to genera#®un(SR}» NC products of
aselect compositioim high yield®® Controlling theinitial aggregation conditionsf
Au(l)-SRintermediatesvas usedo avoid the formation of larger particl'sA size
focusingor agingtechniquevasemployed to yield the most therahmamically favoured
Au NC size €.g, Auig(SR)3in Chapter 3§22

Aun(SR NCs can also be transformed to other compositiam$igand
exchangeThis procedure was used by collaborators to yielgb(8IR b4 from Auzg(SRp4
(Chapter 4)% Auzg(SR:ofrom Auzs(SR)s(Chapter 572 andAuzs(SeR)s from
Auzs(SR)s (Chapter 624 With this methogdthe ligand to bexchanged onto the Au NC
surface wa inhighexcess (>100 times than initial ligand) in solutidgpically, the
reaction mixturevas stirred for dew hours ahigher temperaturgs-80°C)to complete
theligand exchangeAuss(SRps and Aws(SRpo NCs were formed fromusg(SRp4 and
Auzs(SR)s, respectivelyby introducingtert-butylbenzenethiolatkgands, which havea
morerigid molecular structuréhan phenylethanethiolat®®?2*This caused
reconstructiorof the Au NC surfacandaffectedthearrangement of\u atoms in the
core, thereby changing the framework and composition of tRE€R NC. Aws(SeR)s

NCs were formedisingligand exchangebutthe composition and the framewaoslere
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preserved?* Thiswas likely due to the similar size and molecular struetof the
benzeneselonolatgandthat wasexchangedor phenylethanethiolate

Au1g(SGh4 (Chapter 7) and Ag(SR)o (Chapter 9) NCs were synthesized using
agueous and seragueusmethods, respectively. A§{SG)4NCs weresynthesized in a
methanol/watemixture where Au(hSG precursors were reduced by Nag0°Cto
avoid large Au particle growt!? No phaseransfer was neededfter the reaction was
complete, the A1g(SGhafraction was separated wigolyactylamidegel electrophoresis
cut from the gelfurther separated fromhme gel matrix, centrifuged angashedo obtain
the final productAg44(SR):0NCs were synthesized in a similar fashion using a
water/dimethylsulfoxidenixture >3 Ag(I)-SR precursors were formed in this mixture
under alkaline contions and were reduced by NaBWiith stirring. The reaction
proceeded for one hour, followed by precipitation and purification.
2.52 Protein-protected gold nanoclusters

ProteinprotectedAu NCs studied in ChaptenBere synthesized ithe Zhang
laboratay at Dalhousie Universitysinga protein-directed ongpot synthesi.’*152The
proteindirected synthesis of Au NGsvolvedthree general steps. Firajueous
solutiors of tetrachloroatic acid(HAuCls) andprotein BSA) werepreparedseparately
and then added into the reaction vesSetond, lte reaction mixturevas stirredunder
incubationconditions(seaédvessel aB7°C) forat leas? min. Lastly,enough NaOH
was added to the reaon mixture to produce an alkaline solution (pH 11 or 12)thed
the mixturewas left to reactwith vigourousstirringand incubation for several hours (~12
h). The finalproteinstabilized Au NG weretypically luminescentn the red region of

theVis spectrumAny small ly-productssuch as excess metal saitsreremovedwith
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dialysis.The resultant sample was stable in solution or in lyophilized powdered form for

several months.
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Chapter 3 - Sensitivity of Structural and
Electronic Properties to the Atomic Conposition:
A Comparative Study of Aus(SRu3 and
Au2s5(SR)s

Sections 3.3.6 are reproduced in part with permission froGhevrier, D. M.;
MacDonald, M. A.; Wu, Z.; Jin, R.; Chatt, A.; Zhang, P. Sensitivity of Structural and
Electronic Properties of Goftthiolate Nanoclusters to the Atomic Composition: A
Comparative Xray Study of Aug(SR)3 and Aws(SR)s. J. Phys. Chem. 2012 116,

2513725142 Copyright 2012, American Chemical Society.

3.1 Contributions

M.A.M. conducted XAFS and XPS measurements. ¥ynihesized and provide
Auig(SR)3 and Aus(SR)s samples. R. supervised W. Z.. D.M.C. analyzed XAFS and
XPS dataconducted-EFF simulationsand wrote the manuscript. A.C. and P.Z.

supervised D.M.C. and helped revise the manuscript.

3.2 Foreword

Owing to the synthesis tuly monodisperse or singsized Au NCs (e.qg.,
Aws(SR)sg), a meaningfulunderstanding of structural and electronic properties can be
attained for Au NCss it relates to size and compositidrhnis chapteutilizesXAFS and
XPS echniques tinvestigae the change irstructuraland electronigroperties when the

Au(SR) NC compositiorand core structureliffer by only a few Au atoms and thiolate
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ligands Thiscomparison of composition and core size was accomplisinedgh a
comprative study oAwg(SR)3 and Aus(SR)s NCs where SRvas phenylethanethiolate
for both NCsTheEXAFS fitting methodsedto accountor multiple core and surface
bonding environmentsas demonstratei this first studyfor Aun(SR)» NCs FEFF
calculaions were also employed to support the interpretation of XPS valence band
results.This initial investigation demonstrated the sensitivity @& spectroscopy to the

atomic compositiorpredicatingits utility for proceeding chapters.

3.3 Introduction

The isolation and purification @tomicallyprecise Au NCs has enabled
fundamental studies that probe their unique electronic, optical and physical
properties*>>911ncovering the total structures #fuioASRu4,2® Auss(SR)4,% and
Auzs(SR)s%>%1 was a significant turning point when it comes taenstanding the core
surface interface for Au NCs. The presence of surface staple erisgmnits was an
important insight into the distinctive surface environment of étégrotectedAu
NCs?%>226Being able to correlate the local structure of Au NCs with chemical and
physical properties has opened up new opportunities in theoretical calcuylasiove| as
for optical and catalysis applicatiafid 22°

On the topic of uncovering the structure of newly isolated clusters, new
approaches in computational chetmjshavefacilitatedthe understanding of structural
evolution andstructuraldetermination of many Au NC¥%-230-234\ore recently, Jiang was

able to predict the staple motif arrangement on the surfacexefSR)xsand Aws(SRp4

with a selection pr 8%Thesosly stipelatiomasdatfaverabiep | e
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core structuremust be determinddle f or e you begin the fAstaple

was able to use this method to predict two structural scenarios f@ctaly isolated
Au19(SGH4Ph)3 NC by Wuet al???

Experimental determination of the local structure of Au NCs without available
crystal structures can be a difficult and exhaustireegss if the right characterization
techniques are not available to the resear@irnatively,the X-ray spectroscopy
approachin associatiorwith ab initio calculations has been found useful in uncovering
the unique structural environment of many NCs68182.186.190232.23F hig work aimedo
use XPS and XAFS analyses to experimentally probe the structure and properties of
Au19(SGH4Ph)3 NCsin order to test the recently predicted structural model from
Jiand®’ and tounveil the structurelectronic property relationships froa small change

in Au NC composition.

3.4 Materials and Methods

The synthesis and isolation of aniordaps(SR)1g]" (Auzs(SR)sis used
throughout this work for simplicity) anflui1o(SRX3NCs have been reported earlier in the
literature81:222:234

Au Lz-edgeXAFS measurements solid-phaseAuio(SR)z and Aus(SR)sNCs
were collected in transmission mode at the HairdyMicroAnalysis (HXMA) beamline
of theCLS and theCLS@APS(Sector 26BM) beamline of théPS.,

XAFS data workup, sample preparation atXAFS fitting were conducted
following the procedures outlined 8ection 2.2The Auzs(SR)iscrystal structure

modeP? was used to simulaseattering pathfor fitting. FT-EXAFS fitting of Au1o(SR)3
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was performed following tew separate procedures: tsbell fitting ©neAu-S and one
Au-Au) and multishell fitting (oneAu-S andthreeAu-Au). For twashell fitting, a short
k-range (2.50 10 A) was found useful to minimize the contribution from long distance
Au-Au bonds €.g, aurophilic bonding), thus providing more reliable information on the
fitting results of the firsshell AwAu bonding Multi-shell fitting required a longe¢

range of 2.50 11.5 A'to incorporate the three Adu bonding environments. The
amplitude redation factor &2 was determined by fitting Au foil with a fixed CN of 12.
A value of 0.9 was obtained and udedall EXAFS fitting. Error calculations were
obtained using the doubi method?®

XPS measurements the valence bandere conducted at the Spherical Grating
Monochromator beamlaof theCLS. All samples werg@repared by depositing a thin
layer ofNCsonto a Si(111jvafer. Samples were then loaded into the SGM vacuum
chamber, operatagsing a 700 eV excitation energy, a base pressutéof 10° Torr
and a temperature of 85 K. Bindingeggy calibration was conducted using the C1s peak
and Au foil reference.

[-DOS simulations ofAu19(SR)z and Auws(SR)s were performed with the
FEFF8.2 computational program. The coordinate&wt(SR)3 wereborrowed from
recent literatur®’ whereas coordinates for A(SR:swerefrom its crystal structure
For our simulation purposethe thiolate molecule vgasimplifiedto a methanethiolate

group instead of ahenylethanethiolatgroup.
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3.5 Results and Discussion
3.5.1 The Au core composition of Aug(SR)3

From recent theoretical @dictions of theAu19(SR)3 NC, the only two possible
Au core compositions are Auor Auiz with a combination of single and double staple
motifs on the surface (shown in Figuddb and 3.1c). Scenario 1 consists of two single
staples and thredouble stples on the Au core. Ofthe13 S atoms, only10 (4 from two
single staples an@lfrom three double staples) directly bind to the Au core surface,
resulting in a Aw: core modewith one Au atom in the cente;nd10 Au on the surface.
Scenario 2 consistsf 5 single staples and owm®uble staple on the Asicore.Given that
the predicted Aty core model has all2 Au atoms on the surface and no central Au
site 1% there should b&2 S atoms directly binding to the Aszisurface From these
structural predictions, theoreticd@Ns for Auig(SR)3 can be compared to our EXAFS

fitting results.

Scenario 1 Scenario 2

006, (a) {e)) (9)
)
=
2 0.03;
=
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2
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Figure 3.1 (a) Experimental FT-EXAFS of Auis(SR)s (black line) with simulated
two-shell fit (red dotted line) and gructural compositions for Scenario 1 (b) and
Scenario 2 (c).

The theoretical calculation for scenarigslas follows: AuS CN is ((10 surface
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Au atomsx onebond to S) + (8 staple Au atomgwo bonds to S)) / 19 total Au atoms =
1.37.For the firstshell Au-Au core CN, ((10 surfacAu atoms< one bond to centrau)

+ (onecentreAu atomx 10 bonds to surface Au)) / 19 total Au atoms = 15

scenario 2: AtS CN is ((12 surface Au atorrsonebond to S) + (7 staple Au atorrs

two bonds to S)) / 19 total Au atoms = 1.37, whicthiss same for scenario 1. For the-Au
Au interaction in Aup, without a cene Au the first AuAu shell should come from the
bonding between the nearest surface Au atoms. From theoretical results, the number of
nearest neighhwing atoms for stable Audstructures should be in the range a5 (i.e.

Ih, On, Dsh symmetry)!82:2%yielding a theoretical firsshell AwAu CN = (12 surface Au
atoms x 40 5 bonds to surface AuY19 = 2.5to 3.2.

With the two proposethodels forAui9(SR)13, atwo-shell fitting procedure (Au
thiolate and AvAu core bondingyvas employedo determine which structural scenario
was most prevalent in EXAFS fitting results (shown in Figif@). Since the calculated
Au-S CN is identical for both scenariokgtresulting CN value for AAu core bonding
wasthe deciding factor from twshell fitting results. The experimental fEIXAFS of
Au19(SR)3 with simulated fit are shown in FiguBslawith results shown in Tablg.1.
From standard twghell fitting, a AuS CN of 1.3(1)was obtained whichorrespondd
with both scenans. The AuAu CN, however, watundto be 1.0(5) with a bond length
of 2.84(6) A. Tkelow CN value for AuAu indicatedthe presence of centsairface
bonding and suppatithe Au1 core modepredicted in scenario. In contrast, the
theoretical CN value (2.8 3.2) of firstshell Au-Au for scenario 2i(e., Auiz) was
significantly different from the experimental EXAFS riésumaking €enario 1 the best

candidate foAu19(SR)a.
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Table 3.1 Preliminary EXAFS fitting results from two -shell fitting of Aui9(SR)s.
Theoretical CNs are shown in bold for each scenaridJncertainties in the fitted
parameters are shown in parentheses.

Shels CN Scn.l Scn2 R(A) 02 (A2?) aqEo (eV)

Au-S  1.3(1) 137 137 2.32(1) 0.00042) -1(1)

Au-Au  1.0(5) 1.05 2532 284(6) 0.012(9) “1(1)

As can be seen from this standard-stell fit, the difference in core composition
for Auio(SR)3 can be determined froEBXAFS fitting results,demonstrating the

usefulnesgor identifying the Au core structure tfiolateprotectedAu NCs. It should be

noted that in Ji an g dkisomensavere peedicted ot thewo r k ,

scenario® However, most isomers hdlde same number of surfa(k0) and ceme (one
Au atoms, thugtheycamotbe distinguisheavith EXAFS analysis, which is a limitation
of EXAFS-based structural analysis on thégeNCs. To understand more on the Aw
bonding structure of A(SR)s, amulti-shell fitting procedre wa employed in the next
section with indepth structural comparisons with the wealown and previously studied
Auzs(SR)1s NC.18¢ The best candidate structure fauio(SR)3, as determined by Jiang
(Figure 31b), is a defective icosahedral cofugi) with threedouble andwo single
staples on the surfachis modewasfurther exploredvith multi-shell EXAFS fitting
and discussion dheelectronic properties.
3.52 Site-specificstructural analysis of Aus(SR)3

Au Lz-edge XAFS was collected for Au fol\u2s(SR)1s andAu1o(SR)3. XANES
spectraareshownin Figure3.2a with all spectra normalized and overlagder close

comparison. There wassmall difference in whitBne intensity betweeAu NC
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samplesAuis(SRYzandAuzs(SR)1s both have higher whiténe intensities than the bulk,
indicating more eband vacancies becausenodleculelike interactions (Au(BSR) on
the surface. Neagdge features after the absorption edge do not change significantly for

both measured NCs, partly from a similar coordination environment on the NC surface.

(a) 18, (b) 01,(C)
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Figure 3.2 (a) XANES comparison of measured Au NCs and Ak&oil reference at the
Au L 3-edge. (b)k-space oscillations of measured Au NCs and Au Foil for reference.
Spectra are vertically adjusted for comparison. (c) FTEXAFS of Au NCs and Au
Foil using ak-range of 2.5to 11.5A1,

k-space oscillations of the measured samples are presented inFAjpuréth a
k3-weighting for each spectrum. Oscillations fréms(SR)1s andAuig(SR)sNCs were
similar in frequency angosition Au foil k-space illustrate&CC oscillation patterns
which are absent in Au NC samples due to their small core sizegafge of 2.50 11.5
A-1was used for the FEXAFS of each sample as seen in Figdigz. From a qualitative
look at the FTEXAFS spectraAuigo(SR)3 hadscattering patterns similar fu2s(SR)1s
with a large contribution from A% bonding and a mushell AuAu environment

To further probe the structure Afi1g(SR)3, a AwrAu multi-shell EXAFS fitting
procedurevas conducteds seen in Figure &. Fitting results froma previousstudy on
Auzs(SR)18 were includedn Table3.2 for a close comparison of A8u bonding with

results forAuio(SR)3. Thek-range was extended for mudthell FFEXAFS fitting to
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increase the number tdtal independent parameters to account for a good fit 4f all
shells. Fitting results are presented in T&bk where Authiolate (AuS), Au-Au cente-
surface bonding (AWAu1), Au-Au surfacesurface bonding (AAuz) and longrange

aurophilicbonding Au-Aus) make upghe multishell fitting region.
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Figure 3.3 Comparison of (a) Auis(SR)u3 and (b) Au2s(SR)1s total structure and core
structure. (c) Multi -shell EXAFS fitting of Aui9(SR)s. (d) Bond distancesare
plotted in for close comparison between NC#u25(SR)1s (red) and Au19(SR )3 (black

striped).

Closely comparing the bond lengths for each system in FigBdetBere is little
change in AtS and centrsurface AdAu bonding. Howevelif wasobserve that for the
other two AuAu shells,Auio(SR)3 has increasingly longer bond lengths from surace
surface to aurophilic interaons. Significantly longer AtAu surfacesurface and
aurophilic bonding could be attributed to the defective icosahedral came wie
structure is more relaxed and disordered than the highly symmetric icosahedral core in
Auzs(SR)18 NCs. From multishell fitting, scenario #vas further excluded as a possible
candidate since EXAFf&ting gavedistinctscattering contributions taceount for
cente-surface and surfaegurface bonding. The mixed variation of single and double
staples could also promote longer aurophilic bond lengths due to vacancies on the cluster

surface affecting the capping interactions from staple units. Indisedgdetermined
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Au19(SR)3 NC structure (senario 1, Figure.3a) is not as symmetric as ifsl>5(SR)1s
relative, considering the defective icosahedral core and variety of surface staple units.
This lack of structural symmetry could lead to variable speific electronic properties

in Au19(SR)a.

Table 3.2 EXAFS fitting results from the multi -shell fitting procedure of Auig(SR)3

and Auzs(SR)is. CNs are fixed using the theoretical values calculated from céter
models (shown in bold). & shift for Au T Au shells are correlated2EXAFS

parameters for Auzs(SR)is were borrowed from literature.® Uncertainties in the
fitted parameters are shown in parentheses.

Au19(SR)3 Auzs(SR)s
Shells CN R A) 02(A%» qgEo(ev) CN R @A)
Aui S 1.37 2.33() 0.0006(1) 1(1) 1.44 2.32

Aui Aus 1.05  2.83(1)  0.004(1) 1(2) 148 282
Aui Aus 1.89  3.04(2) 0.01(2) 12) 1.92 297
Aui Aus 1.89  3.37(3) 0.03(1) 1(2) 288  3.14

3.5.3 Sensitivity of theelectronic properties

Traditionally, XPS or UV photoelectron spectroscop§ valence band data
have been useful to understand the-siegpendent evolution of electronic properties of
transition metal nanocrystals when investigating strugtooperty relationship
Interestingly, the twdNC systems studied her@ui1o(SR)3z andAuzs(SR)s, have nearly
the same size (~1 nm), but different composjttbns providingan opportunityto
evaluate th sensitivity of the core compositiom the electronic properties dfiolate
protectedAu NCs In Figure3.4, the valence band datapigesented foAu19(SR)zand
Auzs(SR)1s. Elevated intensity at ~10 eV walue to backgrounabisein both samples. A

~0.2 eV shift in higher energg visible for dband centroid oAu19(SR)3. This shift in
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higher errgy is also consistent WilkANES results, wherduig(SR)3 NCs have
slightly higher whiteline intensity (see Figur@.2a). Negishiet al®° reported earlier that
an itidlisn at e e thé reamn factor determining the relative band energy shift fo
different sizes ofthiolateprotected Au NCsln the caseof Auig(SR)3, the smalleAu11
core could causedight energy shift throughthiei nist aale ef fect 6. Anot
explanation is the anionform of Auzs(SR)1s measure@ould be shiftedo lower energy
due to theadditionalnegative charge resting on the cluster.

Interestingly, the valence band profileAui1o( SRz appears to be clearly
different from that oAu25(SR)1s. A sizeable eband narrowing effect is apparent for
Au19(SR)X3NCs.The smaller core oAuig(SR)3 (Au11vs. Aus) could explain the
narrowing effect as it has been seen in previous gas phase studies of metal*8lliseers
longer AuAu bonding inAu1g(SR)3 NCs could also contribute to this band narrowing
effect. The same narrowing was also observed frdd®& simulations of the AdSR)24
NC.233 A closer inspection of the-Xay data further reveaisdifference of the spectral
shape, that is, th&u>s(SR)s NCs show an extrieature in the region of 2 ®eV, which
is nearly absent irhe spectrum oAuig(SR)s. Smalleyet al*® has also observed a
similar feature (2 td3 eV range) for gaphase clusters where the intensity of this feature
is sensitive to the composition dfet clusters such as AyAug' and A . A small
composition change for these gaisase clusters can significantly change the valence
band structureThese experimentéihdings point out that this feature is also sensitive to
thecore compositiothangeof thiolate protected Au NCssimilar to these previous

observation48237
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Figure 3.4 Experimental XPS valence band of Aps(SR)s and Auig(SR)3 with lines
of best fit.

To further elucidate the electronic propertief\ais(SR)3zNC from a site
specific perspectiveab initio calculations werperformed to exammthe Au 5d
projected density of states-@DS) from each representative atomic site. Figusa
displays the calculateddOS from the breakdown of thfu19(SR)3 cluster into5
unique Au sites: Au in double staple, Au in single staple, surface Au bemdedble
staple, surface Au bonded to single staple and theeckuot

A dramatic change in-BOS wa seen when comparing staple sites to other sites.
The narrow eDOS structure for surface staple siteBects the expected molectike
behaviar of the staple Au in the NCs. Interestingly, the surface site that bonds to double
staples shows a narrower band than surface sites bonded to single staples. This
observation could be reasoned by considering the arrangement of surface Au atoms on
the cluster. Fom the predicted model, single staples are connected to surface sites

adjacent to vacancies on the defective icosahedral core. FR@Sdcalculations, the
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Au19(SR)X3NC appears to have electronic properties that significantly change from site to

site inthe cluster, which could offer potential oppoities for catalytic application
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Figure 3.5 (a) FEFF simulated dDOS of the Aug(SR)13 NC from a site-specific
perspective. dDOS simulations comparing idenical sites on both Aug(SR)3
(yellow) and Aws(SR)s (red) NCs for (b) double staple Au, (c) suiace Au bonded to
double stapleand (d) cente Au. All spectra are calibrated to their own calculated
Fermi energy.

Comparative results of the@OS shape ofte doublestaple Au, surface Au
(binding to the doublstaple) and the cemtAu site from Aug(SRyzand Aus(SR)sare
provided in Figure8.5b, ¢ and drespectively. SimulateddOS of Aws(SR)swere
reproduced from previous wafk® It is clear that the-®DOS of the surface and cestAu
sites from Aus(SR)s are broadened compared to the corresponding Au sites from
Au19(SR)3. This observation can be interpreted bydiféerence in thelefective Aui
core structure foAu19(SR )3, which has less Adu bondirg interactions than the Asi

core in Aus(SR)s.
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3.6 Conclusion

In conclusion, a series of findingsve been presented the unique structural
and electronic properties of the thiolguetected Au NCAu19(SR)3, based on Xay
spectroscopy experimenandab initio calculations. Important experimental results
include (i) supporting evidence of the structural model ofef@R )3 predicted by the
Aistaple fitnesso met hod,acesurface and aorophile Aws e d
Au bonds and (i) sensitivity of Au 5d band structure of the two examined NCs to the
atomic composition revealed by XPS aiglinitio calculations. These findings highlight
the sensitivity of the local structure and electronic behawbthiolateprotected Au

NCsto even a small change of the metal core fromy#o Auii, and point out the

significance of the fAcomposi tproeectedAfNGe ct 0

i nstead efi ztechefidfreanad® wi dely used for regul
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Chapter 4 - Electronic and Bonding Properties of
Thiolate-protected Gold Nanoclustes with FCC
Core: Auze(SR)4 (Part I)

Sections 4.31.6 are reproduced in part with permission fro@hevrier, D. M.; Chatt, A.;
Zeng, C.; Jin, R.; Zhang, P. Unique Bonding Properties of th(3R»4 Nanocluster
with FCClike Core.J. Phys. Cheniett. 2013, 4, 31863191. Copyright 2013, American

Chemical Society.

4.1 Contributions

C.Z. synthesized and provided thed®R}4+ NC sample. R.J. supervised C.Z..
D.M.C. collected all XAFS datapnducted~EFF calculations, performed all data
analyses and wrote the manuscript. P.Z. and A.C. supervised D.M.C. and helped revise

the manuscript.

4.2 Foreword

The previous chapter examined how core size and composition alter the
framework and electroniproperties of icosahedrdlasedAu,(SR)» NCs The influence
of core structurer coregeometryon the electronic and bonding propertigas then
investigatedor Au(SR)» NCs withFCC-ordered core structured his chapteexamines
the Aus(SRY4NC, whichhas a Agg core with distinct FC&rdered packing, usingu

and S XAFS measurements in conjunction with ab initio simulafitunsdated from this
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study werghe unique bonding properties of #(BR}4 to provide an understanding of

how icosahedraland FCC-basedAu(SR» NCscould be distinguistd.

4.3 Introduction

It was onlyrecently shown that an FG&deredcore and bridging thiolate
structures could exist for A(BR)}» NCs when Zengt al1°%2%8demonstrated that
Auzg(SR4 NCs can be transformed into £(5R)»4 NCs through a ligangxchange
processwith resultant successful single crystal growth ogsl®Rp4 NCs. The structure
of Ause(SR}4 consists of an FC-like Auzg core with 12 bridging thiolates (12-$(R))
and 4 dimeric staple motifs (4 x§(R}Au-S(R)-Au-S(R)). The structural transformation
dramatically changes the core:staple Au ratio, going from 23:15 fg{2fp4to 28:8
for Auss(SR)4, via adisproportionation mechanisff It was also demonstrated that
Auzs(SR)s NCs could undergo a similar ligarekchange induced transformation to form
Au2g(SR»o NCs with an FC&rderedcore also witha mixture of bridging and staple
motifs 23 A remarkable finding for Ats(SR)»4 was the increase in the optical gap from
0.9 eV (Aws(SR)Y4) to 1.7 & (Auss(SR)4). This difference in optical gap would also
lead to the assumption thiie electronic properties diuzs(SRp4 are more molecutbke
than Awg(SR)4, despite having an FG@deredcore. Therefore, these latest discoveries
of an FCCorderedcore pose an interesting question about the effect of the core on the
bonding properties and electronic structure of(8&& NCs. In @rticular, how does the
FCG-orderedcore behave in relation to icosahedsakedcore structures found for other

Aun(SR)n NCs such as Agy(SR)s or Ausg(SRp4?
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The remarkable bonding and electronic properties G§(&&R»swereinvestigated
usingXAFS andab initio calculations. Comparisongeredrawn to Aus(SRp4NCs as
they haveanalmost identical composition to A¢SR}4, but contrasting structural
properties such as icosahedratsusFCC cores and staplersusbridging motifs. The
Auqg FCC-orderedcore is highlighted in this work as the structural and electronic
properties are studied from a sgpecific perspectivéResults reveadsmaller pseudo
Aug units within the core lgrely contribute to the moleculie electronic properties of
Auzs(SR}4, whichwasconsistent with the experimental findings from Agiddge
XANES and temperaturdependenEXAFS. The role othe AuS bonding motif on the
electronic propertiewas also examined from tt&perspective using S-Kdge XANES

andab initio calculations.

4.4 Materials and Methods

Synthetic procedures for the preparation otsf8CoHsPhps(abbreviated here as
Ausg) and Awe(SCsH4C(CHs)z)24 (abbreviated here asu3s) NCs have been published
elsewheré?109Both syntheses produced Au NCs in high purity suitable for detailed
XAFS studies.

Au Ls-edge XAFS measurements were collected in transmission mode at the
CLS@APSbeamling(Sector B-BM) of theAPS. Auzs was measured at both low
temperature (90 K) and room temperature (29%Khe solidphase S K-edge XAFS
measurements were collectied solid-phase Aus in fluorescence mode at the sofrXy
micro-characterization beamline (SXRNIBf theCLS. XAFS data workup, sample

preparationEXAFS fitting and error analysis were conducted following the procedures

74



outlined inSection 2.2High quality XAFS oscillations were collected up toA&in k-
space for Aws (Figure4.1). A k-range of3.0to 13.7A* was used foFT-EXAFS spectra.
EXAFS fitting of Awse spectra requirethreeshells pneAu-S andiwo Au-Au) to fit an
R-window of 1.5 to 3.1A. Upon inspection of the As(SR)4 crystal structuré® two
distributions of AuAu bondingwere visible with the first being a narrow distribution of
short AuAu bonds < 2.8 and the second a broader disiition of longer AuAu

bonds > 2.8R (Figure4.2). It can beseerthat the first AuAu shell (AuAus) accounts
for short AuAu cluster bonding in the core while the secondAushell (AuAuy) is
from Au-Au bonding closer to the surface.

Simulated XANES and-DOS spectra were calculated using the FEFF8.2

computational prograrft® The hydrocarbon substituent of each thiolate ligand was

simplified with a methyl group for simulation purposes.
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Figure 4.1 Experimental k-space spectra of Aes at low temperature (LT, 90 K) and
room temperature (RT, 295 K).
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Figure 4.2 Distribution of Au -Au bond lengths from the Auwe crystal structure.

4.5 Results and Discussion

4.5.1 Local structure of Auze(SR)a4

The analysis oAuzs(SR4startedwith an investigation of the Aéu bonding
properties by Au k-edge EXAFS. The structure of &dis depicted in Figurd.3a with
isolated layers to cily illustrate the FC&@rdered Auys core (staple Au sites are
removed) and its inner tetrahedral component. Two differed Adonding modes are
also shown and are known as the staple and bridging motifs, where Au atoms are held in
the core for bridging wtifs. Figure4.3b displays thé&-T-EXAFS of Auszs(k-range of 3.0
to 16.0A used for transformation) at low temperature (90 K), with Au foil shown
underneath to serve as bulk FCC Au. On an important side note, a deeper understanding

of Au-Au bonding envionment can be achieved with EXAFS when the sample is of high
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purity and is measured at low temperatures to obtain high quality oscillations up to the
highk-region {.e., k= 16.0A"%). This is evident in FIEXAFS spectra when scattering
shells are well olved and the higR shell intensities are enhanced. With this in mind,
there are three distinct scattering peaks in th&RKAFS (indicated with asterisks in
Figure4.3b) from long distance neighbrs that are similar in distance and intensity for

Auss and Au foil, indicatingFCC EXAFS oscillations are prominent in Au
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Figure 4.3 (a) Depiction of surface and internal structure for AwsS24 (Au atoms are
gold, S atomsare red and magenta), (b) offset FTFEXAFS of Auss and Au foil (k-
range: 3 to16 A%), and (c) backtransformed FT-EXAFS (R-filter: 2.4 to 2.9 A) of
Auszes Au-Au core bonding with comparison to Aus FCC-like core model (yscale for
EXAFS of the theoretical FCC model is rescaled to account for tle thermal
vibration effect). Best fits for Auss (d) room temperature and (e) low temperature
FT-EXAFS spectra k-range: 3to 13.5 A%).

Before quantitative EXAFS fitting results are shown, a qualitative approach to
quickly identify FCC AuAu bonding struaire in Al(SR»NCswas demonstrated o
do this, the baclkT-EXAFS signal(i.e., region ofR-space is selected and backward
Fouriertransformed td-space)from the AuAu bonding environment of the Au core in
Ausze wasisolated and compared with simulatgdictural model of an FCC Agicore,
shown in Figuretl.3c. Overlapping baclkT-EXAFS oscillations produckan almost
perfect match of phase and frequency betwees &ud the FCC Asgcore.

A threeshell EXAFS (AuS, Au-Auz and AuAup) fit was performedor the Atge
spectra at both room temperature (RT) and low temperature (LT) to obtain quantitative
structur al par amet er s -EXAFS spextcalandshbie| | 6 s env
respective best fits are shown in Figdrgd and4.3e with fitting results ssnmarized in
Table4.1. Upon inspection of the As(SR)4 crystal structure, calculation of the ideal
Au-S CN gave a value of 1.33 and was fixed for the thsieell fitting process. Due to the
complex variety in AtkAu bonding environments, a multhell EXAFS fit accounting for
each of these scattering paths was not obtainable. However, preliminary fitting ofthe Au
Au environment consistently lead to two distinct-Au scattering paths whigbrovided
an excellent fit from 1.5 to 38, encompassing the stigest single scattering paths
(including Au-S). Organizing all AtAu bond length data into a histogram confirmed

these two distributions of AAu bonding where ideal CN values could be calculated and

78



used in the threshell EXAFS fitting method (Figuré.2). As a result, AtAu: and Au
Au; shells account for Ad\u bonding betweena.2.72to 2.86 A andca. 2.86 t03.10 A,
respectively.

Table 4.1 Au L 3z-edge EXAFS fitting results for Auss measured at room temperatire
and low temperature.Uncertainties in fitted parameters are shown in parentheses.

T (K) Shell CN R A) o (A% aqEo (eV)
295 (room) Au-S 133 2.322(2) 0.003®(1) 0.0(5)
Au-Au;  2.06 2.732(4) 0.009(3) 0.0(5)
Au-Au; 256  2.89(1) 0.018(2) 0.0(5)
90 (low) Au-S  1.33  2.329(2) 0.005(1) 2.0(5)
Au-Aui  2.06 2.746(3) 0.00%(9) 2.0(5)
Au-Au; 256  2.951(9 0.01(8(6) 2.0(5)

4.5.2 Augcore structures and temperature-dependentbonding properties
Previously reported EXAFS fitting of As(SRp4and Aus(SRps NCs atRT
showed short AtAu bonding in the core &789(75*3and 2.80(1%f° A, respectively;
whereas the short Adu bond length for Ags(Au-Au1) was much shorter at 2.732(4) A.
The shorter AtAu bonding framework representing the-Auwi; shell forAuse is
illustrated inFigure4.4, with comparison to the biicosahedralzAaore. Interestingly,
short AuAu bonding (Ru-au < 2.86 A) is more localized for Asthan for the Ags with
smaller AuAu bonding occurring within and nearby pset&la, tetrahedral units. These
pseudeAus units are highlighted with red bondskigure4.4. Complete evolution of the
Aug unit with Auw-Au bond length is further shown in Figutés. The fact that shorter
metallic bonding occurs as separate small clustettsei FCCGorderedcore can help

account for the much shorter bond lengths found from EXAFS resiR{E. &ecently,
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the important role of Auunits inAun(SRNCs has been brought to attention by
Jiang!®! proposing that these tetrahedral units could be théeshAu core structures
for Aun(SR)nNCs. Chenget all%?also used Awcore units as the foundation for super
atomnetworks to explain the stability of certain £8R)» NCs.

Another important finding from EXAFS analysis svéhe expansion of bond
lengths for the two AtAu shells alL T, with the Au4Auz shell having a more pronounced
expansion of 2.1%. The expansion of metatal bonding with decreasing temperature is
an uncommon property for bulk FG&dered metals althoughhas been observed in a
few studies with larger Au NP4224A previous temperaturdependent EXAFS study
on Auzs(SR)xsshowed noticeable contraction of the fiskell Au-Au bond atL T, which

illustrated the metallibondingbehaviarr of the core for Aps(SR)s.18°

(a) Au,((SR),, core (C) Au,4(SR),, core

(b)

Figure 4.4 Representation of the (a) FCGordered core (in Auses) and (c)
biicosahedral core (in Aws) with the shorter Au-Au bonding frameworks shown in
(b) and d), respectively. Central Au sites not bonded to thiolate ligands are shown
as larger spheres in (b) and (d).
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Rauay < 2-89 A Rauny < 2.85 A

Figure 4.5 Schematic evolution of pseud@uas units (red bonding) in the Auss core.
Central Au sites not bonded to thiolate ligands are shown as larger spheres.

Returning to the EXAFS results on Austructural parameters from the -Auw;
shell mainly correspond to the short-Au bonding found within and nearby the pseudo
Aug clusters mentioned abowvie is interesting to note that there are 4 Au atoms located in
the core also forming a tetrahedral shape (Fidi8®, right), which are the only Au
atoms not bonded to any thiolate ligand. Nonetheless, these 4 central Au atoms are in fact
are not tighty bonded to each other being, on average, &.8part and are therefore
represented by the longer Aw> shell Furtrermore, slight AvAu expansion waseen
within the small Au clusters at low temperature, 2.732(4) to 2.746(@ile
significantly moreexpansion ws experienced between the clusters and on the surface of
the core going from 2.89(1) to 2.951¢%) This physicochemical observation svan
intriguing property for Ags, exemplifying the more moleculé&ke behaviar of its FCG
orderedcore. Ths property could also be considered useful for novel applications

involving negative thermal expansion materials.
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4.5.3 Electronic properties of Auzs(SR)4

After identifying the unique pseudbdus environment in the Adg core framework,
the electronic sticture was then investigated with XANES afdOS from both Au and
S perspectives to probe the influencewdtsAw clusters on the moleculke behaviar
of Auzs.

Au Lz-edge XANES for Aws, Auzes and Au foil are presented in Figutéa.
Absorption edg positions o) for Auseand Augg are both at higher energy than Au foil.
This is generallgaused by &u(l)-S interactions that occur on the surfacAof(SR)n
NCs. Interestingly, a noticeable decrease in the wimgeintensity (the first resonance
feature following the edge jump, indicated by arrow) is seen feg dumpared to Ass.
The significant difference between Aand Aws white-line intensities indicatkvalence
energy levels are more highly occupied irsftlhan Aws. Thiswas somewhat sprising
sincesurface Au will lose electrondensity due t& MCT, and there are actually fewer
Au atoms in the core of Asnot bonded to S (4 for Asand 5 for Ayg, as seen ifrigure
4.4).

The unexpected difference in electronic structure betweemélasured Ags and
Ausg could be due tthesmall pseudéius units that comprise the Agicore are
approaching the limit of observable nasine effectsAs was reported in the literature,
the net nanaize effect of Au (without contribution frolMCT) resuts in an increase of
Au d-electron density due to the lesser extentpftsrehybridizationi(e., less intra
atomic eletron flow from d to s/p stat&}f? Therefore, this decrease in core sizg(
pseudeAus units vs. Aus biicosahedral core) should cause the valehogbitals to

become more highly occupied. To verify this, the Atedge XANES of the central Au
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site of Awes and Aus (i.e., site not bonding to surface thiolate in order to exclude the
metatligand charge transfer effestlere simulatedSimulated Au k-edge XANES
(Figure4.6b) shows the same trend of white line intensity as that in F&g6ae which
further confirmedhe suggestellypothesis. This supports the idea that smaller Au
clusters are governing the electronic properties to be more mold®ifer Auzs, more
so than thehiolateligand. To further probe the influence of the2AECC core on the
electronic propeies from a sitespecific perspectivé;DOS calculations were performed
on all unique Au sites in Ad

Since the effect of the AsFCGC-ordered core on the bonding and electronic
properties of Aes is the main interest;DOS calculations were calculdtéor the S
level of Au @-DOS). Figure 4.6¢ presents the sfgecificd-DOS analysis of the Ay
structure. A gradual narrowing of thd evel was apparent for Au atoms closer to the
surface. This indicated the electronic structure of each Au sitgttoans from metalike
to moleculelike going from the central sites (band (i)) to staple sites (band (vi)). Besides
this metalliemolecular band structure trend, also observed in studies for othSRW
systemg26:243d-DOS illustrated the subtle difference between surface sites and bridging

sites (bands (ii) to (v)) where the A&ICN isoneandtwo, respectively.
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Figure 4.6 (a) Au Ls-edge XANES of Aus, Auss and Au foil, (b) Au Ls-edge XANES
simulation of central Au site in Auss and Auzss, (C) sitespecific interpretation of d-
DOS band structure for Aussincluding (i) central, (ii) bridging surface, (iii) double
staple surfae, (iv and v) bridging and (vi) double staple Au sites, (dJ-DOS
comparison of an ideal Aus FCC-ordered cluster from bulk Au (Au-Au distance
adjusted to match that of Aws) with actual Auzs FCC-like core from Auss with S
atoms removed.
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Bands (ii) and (i) represergdthe two unique surface sites with slightly different
environments, where site (ii) is bonded to a bridging motif and site (iii) is bonded to a
doublestaple. Band (iii) appeadto have finer structure than band (ii) most likely
originatingf r om t he nature of the cdherearetheposi ti or
corner site®nthe Alpg core but are involved in bridging thiolate bonding where the Au
S CNis two. These Au sites are represented by bands (iv) and (v). For bridging sites, Au
atoms are displaced from the core more than corner sites in band (iii) due to stronger Au
S bondingresulting in further narrowing of theild®ands compared to other surface
sites. The different distance of bridging Au to the surfaeg have causeitie
appearance of a shoulder in band (iv), since these particular Au sites are held more
closely to the surface. Thatectronicnature of these bridging Au sites in conjunction
with the smaller pseudAus units in the core (which do not share similar Au $itesuld
strongly contribute to the moleetlike electronic structure of Ag Additionald-DOS
simulations compare the bare Agore (.e., without Au(l)-SR bonding effect) from Agk
with an ideal Ags core from bulk gold, shown in Figuded. Simulatedd-DOS bands
were overlapped for similar sites on both models. Clearly, the bridging thiolates have a
dramatic effect on the corner Au sit@acethe bandvas significantly narrowern.g.,
more moleculdike) than the ideal structure (Figutesd, top). h addition, the central Au
site in theNC showeda narrowed-DOS than that in the ideal structure

In the above discussions, the electronic structure ed Wasprobed from the Au
perspective. S ¥edge XANES spectra of Asiand Aus were therexaming to
investigate theffect of the thiolatdonding motif on the electronic structure.

ExperimentalS K-edgeXANES in Figure4.7a shove the overlap of Aesand Aus. The
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most important finding from this comparisaas the distinct broadening of the first near
edge feature for Ag4. In fact, previous S dge XANES studies on Ag) Auss and

Au144 NCs showed no broadening of this feature, only an increase in teelgedeature
at 2.471 ke\A® To understand the origin of this broades XANES simulations (Figure
4.7b) were performed for each S site orséand Aus. The structure of staple and
bridging motifs bat have two different S sites{(R)-Au-S{R)-Au-S*(R)-), referred to

as edge S (pand apical S &. For bridging motifs, it is cleahatAu sites are still apart

of the FCCorderedcore.

N
1
[S]
L

-
1

Intensity (a.u.) ,/

ﬁ{fu
/

Normalized yield (a.u.)
Intensity (a.u.)

2470 2.4‘75 2.4:80 2.485 0 10 20 30 40 50 fl] Tb Zb 3b 4b
E-E, (eV) E-E, (eV)

o

Photon energy (keV)

Figure 4.7 (a) S K-edge XANES of Aus and Auss, (b) simulated S kedge XANES
for apical bridging and staple S, and (c) simulated S ¥dge XANES of apical
bridging site with corresponding calculated DOS band structure.

Simulated X-edgeXANES for thiolate ligands on thedge of each motishown
in Figure 4.8had almost identical spectra for either bridging epk motif on either
NC. The apical S atom in the double staple motif for botksAnd Aws are also similar
in structure although the spectrum forzéis slightly broader, as shown in Figud&’b.
More significantly, the apical S atom in the bridging maigfsmuch broadethan any

other S site due to an additional redge feature higher in energy from the absorption
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edge (shown with dotted line), which cduontribute to the broader nezdlge feature
seen from the experimental XANES.

To understand the origin of the Saé€ige XANES linebroadening of Ags, thel-
DOS components that influence the pedge features in XANES spectra are presented
for the apiclbridging S in Figurel.7c. It was observed that &DOS resonance for the
apical bridging S is positioned in the same region where the additionadgafeature
appears for the apical bridging S, suggesting thedmadening of S Kkedge XANES
(Figure 4.73) couldbe related to the A® bonding associated with the unoccupieli S
state. This observation imptlehat the AuS bonding related to thedsstate is sensitive
to the local structural difference between the apical S in the bridging and tleenstip.
Moreover, this finding of neagdge broadening for Asicould be a method to detect the
presence of bridging motifs or perhaps FQ@eredcore structurefor Aun(SR NCs

without known structures.
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Figure 4.8 Simulated S K-edge XANES spectra of the edge S position for Aa
dimeric staple, Aws bridging and Auss dimeric staple.
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4.6 Conclusion

In summary XAFS measurements in conjunction wab initio calculationsand
comparisons with icosahediiadsed Au NCs of similar compositidemonstrate the
uniguebonding properties fdFCC-orderedAuzs(SR 4 from both theAu core andAu(l)-
SRsurface motif perspectiveBindings indicatd that the moleculdike Au-Au bonding
propertienf Auzs(SRp4 werelargelyinfluencedby tightly bondedoseudeAus units
within the FCCorderedAuss core,and that the bonding of i&su(l)-SR bridging motif
differs from that of the stapliéke motif. This work strongly suggesdthat the FCE
orderedAu-Au packing structuren smallthiolateprotected Au NCshould be treated

differently from its bulk counterpagnd possibly larger thiolafgrotected Au NPs
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Chapter 5 - Electronic and Bonding Properties of
Thiolate-protected Gold Nanoclusters with FCC
Core: Auxg(SR)o (Part I1)

Sections5.3-5.6 are reproduced in part with permission froBhevrier, D. M.; Zeng, C.;
Jin, R.;Chatt, A.; Zhang, P. Role of Alnits on the Electronic and Bonding Properties
of Au2g(SRpo Nanoclusters from Xay Spectroscopyl. Phys. ChenC 2015, 119 1217

1223 Copyright 205, American Chemical Society.
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C.Z. synthesized and provided theg®R) NC sample. R.J. supervised C.Z..
D.M.C. collected all XAFS datapnductedb initio calculationsperformedall data
analyss and wrotelie manuscript. P.Z. and A.C. supervised D.M.C. and helped revise

the manuscript.

5.2 Foreword

With a similar surface aaposition of bridging thiolateslimeric staple
structures, and FCC packing arrangement of Au atoms in the cozg SR, NCs share
many structural characteristics with AgSR}4 NCs studied in the previous chaptéiis
chapter continuewith examining howCC-ordered core structuresfluencethe
electronicand bondingproperties of A(SR)» NCs, but now with a clearer focus on the

role of Au core structures that comprise the Au core.
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5.3 Introduction

The synthesis and total structure elucidation ofsf8&R )4 and Aws(SRpo NCs
(where R =C¢H4C(CH)3) introduced the possibility of A(SR NCs accommodating
core structures witkCC-ordered geometry similar to larger AlPs(diameter > 2 nm)
and the bulk®2*9The appearance of bridging thiolate motifs on the f@d&red core
was also a first for A{SR NCs, which were originally predicted as the thiolate
bonding motif for largr AuNPsand Au(111) surfaces:% Shortly after, Aus(SR)s and
Auxo(SRieNCsweres ol at e d rhagic serieSofd Aan(SRm NCs,
differentiating by Ag(SR) units°4244t is interesting to note that the total structure of
AuzcS(SR)s NCs has revealed a core structure almost identical 1g(3®R)o NCs
synthesized with gert-butyl thiolate ligand instead oért-butyl benzene thiolaté&?
Aside from the unexpected FCC arrangement of Au atoms in the core, attention has been
shifted to smaller tetrahedral Aar vertexsharing bitetrahedral Auclusters within the
core in order to identifyhe implication these fundamental core units have on the
nucleation/formation and compositialependent bonding/electronic properties of
Aun(SR)n NCs101:246247Frthermore, Awand Au clusters within Agg(SRo NCs have
been described and interpreted with the dhadéeprotect model and the noble gas
superatom theory as basic aad 4esuperatoms, respectivel{?

In continuation fronthe previous study on Ad(SRps NCs, Awg(SRpo NCs were
examined with temperatuaependenKAFS experiments andb initio simulations of
valence electronic structuréhefindings demonstratethe valence electronic structure
was fundamerdlly different from its similassized, icosahedrddlasedcounterpart

Auzs(SR) g because of the unique local structure of smallerukits in the core of
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Auzg(SRYo. A multi-shell EXAFS fitting analysis washen conducted on As(SR)o to
examine the local structure of short-Aw within Aus units and longer AWAu bonding

in the core. By measuring the A(BR)»o NC at both low (90 K) and room temperature
(300 K), thermal contraction of longer AAu bonding wasletectedwhich was

consistent with previous experiments ore&8R}4 NCs.Overall, resultsuggestd Aus

units play an important role in understanding the electronic properties and the bonding

properties of FCrdered Au NCs.

5.4 Materials and Methods

Auzg(SCsH4C(CHg)3)20 NCs were synthesized via ligaedchange induced
transformation using AW(SGH4Ph)s NCs(counterion:"N(CgHz17)4) as the precursor
material. Briefly, Aus(SCGH4sPh)gs NCswerereacted with excess amountseft-butyl
benzenethiol n t ol uene at 80eC. After ~2 h of
Auzg(SCeH4C(CHs)3)20 NCs wascollected.Synthesigletails and complete
characterization of the reaction product have been published elsé#here.

Au Lz-edge XAFS measurements were collected in transmission mode at the
CLS@APSbeamling(Sector 26BM) of the APS. Solid-phase reasurements were
conducted at 300 K under ambient conditiond at ® K using a heliuntooled cryostat
chamber XAFS data workup, sample preparatiof; XAFS fitting and error analysis
were conducted following the procedures outline8eaation 2.2The anplitude
reduction factor%?) was fixed at 0.90 for Audedge EXAFS fitting, which was
determined by fitting the AWu scattering of a Au foil reference with a fixed Aw CN

of 12. For multishell EXAFS fitting,CNswere fixed according to the A4{SR)s and
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Auzs(SRYo crystal structure®%23°A k-range of 30 11.25 A was used for the Fourier
transformation of alk-space data tB-space. A fitting window of 1.5 t8.9A and 1.5t0
3.2 Awas ugd fortwo-shell and threshell fits, respectively.

[-DOS calculationdor each Au site in Ats(SR)xs and Aug(SRpo NCs (the R
group was simplified to one C atom for calculation purposesg¢ conductedsing the

FEFF8.2 computation packa§é with only thed-DOS results presented herein.

5.5 Results and Discussion

5.5.1 Local structure and comparison of Aun(SR)n NC core structures

As mentionedn the previous sectiogi\u2g(SRpo NCswere synthesized from
Auzs(SR)s NCsusing a liganeexchange protocol thatamaticallyreconstructed the
icosahedral Aws core and surfacersicture ofAuss(SR)s. The resulting structure of
Auzg(SRYo, as determined by Xay crystallographyconsists of an FC@rderedcore
composed of 20 Au atoms and 8 Au atoms (smaller atoms) located in four double staple
motifs (Figureb.la, top)?*° The remainder of the thiolate ligands bond vitteeAu
atoms on each end of the 20 Au atomedg@iigureb.1a, cente). As a result, these 6 Au
atoms are pulled away from th&o central Au sites (shown as purple), leaving a 14 Au
atom alternative core structure (Figixéa, bottom). Additionally, considering Adu
bond lengths shorter than 2.884%\u4 or two Aw units are revealed as the core
constituents (connected with red bonds).

A preliminary investigation of the local structusasconducted to confirm
consistency with the total structure of A(BR»o NCs and to compare with the

Auzs(SR)s precursor. First, Au 4-edge EXAFS simulations were conducted on the
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Au2g(SR»o NC by simulating the scattering environment of each Au site in order to
create an average EXAFS signal. Sipecific scattering environments and the average
simulated RspaceEXAFS spectrum are depicted in Figéréb and Figuré.lc,
respectively. From these spectra, the origin of the mastrdmt EXAFS scattering
peaks {.5t0 3.5 A) can be identified. The first feature for surface, bridge and staple sites
is from AuS scatering (Figureb.1b). The second scattering feature is from the shortest
Au-Au bonding that occurs within the Adcore. This scattering feature is seen for i@Ent
and surface Au sites. The last scattering feature that will be examined herein is a longer
Au-Au bonding type that can be found for aensurface, bridge and some staple sites.
Between the average simulation and the experimental EXAFS (90 Kvihsre
good agreement with the position of the-B1(1.9 A not phaseorrected) and Awu
(2.45 and2.75 A not phasecorrected) scattering peaks. The relative intensities e8Au
and AuAu peakswerealso comparable. These similarities in the EXAFS readshes
measureduzg(SRpo NC contains Au local structural features expected from the crystal
strudure. Longeirange AuAu scattering featureseremore intense for the simulated
EXAFS since the simulation is effectively conducted at 0 K without thermal dampening
of the EXAFS signal othe samdimited mean free path for the scattered
photoelectrorf® A kl-weightingwas used for the simulated and experimental EXAFS for
this reason. The theoretid@Nsfor each of the scattering paths identified abaeee
then calculated from the bond distance distributionywshio Figure5.2. From the two
distinct Au-Au bonding distributions (2.% 2.8 A and 2.90 3.15 A), two AuAu
scattering shellarereconfidently assigned in the EXAFS fit. Depictions of2din

Figure5.2 indicatel the first AuAu scattering shell (AWAu1) accounedfor Au-Au
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bonding in Au or Aur core structuresexclusively. The second AU scattering shell
(Au-Au2) encompasska variety of AuAu bonding environments throughout the Au NC

including surfacesurface, bridgdridge, bridgesurface, cemé-cente, surfacecente and

staplesurface.
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Figure 5.1 (a) Representation of the Aus(SR)0 NC with core structures, (b)
simulated Au Ls-edge EXAFS spectra of each unique Au site and (c) comparison of
the average simulated and experimental (measured at 90K) Austedge EXAFS.

Frequency

Figure 5.2 Bond length distribution for Au 2s8(SR)0 and representative EXAFS

scattering shells.
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Thek-spacespectraof Auzs(SRpo andAuzs(SRis NC samples measured at 300 K
are shown in Figurb.3a. The spectravere comparable in oscillation pattern and
intensity but with noticeable changes in oscillation frequency. Ideticaiges of 3.0 to
11.25A were used to acquifeT-EXAFS for each Au NC sample shown in FiguBe3b.
Au-S scattering peaksere similar in position and intensifgr both Au NCs, whichs
consistent with the avera@N for Au-S bonding being 1.44 fdkuxs(SR)ys and 1.43
(((14 Au each bonded to 2 S) + (12 Au each bdrdel S)) / 28 Au) foAuU28(SR o
(Figureb.2). AlthoughAu2g(SR)o contains double staple motifs (planar semgs) and
bridging motifs (hich can also be thought of lagnt semrings), fitting results from a
two-shdl refinement (shown in Figurg3cand Tableb.1) reveaédthe AuS bonding
distance and structural disorder (DetWaller factor, (%) are closéo Auzs(SR)s, which

only contains double staple units on its surface

T T
© Experimental
2-shell simulated fit

2

3
R (A) R(A)

Figure 5.3 Au L s-edge (a)k-space, (b) FFEXAFS and (c) fitted EXAFS spectra of
Auzs(SR)s and Auzs(SR)o.

Structural @viations ofthe Au2g(SR)o from Auzs(SR)s were more noticable
with the AuAu scattering shell &m the tweshell fit in Figureb.3c. Usinga similarAu-
Au scattering path for the EXAFS fit of each Aorg?*3the shortest AvAu bonding for

Auzs was on average 23(2) A in lengthcompared to 80(1) A for the icosahedral core
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of Auzs(SR)s. The determined Avu bond lenth is very close to what Zergg al. 23
had reported as the shortest-Au bond type (2.%(3) A). This short AvAu bond length
is a common signature of small F&@&@ered Au cores or smaller Atetrahedral
units100.103.18.2499The structural disordefrom the Debyewaller factorfor the shortest
Au-Au scattering patlwvas also les$or Auzg(SRpo thanAuzs(SR)s, suggesting lower
structural disorder of A\u bondingwithin theFCC-orderedcore ofAu2g(SR)o. This is
anothe indication thathe shortest AtAu scattering shell (AtAui) originates from the
two staggered bitetrahedrons (Aoreunits), which contain tightly bonded Au
tetrahedraunits.

Table 5.1 Two-shell EXAFSfitting results for Au 28(SR)0 and Auzs(SR)s NCs at
room temperature (300 K). CNs were fixed according to the expected value

determined from the total structure of Auzs(SR)1s and Auzg(SR)0 NCs 929529
Uncertainties in fitted parameters are shown in parentheses.

Auos(SR)s Auzg(SR)o

aqEo aqEo
09 2 °2 2
Shel CN R@A) #A> ) CN RA & (A2 )

AuS 1.¢2.320.00% -1(11.¢2.3120.003 -1(2
AWAy 1.¢2.800.00'-1(21.3732.730.00" -1(2

The relative S/Au ratio is similar for each Au NC: 0.71A0ps(SR)o and 0.72
Auxs(SR)s. Thus, only considering the electron withdrawal from the thiolate ligands in
Au-S bonding from -electron backdonation (Au 5d to S 3p), it is expected that the Au 5d
electron occupancy would be similar for each Au NC. Meeegcthe ratio of theetical
Au(1)/Au(0) (using the general rule that Au atoms bonding to two thiolate meleené

expected to have a Au(dxidation state’f?>%is similar for each Au NC system (0.50 for
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Auzg(SRYo and 0.48 folAuzs(SR)s). In this regardAuzs(SRhs andAuzg(SRpo NCswere
expectechave a similaAu valence electronic structuréresented in Figurg4 are Au
Lz-edge XANESspectraof Auzs(SRYo, Auzs(SR)e andAu foil. It was immediately
evidentthat the whitdine feature (promotion of Au 2p electronsviacantAu 5dvalence
levelg for Auzs(SRpowasmuch lower tha\uzs(SR)s, despite the almost identical S/Au
andAu(l)/Au(0) criteria mentioned above. Instead, the wiiite intensitywas more

similar to Au foilwith a shift in theEg position to lower energfinset).Both results
indicateAu2g(SR»o had a substantially higher 5d electron density tAans(SR)s. On
theNP or NC size regimehowever, higher occupation of Au 5d valence orbitals can
originate from undecoordinated Au sites or smaller clusters of, Aecreasing the
amount of gp-d hybridization and approaching a more atciikie Au electronic

structure (5d'°) instead of bulk Au (5d-9.242 From initial inspection of thAuzs(SR)o

local structure from EXAFS fitting, the A8 bonding on the surfageas similar on
average for both Au NCs while each Au core bantrasting bonding properties likely
related to the different core struatsr(Ausicosahedral coreersusFCC-ordered core
containing smaller Aucore structures). To examine the influence of the core structures
on the valence electronic properties, namely the bound electronic stdtB©if,ab

initio simulations were condusd from a sitespecific perspective to elucidate differences

in valence electronic structure for each Au NC system.
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Figure 5.4 Au L 3-edge XANES ofAu2s(SR)o, Auzs(SRxs and Au bulk (inset, white-
line region).

The simulatedl-DOS spectrum for the castAu (centreof Auz core unit (purple
atoms), Figuré.l1a), surface Au (surface of Aagore unit), bridge Au and staple Au are
displayed in Figur®.5. Simulations were also performed fus(SR)s, which ha three
unigue Au sites instead dffor Auzs(SR)o. Stacked plots of the simulateeDDS are
presented for each specific site in Fighig with all spectra corrected to their respective
calculated Fermi energy (dotted line). Starting from the outerneqsesAu sites for both
systemsthe 5d bands of bound electronic statese comparable in overall width and
fine structure feature§henarrow and sharp 5d bames understandabliyom the
localization of 5d electrons from moleculBR-Au(l)-SR staplelike motifs on the surface
of each Au NC26243The Auzs(SR)o NC contains a special bridging Au site that has, so
far, only been identified in Au NCs with FCG&deredcores. Intheprevious study on

Auze(SR»4 NCs which contain FC&rderedcoreof 28 Au atomsthe bridging Au site
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resembld the moleculdike electronic character of staple Au sites, despite having short
Au-Au bonding with the rest of the FG&dered coré®! Once againthed-DOS

simulation of the bridging site for Asi(compared with both staple and surface sites
Figure5.5) had a band width andtructurecomparable to staple Au siteés Badercharge
analysis by Knoppet al?*®also classified these bridging Au sites as more similar to the

electronic structure of staple Au sites.

12

Au, (SR),
- - - Bridging sites
_é_Auzs(SR)wa

Intensity (a.u.)
bid

Energy (eV)

Figure 5.5 Site-specificd-DOS simulations ofAu2s(SR)xs and Auz2s(SR)0 NCs. Each
spectrum is corrected to their own calculated Fermi energy (dotted line).

Examining the surface of each Au core structure (icosahedron surfacervs. Au
core unit surface), the surface Au sitesAaps(SRpowere slightly narrower with some
change in the fine structure of the 5d baFte most significandifference in thal-DOS

is evident for the central Au sites Afis(SR»o where the valence electron density is
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more localized into a narrower 5d band. A narrower 5dilbana larger A(SRn NC
and Au core is unexpecteehichsuggestdthe local environment of the tightly bonded
Augs units can modify the electronic properties considerably. From both the unbound
(XANES) and boundd-DOS) electronic perspectives, the uregcore structure of Aul
has a prominent influence on the electronic properties; namely, XANES results ithdicate
higher 5d electron occupancy askdDOS simulations shogad more localized 5d energy
levels forAu2g(SRpo compared tAu2s(SRhs. Thiswas consstent withAuzs(SR b4,
where the combination of bridging Au sites (which are similar in valence electronic
structure to staple Au sites) andsAore units lead to more localized 5d electron density
when compared to a Au NC of similar size and icosahedral
5.5.2 Effect of composition on thebonding properties of Aun(SR)nm NCs with FCC-
ordered core structures

The presence of Awnits within the FC@rderedcoreof Auzs(SR)4 offered an
explanation for the moleculéke temperaturelependent bondingehaviarr, which
exhibited thermal contraction of the longer-Au metallic bonding in the FG@ike core
This sectiorfurther investigatethe role of Au units in directing the bonding properties
of Auzg(SRpo with comparisons drawn t#usze(SR)p4in orderto examine the effect of
composition and size on Au NCs with F&@@leredcores.

The local structure oAuzg(SRpo wasfurther analyzed by including a second-Au
Au scattering shellAu-Auy) that accourgdfor longer AuAu bonding between Auwunits
andbetveen Au atomsen the surface of the Au core (see Figbi®. Longer aurophilic
bonding between staple Au and surface,Mas not detected due to the low average CN

(~0.5).Correlating the total structure and the-Au bond distance distributionthe
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EXAFSfitting analysishenexamine the bonding properties @fu2s(SR)o with
temperature andlere compared witpreviousEXAFS fitting results ormAuze(SRp4 NCs.
The threeshell EXAFS fitting results afu2g(SR)o at 90 K(low temperature,
LT) (Figure5.6a) were first examinetb check for consistency with the average bond
distances expected for each scattering environre@nire5.6b presents the EXAFS
spectrum of Aeg at 90 Kwith simulated threshell fit, and fitting results in Tabls.2.
Consistent wh the structure determined Kyray crystallographybond distances
determinedrom EXAFS fitting(2.3286) A, 2.731) A and 2.993) A) were within
experimentabr statisticakrror from the total structurdfter confirming the validity of
the threeshell EXAFS fitting procedure, the same fit was conducted for the EXAFS
spectrum ofAu2g(SR)o collected at 300 K (room temperature, RT) (Figbl&e) to
examine the effect of temperature on the bonding properties of thef@dcore.
Comparing the fittingesults ofAu2g(SRko at 90 and 300 K, themas a striking
consistency withAuss(SR 4. A direct comparison oAu2g(SRpo andAuzs(SRp4 bond
distances fronfEXAFS results is shown Figufe6d. The shorter AtAu bonding of Au
units again appeadto be inpervious to the temperatichange, remaining around
2.73(2)A in average distander Auzs(SR)o. The longer AvAu bonding, however, is
sensitive to a change in temperature displaying thermal contraction fro(8)29%®
2.93(3)A. The shift in AuAu scdtering with temperatureas also evident when directly

comparing thé=T-EXAFS in Figureb.6a.
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Figure 5.6 (a) Au L 3-edgeFT-EXAFS of Au2s(SR)o collected at 90 and 300 K.
Simulated EXAFS threeshell fit of Auzg(SR)oat (b) 90 K and (c) 300 K with (d)

comparison of temperaturedependent EXAFS fitting results betweemu2s(SR )0
and Auss(SR)4.2%1

The magnitude of ththermal contractiomvas slightly less than that found for the
Auzs(SRp4core (1.7% versus 2.1%t still significant in comparison to the thermal
expansion of larger AMPsand bulk Au?** The thermal contraction @u2s(SR)o is
proposed taccur though a similar mechanism Auss(SR4 where AuAu bonds within
Aug units are more rigid than AAu bonds on the surfacd the NC core and between
Aug units. As a result, these short-#Aw bonds are resistant to temperatumduced
structural changes amohger AuAu bonds contract with temperature, possibly to
conserve stability of the Au NC by counteracting the high sudaeegy(i.e., large
curvature and many unique Au sites) and/or thermal vibrations of the thiolate ligands.

Specifically, there aréhtee potential locations through which-Aw contraction could

102



occur: i) between Au(or Auws) core units, ii) bridging Au atoms and/or iii) staple Au
atoms. Further experiments and theoretical studies should be pursued fordet&
Au NCs in order to dermine the structural changes that occur from asgiézific
perspective with response to varied temperature conditions.

Table 5.2 EXAFS fitting results of Auzs(SR)o at various temperatures using three
scdtering shells. CNswere fixed according to the expected value determined from

the total structure of Au2s(SR)}o0 NCs. Uncertainties in the fitted parameters are
shown in parentheses.

Temg;rature Shell CN R (A) 8% (A?) aEo (eV)
A uS 1.43 2.328 0.002 2(1)
90 (L AuAu 1.71 2.73( 0.006 2(1)
A UA u 2.09 2.99( 0.015 2(1)
A uS 1.43 2.322 0.003 1(2)
300 (F AuAu 1.71 2.73( 0.005 1(2)
A UA u 2.09 2.93( 0.011 1(2)

5.6 Conclusion

In summary XAFS experiments andb initio calculationswvereutilized to
examine the bonding and electronic properties ek@R)o NCs, with FCCordered
core structure, in comparison with its icosahedral counterpag{@®R)s (similar
compositon) and its FCerdered core relative As(SR)4 (considerably different
composition). It was found that the Aunit within Aws(SR)o controls its electronic and
bonding properties in these studies, which consistently accounts for its differing
electronc behaviar from Aws(SR)s and identical temperatwdependent bonding

properties with Aes(SR)4. These findings are useful towards better understanding the
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structureproperty relations atiolateprotected AUINCs with regards to the cluster
compositionand core geometry perspectives. In particulan(3Bn NCs withFCG

ordered core structures may represent a special category of nanomaterials whose bonding
properties are not sensitive to cluster size/composition change, differing from the size

dependenbehaviar commonly observed for nanoscale materials.
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Chapter 6 - Impact of Selenum-based Ligandson
the Electronic and Structural Properties of Aws
Nanoclusters

Sections 6.3.6 are reproduced in part with permission fro@hevrier, D. M.; Meng,
X.; Tang, Q.Jiang, D-e.; Zhu, M.; Chatt, A.; Zhang, P. Impact of the Selenolate Ligand
on the Bonding Behavior of AsiNanoclusters]. Phys. Chem. €014, 118, 21730

21737. Copyright @14, American Chemical Society.

6.1 Contributions

X.M. synthesized A¢{SeRj)s NCs and was supervised by M.Q.T. conducted
MD-DFT simulations and was supervised byell.. D.M.C. performed all XS
experiments, fitting analyses, ab initio simulations of XANES-&@S spectra, and

wrote the manuscript. A.C. and P.Z. supervised.B. ard helped revise the manuscript.

6.2 Foreword

This chapter is the first of two studies in Project Il. Hene, influence of a
heavier chalcogetvased ligand, selenolatis, inspected with the A¢§{SR)s systenas
referenceCompared with Ais(SR)s, the selenolatprotected analog (Au(SeR)s)
demonstrates noticeable changes in the Au electronic properties abdrttimg
properties of the Au NC on the surface and c&eamining the heavier selenolate
protected Aes analogalsoenabled the eleabnic and structural properties to lprobed

from the ligandoerspective through Seédge XANES and EXAFSomparinghiolate
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and selenolatgrotected Aps NCsprovided a better understandg on how the ligand
head groupcan influenceelectronicand phystal properties of A NCs.This study was
alsomotivated by the fact that setdate-protected Au NChave been shown tee more

stable than thiolatgrotected Au NCs.

6.3 Introduction

Atomically-precise selenolatprotected gold nanoclusters (#8eR)» NCs) have
recently surfaced in #field of Au NC research. Earlier studies have pursued selenium
based ligands for the protection of larger Au NPs to improve the stability or to investigate
the surface structure of selenoldte nanomaterialé? 24 In particular, the AtSe bond
is expected to be mop®valent in nature than the Aibond because of the larger
covalent radius of Se and the almost identical electronegatafiiesof Se and Au.
Exchanging the thiolate ligands for selenolate ligands cthudefore enhance the
stability of Au NCs.

Thefirst record of Au(SeR),NCswas published by Negiskt al,?*®>who
reported the synthesis of ASeGH17)18 NCs, which had an identical composition to the
well-characterized Ats(SR)xs NC.92% Although the total structerof Aws(SeGH17)1s
was not elucidated, experimental evidence (later supported WETaptimized
structuré®®) strongly suggested the framework of the selendtbilized Aus NC is
equivalent to that of Aig(SRxs NCs. Following this, Mengt al??* performed a ligand
exchange reaction to replace the phenylethanettaband (SGH4sPh) on
Auzs(SGH4Ph)s NCs with benzeneselenol (HSePh). This resulted in complete

conversion to Aps(SePhjs NCs. The same study also reported£8ePhjs NCs were
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more stable than AHSGH4Ph)g against degradation when exposed to air. Kurasttige
al.»%went on to examine the ligasidduced stability of selenolafgrotected Au NCs

with a comparison of Ai(SCsH17)18 and Aus(SeGH17)1s, rationalizing ttat the more
covalent AuSe bonding (compared to Auibonding) accouatifor the increased

stability of selenolat@rotected Au NCs by preventing surface-Wgand degradation. A
follow-up study by Kurashiget al?>’ demonstrated that the increased stability from the
alkylselenolate ligand allowed for incorporation of Cu atom dopants into the Au
framework. Although the inerased stability has been proposed to originate from the
covalent AuSe bonding on the surface, the influence of the selenolate ligand on the Au
local structure and electronic propertieas not well understood.

In addition to Aus(SeR)s NCs, other selenate Au NCs such as Ag(SeR) 4,28
Ausg(SeR» % and Au4(SeR»0%** NCs have now been synthesizitds worthwhile to
note that the crystal structures of ABR)o and Aws(SeR}»o NCs (the organic
constituent, R, is different for each Au NCs) were recently discov&tétfAlthough the
core and surface oligomerropositions are similar (having a Acore with long
interlocking oligomer units), there are a few conformational differences between thiolate
and selenolatprotected Aws NCs, such ad tetramer AuSR units (in Ads(SR)o)
versus two trimeric/two pentame Au-SeR units (in Aek(SeR}o) and ant
prismaticallyjoined Aw tetrahedrons (in A(SR)o) versus crosgined Aw
tetrahedrons (in AU(SeR»o) in the Aw core.lt is still uncertain whether or not such
conformational variations exist for other tlate-/selenolateAu NCs of identical

composition (e., Auxs(SR)s and Aups(SeR)s).
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SynchrotrorbasedXAFS experiments were conducted to investigate the
influence of the selenolate ligand (benzeneselenolate) on gtadN&uframework through
the Au/Se loal structure and electronic properties. Mghiel| EXAFS fitting results
revealed thatat a lower temperature (50 Khe Aus core ha similar Au-Au bonding to
Auxs(SR)g NCs but with markedly longer aurophilic interactions from the staple Au to
surfa@ Au sites. When Ai(SeR)s NCs were measured at a higher temperatureAAu
interactions in the core and tmesurface of the NC were found to contract from EXAFS
fitting results,which suggestdnegative thermal expansion beharicA mechanism to
accaunt for the thermal contractiomas proposed and supported with BFD
simulations. Such temperatutlependent structural changes were also observed with the
electronic properties of Ag(SeR)s NCs. Se Kedge XANES was further interpreted
with simulatedXANES and-DOSto identify nearedge features related to-8a and
SeC bonding. This work highligledthe sensitivity of Ags NC structure and properties
to the selenolate protecting ligand and the relatively unexplored realm of Au NC

temperaturalependenbehaviair.

6.4 Materials and Methods

Phenylethanethiolatprotected Aus (Auz2s(SCGH4Ph)1g) and benzeneselenolate
protected Aus (Auzs(SePhjs) NCs studied herein were synthesized according to a
modified Brust Schiffrin two-phase method and a previouplyblished liganeexchange
protocol, respectively?* Both Auzs(SeR)s and Aus(SR)s were synthesized in the
anionic state (counteriofiN(CgH17)4) and were thoroughly characterized to confirmirthe

chemical compositio”?*
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Au Lz- and Se Kedge XAS measurements were collected in transmission mode
at theCLS@APSheamling(Sector 26BM) of the APS.Measurements werconducted
at 300 K under ambient conditions and at 50 K usihglaim-cooled cryostat chamber.
XAFS data workup, sample preparatiof; XAFS fitting and error analysis were
conducted following the procedures outlinediection 2.2The S? was fixed aD.90 for
Au Ls-edge EXAFS fitting, which was determined using a Au foil reference and fixing
the AuAu CN at 12. AS? value of 0.99 was determined for Seelge EXAFS fitting
by measuring a Se mesh reference and fixing tR8eSEN at 2. For EXAFS fittingf
each Aus NC samplefo shifts were correlated for all fits ai@Nswere fixed according
to the theoretical value from the A(SR)s crystal structuré9®

Valence electron count analyses, simulated XANESId»@Swere calculated
using the FEFF8.2 computation packatfe.

The DFT computations of the As{SePhjs cluster were performed using the
VASP code (version 5.3.5§° The Perdew, Burke and Ernzerhof (PBE) féthof the
generalizeebradient approximation (GGA) was used for electron exchangelation.
The Aws(SePhjs cluger was placed in a 28 A x 28 A x 28 A cubic box, large enough to
avoid the interactions between periodically repeated cludteesnegative charge of the
cluster was balanced by a uniform positive background. St@dupdajectoraugmented
wavepotentialg®? were used for Au, Sand H, while a soft version was used for C, so a
lower kinetic energy cutoff of 274 eV could be used to save the computational cost while
maintaining accuracy. Onljre Gammapoint was used for-point sampling. The

convergence threshold for geometry optimization was set tobe\i in force, to
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obtain the 0 K structure. F®MD simulations the Aus(SePhjg cluster was heated up to

300 K with a time step of 1 fa 300 fs to obtain the 300 K structure.

6.5 Results and Discussion

6.5.1 Local structure of Au2s(SeR)s

Kurashigeet al?®° have investigated the local structure of alkylselenelate
protected Aus NCs with EXAFS using two scattering shells to represenSalonding
and the shortest AAu interactions from Aw core bondingThis study on
Auzs(benzenealenolate)s (abbreviated as AdSeR)sg) further developdan
understanding of how the selenolate ligand influences bonding properties ofte¢CGA\u
framework with an extended, muetlement XAFS analysis. Ingptantly, probing the Se
K-edge (instead of B-edge) witha hard energy Xay source (~12 t@3 keV) provide
stronger posedge EXAFS oscillations thatereanalyzed in addition to the Awledge
data. Thus, the combination of Se and AuESAdata preseata unique opportunity for
a more completeharacterization of selenolaggotected Au NC materials by
investigating the local structure of the metal core, surface and ligand environments.

Figure6.1ladisplays the Au k-edge EXAFS oscillations at 50 K kaspace (using
ak3-weighting) for Aus(SeR)s along with Aus(SGH4PH)1s (Auzs(SR)s) for direct
comparison of the Au local structure. By comparingkspace spectra, was evident
that exchanging the thiolate for the selenolate ligand dramatically ahfingestructure
oscillations in the earlg-space region (& 6 A™Y) due to AuSe bonding. The late
space oscillations (® 13 A1) also increasin intensity, possibly from more tightly

ordered AuAu bonding. FOIFT-EXAFS (shown in Figurés.1b), ak-space region from 3
110



to 13 Alwas used foboth samples to allow the incorporatiorediitionalscattering

shells with enough spatial resolution to distinguish different®Aw

scatteRi

=~0.2 A, the approximate difference between core and surfadeufond lengths).

The most intensteature observed in tHeET-EXAFS for both Aws NCswas due to either

Au-S or AuSe interactions, with the broader scattering peak frorsAghifted to a

longer distance, causing an overlap with afuscattering peak that typically appears
around 2.5 Anot phasecorrected) for Aps(SR)s NCs® Au Ls-edge EXAFS spectra of

Auzs(SeG2H2s)1s NCs from Kurashiget al2°° showed a similar broadening of the-S8a

scattering peak.
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Figure 6.1 Au L s-edge (a)k-space spectra and (b) FIEXAFS of Au2s(SR)s and
Auzs(SeR)s NCs measured at 50 K. (c) Au k-edge and (d) Se Kedge multishell

EXAFS fit of Au25(SeR)s NCs & different temperatures.
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A detailed multishell Au Lz-edge EXAFS fitting analysis was conducted
following a similar data treatment protocol to previous work on phenylethanethiolate
protected Aug(SR)#** (Chapter 3and Aus(SR)s NCs'8 Fourscattering shells were
usedto fit Au Lz-edge EXAFSalong with two shellso fit the Se kedgeEXAFS.
Togetherthis offeleda sitespecificinvestigation ofSeC, Au-Se(from both edgs), Au-
Au core(Au-Ausi), Au-Au surface (AdAuz) and AuAu aurophilic(Au-Auz)
environmentsAll k-space datarepresented in Figure 6.Before fitting the Au k-edge
EXAFS data for the Asg(SeR)ssample, Aus(SRxs FT-EXAFS specta in Figure 63
werefit to check for consistency. The determined bond distances for each scattering path
(Table6.1) wereindeed comparable to those reported ealffawith only a small
discrepancy between fitted parameters, likely from the different experimental temperature

and longek-range used in this work fohe transformatio to FT-EXAFS.

]
w

|—o—300 K
2 4 6 8 10 12
k(A7)

Figure 6.2 k3-space spectra for (a) Aes(SR)8 NCs at the Au Lz-edge and
Auzs5(SeR)s NCs at the (b) Au Ls-edge and (c) Se kedge.
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Figure 6.3 Multi -shell EXAFS fitting of Au2s(SR)xs NCs at (a) 50 K and (b) 300 K.
Figure6.1c displays the fitted Au :-edge Rspace spectrum of Ag(SeR)s(1.6

to 3.5 A fitting window, not phase corrected) at 50 K with EXAFS results tabulated in
Table6.1. A goodfit of the spectrum was achieved using dreforementioned scattering
paths. A AuSe bond distance of 2.428(4) A was determined from the fit, which is
comparable to the 2.433 A distance obtained with EXAFS feg(8aG2H2s5)18 NCS>°

and shorter than the 2.50 A predicted from a BBTimized Aus(SeCH)1s structure?>®
Although longer than A% bonding, the AtSe bond is more covalent than-Subonding
because of the smaller difference in electronegatieigy= 2.55 versusau = 2.54) and
larger covalent radius for the Se atom. The local structure of the ligandvakell
examined from the Se-Kdge perspective using-8eand SeAu scattering paths to fit
the Se Kedge EXAFS spectrum at 50 K, shown in Figéul with the results tabulated
in Table6.1. The SeAu bond lengttwas shorter than the Austedge length by oglca.
0.02 A, which is almost within the range of reported uncertainties. The bond distance
from Se to the C of the benzene ring was determined to be 1.87(3) A. This is slightly

shorter than S€ bonding in diphenyl diselenidé?
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Table 6.1 Multi -shell EXAFSfitting results for Au 25(SR)s and Auzs(SeR)s NCs
measured at 50 K. CNs for each scattering shell were fixed based on the theoretical
weighted average of nearest neighlus in the Auzs(SR)s crystal structure. 2
Uncertainties in the fitted parametersare shown in parentheses.

Auzs5(SR)s Auzs(SeR)s
Shell CN R (A) o (A2 R (A) o (A2
SeC 1.0 - - 1.87(3)  0.0028(3)
SeAu 2.0 - - 2.41(1)  0.0028(3)
Au-S/Se 1.44 2.327(3) 0.0028(1) 2.428(4) 0.00218(9)
Au-Aus 1.44 2.784(6) 0.00444) 2.775(9) 0.0054(7)
Au-Au; 1.92 2.955(8) 0.00615) 2.98(1)  0.009(1)
Au-Aus 2.88 3.16(1) 0.0171) 3.60(3)  0.016(3)

Returning to the Au $-edge EXAFS, the core AAu bonding (AuAui) was
determined to be, on average, 2.775(9) A in distance with surfadeimonding (Au
Auy) at 2.98(1) A. The AtAu core bonding is considerably shortearttthe DFF
predicted distance of 2.85 A while the Aw surface bonding is more similar at 2.99
A.2%6 Compared to thiolatprotected Ags NCs measured under identieadperimental
conditions (Table ), the Auz core conponentwas relatively unchanged despite the
lengthening of Atligand bonding (AeSe). On the other hand, interactions occurring
from staple Au sites to surface Au sites {Ausz) were found to be much longer at
3.60(3) A compared to 3.16(1) A for AYSR)sNCs.lt is noted that aurophilic
interactions on the surface at this distance are much weaker tbg8RwNCs and are
approaching the sum of two Au van der Waals r&diThis could be understood by
consideringhe longer AuSe bond distancgeparagsthe dimeric staple units further

from the core in comgrison to Aus(SR)s.
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6.5.2 Temperature-dependentbonding properties of Auzs(SeR)s

From the initial local structural study of A#SeR)s NCs at 50 K, the most
significant and intriguing difference between selenelatel thiolateprotected Aws NCs
was the absence of strong aurophilic interactions on the surface between Au in the
dimeric staple units and the Awcore. The role of aurophiklitke interactions in directing
the temperaturdependent structural behaurdhas been reported for other matenaith
closedshell d°-d' interactions®¥ 267 Such studies have shown that materials with
aurophilic or argentophilic (Ag({Ag(l)) contacts can induce a monumental increase in
the linear thermal expansion coefficient or direct specific structural conformational
changes when thestosedshell interactions become stronger (closer contact between
metal centreswith increasing temperature. To explore the potential temperature
dependent behawio of aurophilic interactions for AgSeR)s NCs, sitespecific and
multi-element XAS andyses further probe the local structure and electronic properties
by varying the experimental temperature.

The effect of temperature on the ligand shell ofsf®eR)s NCs was first
investigated from the Se-Bdge perspective. EXAFS fitting (Figuseld, with results in
Table6.2) indicatal the SeAu bonding at 300 K waalmost identical to 50 K. Se
bonding, on the other hand, incredgelength byca.0.08 A, from 1.87(3) to 1.95(2) A,
when the temperaturgas300 K (depicted in Figuré.4a). Lengthenng of the SeC bond
at higher temperature could be related to a previous stability study-g{58R)s NCs

that found SeC bonds to be weaker thanCSbonds under high temperature treatnfeht.
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Table 6.2 Se K-edge EXAFS fitting of Auws(SeR)s NCs at 50 and 300 K.
Uncertainties in the fitted parameters are shown in parentheses.

SeC SeAu
TK) CN RA) A% CN RA) (A2
50 1 1.87(3) 0.0028(3) 2 2.40(1) 0.002§3)
300 1 1.95(2) 0.0048(3) 2 2.408(9) 0.0048(3)

Multi-shell EXAFS fitting of the Au k-edge spectrum at 300 K (Figud.(c)
andTable6.3) indicatel a very small decrease in Ae bondinggimilar to Se Kedge
results) and a dramatic contraction of all threeAAushells (plotted in Figuré.4a)
where AuAu; decreases from 2.775(9) A to 2.7081)Au-Au. from 2.98(1)A to 2.87(2)

A and AuAus from 3.60(3)A to 3.45(4)A. This is contrary t@ previous EXAFS
temperaturelependent study on A&{SR)s NCs'®® (and reproduced with the A4{SR)s
sample in this workTable 6.1and Table5.3)), where AuSRand AuAu core

interactions slightly increadavith temperature and aurophilic interactions reradin

similar in average distance. Trends of the DeWadler factor (%) from EXAFS fitting
(accounts for both the thermal and static disorder of the particular scattering shell) are
plotted in Figures.4b and6.4c for each temperature and each Au NC system to compare
the temperaturdependent EXAFS results. A(SR)s NCs display the anticipated trend

of higher(? values at 300 K for each Adu shell as a result of increased thermal disorder
since the AvAu framework does not significantly change in the meakien@perature
range(l wher e O Qo ed68u8f-Auma mMdi 0 A u-4Au)dOnithe othieru
hand,?values at 300 K for Au(SeR)s NCswere not significantly higher than at 50 K

and follow a similar trend. This unexpected trend of Deladler factors is consistent
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with the thermal contractiorf the Au-Au framework shown in the bond distance
analysis.

Table 6.3 Multi -shell EXAFS fitting results for Auzs(SR)s and Auzs(SeR)s NCs
measured at 30 K. CNsfor each scattering shell were fixed based on éitheoretical
weighted average of nearest neighlus in the Auzs(SR)s crystal structure. 2
Uncertainties in the fitted parameters are shown in parentheses.

Auzs(SR)s Auzs(SeR)s
Shell CN R (A) o (A?) R (A) & (A2
Au-S/Se  1.44 2.3332) 0.00291) 2.4179) 0.016(2)
Au-Aur  1.44 2.790Q5) 0.0048(4)  2.70(1) 0.0051)
Au-Au;  1.92  2.97(1) 0.0091) 2.872) 0.008(2)
Au-Aus  2.88 3.22(6) 0.04(1) 3.46(4) 0.014(4)
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Figure 6.4 Temperature-dependent plots of(a) Auzs(SeR)s site-specific bond
distances (models and circled regions correspond to the bond type), (b) A(SR)s
DebyeWaller factors and (c) Aws(SeR)s DebyeWaller factors from EXAFS
results.

Since the average ABe bond length does not decreastatigher measured
temperature, contraction of aurophilic bonding on the surface must originate from a

change in the AddrtaceSe-Austapebond angle to bring staple and surface Au atoms closer
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together accounting for the decrease found in théBaidistance. Similar influence of
longrange metametal interactions has been identified for negative thermal expansion
materials such as ACo(CN)],2%°where closedghell interactions between Ag atoms
(d*0-d9), like aurophilic interactions, become shorter at higher temperatanesing the
material tocontract along a particular lattice direction. Based on #uss(SR)1s NCsare
not expectedo exhibit this significant thermal contraction behawisince the aurophilic
bond distance is much shorter, making it less sensitive to the change in terep€oatur
confirm this hypothesis of aurophdinduced thermal contractiosimulations were
performedusingfirst-principlesMD based on DFT. Starting with the Dfptimized
structure of th\u2s(SePhjs NC (that isat 0 K) shown in Figuré.5, theclusterwas

heated upo 300 Kin the MD simulatiorto investigatehe proposed mechanism of
negative thermal expansion. Fig:8 displays the isolated dimeric staplieit and

surface environment of As(SePhjs from optimized DFT structures at each temperature
along with the average bond angles for each struc@umesistent witlthe proposed
mechanismthe angle between Aurace Se-Austapie(indicated as (i)) beanemore acute at
300 K byca.7° and is as small as 70.4° (smallest angle for 0 K was found ®.19.7
Along with this, the Astape SeAustapeangle (indicated as (ii)) bamemore obtuse at

300 K byca. 2° bringing the staple Au closer to the fasurfaceThe simulation results
also indicatd thatincrease of the Ashpie Se-Austapeanglewasmorelocalized tothreeof

the 6dimeric staple units with the largest angle for the 300 K structure being 104.7°

compared to 95.7° for the 0 K structure.
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Figure 6.5 MD-DFT simulated structure of the Awes(SePh)1s NC. A typical
structural change of the dimeric motif in the Aws(SePh)s NC from 0 K (after DFT
geometry optimization) (bottom left) to 300 K (after heating up in DFFbasedMD
simulation) (bottom right) with average bond angles.

Although the decrease average aurophilic bonding distance would produce
stronger AdAu interactions on the surface, a change in dimeric staple conform&mn (
Au-SeAu-Se) could result in a strained interface between the ligand shell and the metal
core. Therefore, the atraction of the Aws core (AuAu: and AuAuz) could counteract
this created surface tension or higher surface energy. Due to the extremely high curvature
of small Au cluster surfacesd., Auis core), very short AtAu distances (< 2.78 A) are
commonly olserved to increase the stability of the syst&®°Considering the
contractionof the Auz core between 50 and 300 &japproximatecalculation otthe
coefficient of thermal expansiok)(is very large ata.-3 x 10°K™%, Sancheet al?"®
also observed a negative thermal expansion for suppBtteldisteraround ~0.90 1.1
nm in diameterlt is noted thatthe estimatedfor Auzs(SeR)sis an order of magnitude
larger than the Pt clusters of similar size, which could indicate the unique role of the

staplelike motif in the negative thermal expansion behaviaf Auzs(SeR)1s.
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6.5.3 Electronic properties of Auzs(SeR)s

Thus far, an extended and medlement EXAFS analysis of AgSeR)s has
unveiled the local structure from both the Au core and ligand shell perspectives. It is
expected that both the selenolate ligand and the unigueufonding properties will
have a sigificant influence on the electronic properties 0b#ANCs. To verify this,

XANES spectra for Aes(SR)s, Auzs(SeR)g and relevant reference materials were
examined from both Au and Se perspectives. The unusual tempeatepamedent
behaviar of Auxs(SeR)sis also revisited through the electronic properties.

Figure6.6a shows the overlapped Awledge XANES region of Agg(SeR)s,
Auzs(SR)g and Au foil. An important distinction between each spectrum is seen with the
first feature in the neagdge region istorically known as the whitine. The intensity of
the whitel i ne refl ects the vacancies in the abs
Au 5d level for Au k-edge XANES). Abs(SR)gNCs have the highest whitme
intensity compared to Au foil anédu2s(SeR)s NCs, due to the electron withdrawing
nature of the thiolate ligand, which will remove 5d electron density from mainly surface
and staple Au atoms. A¢fSeR)sNCs, on the other hand, have a white intensity
lower than Au foil, indicating Mance electrons are more localized in the 5d level than
Auzs(SR)g NCs. The higher occupation of 5d electronic states feg(8eR)scan be
attributed to highly covalent Aselenolate bonding, meaning less electron density is
removed from valence statessurface and staple Au aton#sh initio calculations were
performed on Aps(SCHs)1s, Auxs(SeCH)igand bulk FCC Au models to compare th
electron occupation of 6s, &md 5d valence levels of Aandthecharge transfer from

Au. Calculation resultsr Tale 6.4show that Aus(SeCHh)1sindeed has a higher 5d
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electron countvith less charge transfer for all Au sites (core, surface and staple sites)
compared tAuos(SCHs)1s NCs. Furthermore, surface Au sites orp#8eR)s have an
even higher 5d electron aggancy than bulk Au.

Table 6.4 Electron ocaupation and charge transfercalculations for (A)
Au2s5(SCHa)1s, (B) bulk Au and (C) Auzs(SeChb)is.

Au centre Au surface Au-Au staple
Electronic Electronic Electronic
_ _ CT _ _ CT _ _ CT
configuration configuration configuration

A 50.770 p0.674 d9.253 0303 50.842 p0.689 d9.288 0181 50.926 p0.664 d9.203 0207

B S0.819 p0.652 d9.368 0.167

C SO.784 p0.632 d9.316 0.268 50.878 p0.642 d9.373 0.107 50.966 p0.596 d9.311 0.128

Temperatureependent bonding behauioof Auzs(SeR)swas evident from Au
Ls-edge XANES spectrasshown in Figuré.6b. Comparing the 50 K and 300 K
measurements (both calibrated using the same Au reference materig)fadhd800 K
shiftedca.0.2 eV lower in energywhich waspossiblydue to the camaction of the Au
Au framework effectively lowering the energy levaislative to thecorelevels.
Simulated Aud-DOS spectra (Au 5d states) of surface Au (FiguBe) and staple Au
(Figure6.6d) sites (these sites account for 24/25 of the total Au sites) reprathise
shift of occupied states to lower energy (0.3 eV shift in the Au 5d) when the
Auxs(SeCH)1s modelwas subjected to 3% contraction (to replicate the temperature
dependent bonding fod from EXAFS results).

As an aside, an even lower whitee intensitywas observetbr

benzeneselenolafotected Aws NCs (studied here) than alkylselenolatetected Aus
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NCs (studied by Kurashigat al),?*° where the latteshows a similar whitdine intensity

to Au foil. This difference in valence band occupation betwees(8aPhjsand
Auzs(SeCGsH17)1sNCscould be due to the proximity of the electnach aromatic group
from the benzeneselenol ligand to Au atoms in staple and surfacesitgsred to the
long-chain alkylselenol ligand with less electron density donation to Au atoms. This
observation implies the sensitivity of Au NC electronic properties to the selenol ligand
type (aromatic versus alkyl), which could further influence the stability or the

physicochemical properties of the Au NC.
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Figure 6.6 (a) Au L 3-edge XANES analysis of Aps(SeR)s with closer inspection of
the white-line intensity (inset) and (b) the absorption edge energy position with
respect to temperature Ab initio simulation of Au d-DOS for Auzs(SeR)s (original
model and 3% contracted model) at (c) surface Au sites and (d) staple Au sites.
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The Se kedge XANES spectrum of As(SeR)s NCs is shown in Figuré.7a
with free benzeneselenol ligand (HSePh) to illustrate the change in Se electronic
properties withand without SeAu bonding. Both the whiténe intensity and th&o
increase for Aps(SeR)gNCs indicating significant electron density from 4p levels is
being shared with proximal Au atoms (staple and surface,ates$)possibly being
withdrawnby the benzene gup. Residual evidence of A4(SeR)s temperature
dependent bonding behaurovas also observable from Sedtige XANES, shown in
Figure6.7b. At 300 K, the absorption edge shifteal 0.6 eV to lower energy along with
a decrease in the whitime intensity.Such changes in the electronic properties could be
related to the longer 8@ bonding found from the temperattdependent EXAFS fitting.
Since the C atom has a higher electronegativity than the Se atom, Se will lose partial
charge to C and a longer-8bond will weaken such charge transfer, resulting in a
negative shift oo for the 300 K XANES spectrum. In order to identify the origin and
significance of each neadge feature, the Seé&dge XANES an#tDOSwere simulated
for the Aws(SeChy)1s model al compared with experimental data, as shown in Figure
6.7c. A good agreementas achieved between the simulation and experim®alES,
with 4 consistent neaegdge features at similar energies relative td&h@ormalized to 0
eV). With this agreementween the model and the measured sample, each feaisire
interpreted with the unoccupied regions of the C, Se andDXDS spectra.

As shown above, protecting the Au NC with a heavieb&sed ligand allows for
collection of complementary EXAFS dataabiting a further exploration of the ligand
local structure. The Se-BEdge XANES spectrum could provide important information on

the SeAu bonding mode for selenolapgotected Au NCsespecially if the total structure
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is unknown. Figuré.7d presents themulated Se Kedge XANES (neaedge features of
interest are indicated with dotted lines) and correspordd@S spectra (Sé,p-DOS,

Au d-DOS and (b-DOS). Featurei], or the whiteline, arises from the dipolallowed
transition of Se 1s electrons to iy 4p states. Nevertheless, there appears to be some
contribution from Qo-DOS in addition to Sd-DOS, indicating the selenolate ligand
variety could influence the intensity of the whiilee. Indeed, the position of thep=

DOS suggests the change inGéond length identified from EXAFS could influence
the first feature in the XANES. Resonance features frouk[3©S appear to coincide
with the neatedge feature following the whiee (i), with some smaller contributions
from Sep-DOS and possibly Ad-DOS. Depending on the bonding environment of Se
on the surface of Au NCs, this nesdge feature could serve as an indication of the Au
Se bonding modee(g, dimeric staple, trimeric staple or bridging motif). Feattirg &lso
appears to be influenddy Sep-DOS and Auwd-DOS empty states. However, features
(i) and {v) will be more difficult to interpret experimentally due to spectral broadening

and potential overlap with EXAFS oscillations.
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Figure 6.7 (a) Se K-edge XANES analysis of Aps(SeR)s and (b) comparison of
XANES with temperature. Ab initio simulation of (c) Se kedge XANES (offset) for
Auzs(SeR)sand (d) interpretation of simulated Se K-edge XANES spectrum with
unoccupied regions of snulated site-specificl-DOS spectra (as indicated with
model).

6.6 Conclusion

Selenolateprotected Aws NCs were studied with a detailed s#gecific, mult
shell EXAFS analysis from both Au and Se perspectategaried temperatures.
Significantly longer aurophilic interactions from staple Au to surface Au sites were
identified for Aws(SeR)s, which be@me shorter with increasing temperature, inducing a

contraction of the AtAu framework in Aus. Temperatur@ependent structural changes
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were also obseable from Au and Se electronic properties, providing further evidence of
the AuAu framework contraction. These experimental findinwgseconsistent with

results from MDDFT structural modeling anab initio simulations of Xray spectra.

This work bringgo light the remarkable bonding behawi@f Auzs nanoclusters induced

by the selenolate ligand and implies that the selenplatiectedAu NCsbehave

differently from their thiolatgrotecteccounterparts in the context of aurophilic bonding.
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Chapter 7 - Structure and Luminescence
Properties of Cyclohexanethiolate and
Glutathione-protected Auis(SR)14 Nanoclusters

Manuscript in preparatiotior submission
Daniel M. Chevrier, Anindita Das, Yao Qiaofeng, Zhentao Luo, Jianping Xie, Rongchao

Jin, Victor RojasCervdlera, Carme RoviraJaakko AkolaAmares Chatt, Peng Zhang*

7.1 Contributions

D.M.C.conductedall XAFS measurement@nalyzed XAFS data, measured-UV
Vis absorption and preliminary photoluminescence spectra, and wrote the manuscript
D. synthesizedral providedhe Auig(SCsH11)14 Sample. R.J. supervisédD.. Z.L.
synthesized and provided tAe1g(SG)14 sample Y.Q. conducted photoluminescence
measurements for thAeng(SCeH11)14 Sample J.X. supervised Z.L. and Y.§.R-C. and
C.R. conducted simulans on the At(SR)4 clusters andveresupervised by J.AA.C.

and P.Z. supervised D.M.C. and helped revise the manuscript.

7.2 Foreword

The previous chapter demonstrated how changing the head group of the ligand
from S to Se lhprofound effects on éhstructure and electronic properties of Au NCs.
Thissecond study in Project @xamines a subtler ligareffectby comparingtwo thiolate
ligandson Aug(SR)4 NCs:cyclohexanand glutathioneln this work,organcsoluble

(cyclohexaneand watersoluble(glutathione)thiolate protectingligandsare studied
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with XAFSto reveal thesffectof ligand type andolventligand interactions for each
Aug(SR)4 NC. Thedifference inAu local structure and ligand are considered to account
for the enhanced luminesace propertyf glutathioneprotectedAuis(SR)14NCs This
chapteralsoserves as a transitioleading irto Chapter 8 where highly luminescent Au

NCs protectedby biomoleculedarger than glutathionere studied.

7.3 Introduction

The type of thiolate §and that protects the surface of Au Nfaamodulate the
electronic and optical properti€s:>’1-2"?Therefore, lte choice oprotectingligand type
can be an important considerati@specially for Au NCs intended for catalysis or
bioimagingapplications GlutathiongSG)is a tripeptide composedf glycine, cysteine
and glutamatehat is a useful antixidant for living systemsSG protection cammprove
the biocompatibility o/Au NCs andarewidely-studiedaswatersolubleAun(SR
NCs.8%126SG protectionalsoenablessurface functionality for biologicaltyelated
applicationsthoughit is uncertainhow watersoluble SGligandsmodify the structuref
Au NCs, which can in turn affect the stability, solubility and electronic properties.

SG-protected Au NCs (AWSG)n) have compositions identical to those found for
some oganothiolateprotected Au NCs, such &sl15(SR)3, Auig(SR)4 and
Auzs(SR)s,2%2"3and hypothetically have similar Au NC structures. One recurring
difference between ligand types is the higher emission yield froif&&)m NCs over
organothiolateprotected Au NCs of the same compositi&tt’“However, aunified
mechanism behind A(SR}»NC luminescence has not Imeascertained, making it

difficult to account for the enhancemexxhibited bycertain types of thiolate ligands.
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Current studies have reported intense luminescence from Au NCs is related to surface
Au(l)-SR oligomerseingin an aggregatestateor rigid conformationt03123.124.275
Regarding the higher emission fr@® specifically, Wuet al!!® suggestedhatcharge is
donated from amino acid residues adjacent to cysteine to the Au coaedReg, thie
biocompatible surface functionality ahdninescence properitmake Aw(SGhNCs
promising nanomaterials for biological imaging and sensing applications.

So far,crystal structures Aun(SGm NCshave not beedeterminegdwhich
limits an urderstanding ohow theSG ligandinfluences the local structure anelL
property In this studyXAFS was utilized tacompare the local structure and electronic
properties of organeoluble Aug(SGsH11)14 NCsand watersoluble Aug(SG4 NCs
Experiments wee conductedh the solidphase and in solutiephase The small size of
Au1g(SR)4 NCs and the higlfSR:Auratio, wasideal foridentifying ligand effects orthe
Au NC local structure andlectronicproperties. Thé&L of each Aug NC was also
examinedanddiscussed based on tsieuctural and electronic propertigscertained

from XAFS results

7.4 Materials and Methods

Au1g(SGsH11)14 NCs were synthesized according to a-poeprotocol by Dast
al.2’® Seethe primary reference for further details on the characterization of
Au1g(SCGsH11)14 NCs. Au1g(SGh4NCs were synthesized according to the protocol by
Negishiet al®

Au Lz-edgeXAFS data was collected for all A{SR)4 NC samplesrom the

CLS@APS beamlineSector 26BM) at theAPS. Solid- and solutiorphase
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measurements were conducted at 300 K and atmospheric prégskE&data workup,
sample preparatiof; XAFS fitting and eror analysis were conducted following the
procedures outlined iBection 2.2The amplitude reduction facta®f) was fixed at 0.90
for Au Lz-edge EXAFS fittingas determined by fitting the AU scattering of a Au foil
reference with a fixed AvAu CN of 12. For multishell EXAFS fitting,CNswere fixed
according to the Aig(SR)4 crystal structures. A-range of 30 12 A’ was used for the
Fourier tran®rmation of allk-space data tB-space. A fitting window of 1.5 3.5 A
was used for fitsWT-EXAFS plots® were generated using Cauetype wavelets (order
of 100) and &-range of 3 to 123",

Quantum mechanics (QMjeometry optimization ancholecular mechanics
(MM) simulations(togetherQM/MM) of Au1g(SCesH11)14 and Ausg(SGh4(gasphase and
solutionphase for each clustesere conducted in a similar manner to previous work by
RojasCerveleraet al?’" on Aws(SR)s. To briefly summarizeab initio MD simulations
were performedsingthe CarParrinello approack2which is based on DFT. The
exchangecorrelation functional employed the parametrizatioriPbydewBurke-
Ernzerhoff (PBEf®! which has been widely used to desc#aeNCs Au atomswere
represented by a Goedeckgpe pseudopotential (5%s' valencestructurg,?’28°C, S
and O atoms by a TroullieMartins typ&8tandH atomsby a Casvon Barth type®? For
geometry optimization, an annealing factor was introduced foy &0 its valuavas
gradually incremented from 0.9 to 0.999 to remove kinetic energy from the ionic degrees
of freedom.Convergence was reachetien the largest nuclear gradievds lower than

5.0x 10* atomic units.
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MM simulations with classical potentials were perforrasthg the NAMD
software?® prior to QMMM simulations. Ligands and solvent molecules were modelled
with the FF99SB and TIP3P force fields, respectivaly.s(SCsH11)14 and Aug(SGha
were surrounded by 2068000 solvent molecules, with 14 Nians addedo Auis(SGha
to balance the monovalent charge on each SG. Clabtiidadimulatiors of 2 to 8 ns was
performed to equilibrate the solvent and ligaridee QM/MM interface was modelled by
using monovalent carbon pseudopotentials, which saturates the valetoms treated
with QM at the border (linking atom$j* The electrostatic interactions in the interface of
QM and MM regions are describbg Laio et al?®° The average structure over 7.5 ps of
QM/MM simulatiors at 300 Kin gasphasepr in solventphasewas considered fdyond
distanceanalysis.

Absorption andPL spectra were measured using CaryBio 100\¥ and
PerkinElmer LS55 fluorescence spectromederespectively. Solutions were measured in
a standard quar cuvette (path length of 1 craj room temperature. The concentration of
each Aus(SR)x4 NC was adjusted to yield the sapeakabsorption at the excitation

wavelength used fd?L measurements (365 nm).

7.5 Results and Discussion

7.5.1 Multi -shell fitting of Auis(SR)4

The crystal structure of Ag(SCeH11)14, One of the smallest thiolajgotected Au
NCs, was reported simultaneously by two research grdég¥Both studies elucidated
the same unprecedentel P Aug core (consisting of three staggereds&ore units) and

combination 6 Au(l)-SR oligomerso r 4 i & g 10 gpnotecting fhes Asicore
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(shown inFigure7.1). Aliphatic cyclohexanethiol molecules (abbreviated ag-b{
were used as the protecting ligandoth studies.

The crystal structure and the Ag-&dgeFT-EXAFS spectrum of Atg(SCsH11)14
(Figure7.1laandb) were first examined to determine a reliable fitting method to account
for distinct core and surface bonding environments. EXAFS scatt@umtlg for Au-S
bonding, AuAu cor e b-Bu.d(maigly witnuAus core units, 2.6%0 2.85
A),Au-Au sur f ac e-Alxan dibreg yfereunits And on Awore surface,
2.85t03.05 A)and AuAu aur ophi | iAdaudd o(NWé tnwpeAdiaAditbe a p |
Au core, 3.050 3.50 A) wereassigned from inspection of the Aw bonding
distribution displayed in Figure 7.2n the FFEXAFS range of 1.50 3.5 A, theseshelks
account for core, surface and mdigand bonding environments. There israaller
amount of separation between the bonding distributions eAudvdre and AuAusurt
shells in comparison to AtAusurfand AuAuaurg Nevertheless, these shells both represent
Au-Au bonding in the Asicore and can be considered together as Au coreiig.

Viewing the Aus(SR)a4structure from the endn perspectivéFigure7.1c, right), Au-
Aucoreand AuAusurs bonding occur in the middle of the cluster, mostly related to the Au
core. The AdAuauroShellcan be seen to account for the surface interteetween Au

core and Au(l) in the ligand shell in a psetgjanmetric sixpointed star configuration.
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Figure 7.1 (a) Sideon (left) and endon (right) view of the Auisg(SR)4 crystal
structure (Au atoms in Aug core (large yellow), Au atoms in staple units (yellow),
and S atoms (red) (C and H atoms omitted)). (b) Au +-edge FFEXAFS spectrum
of solid-phase Aus(SCsH11)14at 90 K with EXAFS multi-shell fit and individual
contributions from each scattering shdl (c) Distinct Au-Au scattering shells
employed for Aus(SR14EXAFS multi-shell fit.

Au-Au,,
45

.l —— Au-Augyo

35

Frequency
[\S)

\
o
o

a5

3_42 —

‘ T ‘
=]
=t
o

3.14
3.54
3.58
More

CGNT.DH— mf\l(ﬂ(’)“rm
- == S NN 5 H®M
o Moo 0 e o 0 o
u

Au-Au Bond Length (A)
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Multi-shell Au Ls-edge EXAFS fitting was initially conducted foAu1s(SGH11)14
NCsin thesolid-phase at 90 K to verify tressignmenodf each bonding environment.
The fittedEXAFS spectrum and individual scattering paths are shovigare7.1b with
EXAFS parameters for each shel Table7.1. The distances refined from the EXAFS fit
corresponddwell with the average bond distances calculated from the crystal structure
indicating the suitability of the designated scattering shells to accousaébdistinct
bonding environmemn DebyeWaller factorswere within the expected range for small
Aun(SRIn NCs from short AtS bonding (~0.002 A to longer AuAu interactions (~0.01
A2) based on previouSXAFS studiegChaptes 3 t06).
Table 7.1 EXAFS multi-shell fitting results for Auis(SCsH11)14 in solid-phase at 90
K. CNswere fixed according to the theoretical value determined by inspection of the

crystal structure. The average bond distance for each shell from th&ui1s(SCsH11)14
crystal structure*. 26 Uncertainties in fitted parameters are shown in parentheses.

Shell CN R (A) 0%2(A%  qEo(eV)

Au-S 156 2.299(7) (2.326%) 0.00132) -1(2)

Au-Aucoe 1.33 2.69Q) (2.743%) 0.009¢)  -1(2)

Au-Ausut 1.78 3.07(4) (2.940%) 0.08(3)  -1(2)

Au-Alauo 2.44 3.29(5) (3.330%) 0.010(3)  -1(2)

7.5.2 Ligand effect on Aus(SR)4

After amulti-shell EXAFS fitting methodwas establishefibr Auig(SR)4NCs,
the same approach was applieE¥AFS data collected abom temperature (300 K
solid-phase for Awg(SGsH11)14and theSG-protected analog, Al(SGa. k-space spectra
for Auig(SGsHi1)14and Aug(SGha4 in solid-phase at 300 K ahownin Figure 7.3. FT

EXAFS spectra for Atg(SGsHi1)14and Ausg(SGhain the solidphase at 300 Kare shown
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in Figure 7.4a and 7.4b, respectively. EXARS8Mg resultsfor each ligand typare
presented iTale 7.2 and7.3, respectivelyAlthough therewvere deviations in the
average distances between the sam@Ashell of each Aty(SR)4 NC, the resulting
fits generally confirnthe core and surface environments have the same bonding
arrangement and configdi@n despite thie differentligand types. Thisfinding was
further substantiateldy similarcharacteristic absorption features observed for both NCs
(shown belown Figure7.89). DebyeWaller factors of each shellvere also similar in

magnitude for bothigand types supporting the similar structural framework in the-solid

phase.
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Figure 7.3 k-space spectra of Aw(SCsH11)14 and Auis(SGraNCs in solidphase and

solution-phase.
Distances foAu-Aucoreand AuAusuri, representing the ALHCP core structure

were closer together in distanfor Auig(SGha. Additionally, he Au-Auauredistancefor
Au1g(SG)14 Was shortethan forAuis(SGsHi1)14. The shortening of Au bonds on the

surface (> 2.8%\) couldoccurfrom the higher spatial demand $6 ligandson the
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surface of the Au NCThis result implid that the AuAu framework of Aug(SR)4 is
responsive and adaptive to the ligand size whilesfonding does not change
significantlyin distance or disordeln order for the aurophilic interactions between
staple Au and surface Ao tecrease by the obser 0.1 t00.2 A, Au(l)-SR surface
oligomer structureare predicted tandergo a conformatiohehange by twisting or

bendng, possiblysimilar to dimericstaple contraction in Chapter 6

Auy5(SCsHy1)14 Au(SG)4
0.08 ; . 0.08 .

(a) (b)
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0.00 ‘ . - 0.00
3 0
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Figure 7.4 Au L 3-edge FTFEXAFS spectra of Aug(SCsH11)14and Auig(SGhain solid-

phase (a and b, respectively) and in solutiephase (c and d, respectively(black
line) with EXAFS multi -shell fitting (red line).

The thiolate ligand type is anticipated to affect electron density in Au valence
levels for Aug(SR)4 based on the covalent nature of the&bond and the highR:Au
ratio (every Au atoms bonds to at least oneAB)Lz-edge XANES spectra are presented

in Figure7.5, showing dower whiteline intensityfor Auig(SGha4in the solidphase,
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which isindicative of a more highly occupied 5d levi¢lis possible thatysteine and
adjacentamino acidesiduescould domteadditionalelectron density tsurfaceAu
atoms.This waspreviouslyproposed by Wit al!°to explainthe higher emission from

Auxs(SG)s. The electronic properties are revisited in the following section.
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Figure 7.5 Au L3-edge XANES of Aus(SCsH11)14and Auis(SGhain solid-phase and
in solution-phases.

Table 7.2 Au L 3-edgeEXAFS fitting results for Au 18(SCsH11)14. CNs were fixed
according to the theoretical value determined by inspection of the crystal structure.
Uncertainties in fitted parameters are shown in parentheses.

Shell CN R (A) (300K /toluene) G?(A?) (300 K/ toluene) oEo(eV)

Au-S 156  2.308(8)/2.318(3) 0.0024(3)/0.00341)  -2(2)/1.0(6)
AU-AUcore 1.33  2.65(5)/2.17(7) 0.014(6)/0.083(5)  -2(2)/1.0(6)
Au-Ausyr 1.78  3.11(3)/2.94(6) 0.008(3)/0.6(1) -2(2)/1.0(6)
AU-AUaro 2.44  3.34(4)/339(3) 0.012(4)/0.021(5)  -2(2)/1.0(6)
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Table 7.3 Au L 3-edgeEXAFS fitting results for Au 18(SGh4. CNswere fixed
according to the theoretical value determined by inspection of the crystal structure.
Uncertainties in fitted parameters are shown in parentheses.

Shell CN R (A) (300 K /water) 6% (A?) (300 K / water) oEo(eV)

Au-S 156 2.29§85)/2.319(6)  0.0019(2)/0.001%) -1(1)/0(1)

AU-AUcore 1.33  2.74(3)/2.73(4) 0.011(4)/0.02(4)  -1(1)/0(1)
Au-AUsyr 1.78  3.000)/2.994) 0.009(3)/0.010(4)  -1(1)/0(1)
AU-AUawo 2.44  3.23(5)/3.24(3) 0.015(6)/0.0102)  -1(1)/0(1)

7.5.3 Solvent effect on Aus(SR)4

Previous XAFS studies have demonstrated(8R NC local structure can
change in response to temperature (Chapter 4 and Chagtga®dl head group®28’
(Chapter 6)and solvation condition$11%6:2330wing to the versatility of XAFS
measurements and the sensitivity of fitting analysexipg the solutiorphase of
Aun(SR NCs with XAFSmayoffer new insights osolvatiorinducedstructural
changesln order to assess the response ohdigand type to solvation, XAFS
measurement®r Auig(SGH11)14in toluene and Al(SGh4in water wereconducted

EXAFS fitting resultsfor Au1g(SGsH11)14NCs in toluene indicatea structural
change in both Au core and Aigandbondingenvironments (l§ure7.4 and Table7 .2).
Au-S bond lengtlincrease by 0.015 A along withan increase ithe DebyeWaller
factor. A similar solvatiorinduced increase in the Asi bond length and disorder was
observed for Aps(SR)s and Aws(SRY4 (SR = phenylethanethiaefor both NCs) when
dissolvedn toluene!®®>*3Compared to the soliphase Au-Au interactions within the

Aug corewere slightly longer at 2.72(1) A and the surfaceAwinteractions on the Au
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corehadcontracedsignificantly, by ~0.2 A. Aurophilic interactionslightly increase in
distance upon solvation, which could be coupled with the increase-8flfanding
distance, moving the Aataplesites away from the Au cor8imilarly, but not as
prominenly, Auxs(SR)xg NCs in toluene saw a small contraction ofAu bonding

related to the Au core and an increase in aurophilic interaction disf&fResuls for
Au1g(SGsH11)14 suggest toluene molecules could be gaining access to space between
ligandsandinteracting with cyclohexane substituemiashing the S and Au staple sites
away from the Au core. Such solvdigiand interactios couldalsobe the causef the
enhanced surface disorder reflected by the increase in B¥ghaler factors for scattering
shells representing the surface of thasf®R)4 (Au-S, Au-Ausurt and Au-Auauro).

Interestingly, Aus(SGh4 NCs inwaterhadvirtually no change of surface core
Au-Au bonding in comparison to the solthase. AvAu distances and Deby&aller
factors weresimilar for both measurements. The one consistent structural change
observed for both ligand typdsoweverwas the lengthening of A& bonding upon
solvation. Unlike Aus(SGsH11)14, therewasno increase in disorder for AS in
Au1g(SGha. From this solidto solutionphase comparison, SG ligarajspearedo
efficiently encapsulate the Ag(SR):4NC, preventing ligangolvent interactions closer
to the Au core.

QM/MM simulations were conducted to provide support of solvatidaced
structural changes for Ag(SR)4 NCs.Weak nteractionsdetweertoluene moleculeand
aAu1g(SGsHi1)14clusterwereevidentfrom the simulation by thenodulatel arrangement
of cyclohexanethiolate ligands on the surface compared to thghgas simulatioof

Au1g(SGsH11)14(no toluene moleculesThis can beobserved by inspection of the ead
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view of Aug(SGsH11)14 In Figure7.6, where gclohexane substituents in staple staues
werein more of an eclipsed conformatiéor the toluenghasesimulation of
Au1g(SGsH11)14. The ligand rearrangemerdsultedirom toluene moleculethat occupied
space between staple strucgyperpendicularlynteractng with cyclohexaneings
where the aromatic ring edgepointed toward the middle of the cyclohexane.ring
FurthermoreFigure7.6 presents thaveragedlistribution of bond lengths fa@imulated
gasphase and toluerghaseof Au1g(SCGsH11)14. The AuAu bonding distribution is
narowerfor toluenephase Aug(SGsH11)14, With Au-Au bond lengths range from 2.6 to
3.0 A, instead of 2.6 to 3.2 A for the galsase. Ttd narrower distributiois in
agreement witlthe contraction of AtAu initially identified from EXAFSfitting of

Au1g(SCsH11)14in toluene.
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Figure 7.6 Simulated structures of Aus(SCsH11)14 in gasphase and in toluenephase
with average AuS (red) and AuAu (green) bonding distributions.

QM/MM simulations were performed in mslar manner for the Alg(SGh4
system, egeptwith water moleculesimulatingthe solventFigure7.7 displays the

bonding distribution for the ggshase and aqueoghase calculation of AuSGh4. The
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SG ligandis removed from each model shown in #ase, since it is difficult to
understand subtle ligand changes withtbu¢edimensional3-D) inspection.
Nevertheless, the bonding distribution shows a similar spread for tAeiAlistances
between the gashase and the aqueepisasewith the majorityof Au-Au bond lengths
occurring between 2.6 to 3.3 A. Additional calculations of HOMAMO transitions

using DFT are currently underway for each ligand system.
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Figure 7.7 Simulated structures of Aus(SGha in gasphase and in agueouphase
with average AuS (red) and AuAu (green) bonding distributions.

The electronic properties were revisited after EXAFS and simulation results to
consider the effect of solvation. decrease in the Austedge whitdine intensity (i) and
the following neatedge feature (iijs evident fortoluenephaseAu1g(SCsH11)14NCs in
Figure 75. Auzg(SRp4 NCs in toluene also showed a small decrease in the-liiete
intensity in comparison to the solfthase?3 For Aug(SGhain water, there is only a
slight increase in the labeled XANES featuresomparisond the solidphase

Therefore, the expansion in Aibond length (as observed for both ligand types in
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solution)is unlikely toaccount for the marked whitme intensity decrease for
Au1g(SGsH11)14in toluene. The localization of 5d electron density cdbhpotentially
originate from the Au core structural respotséoluene, aseenwith thesurface AuAu
bond contraction (from 3.1 to 2.9 A) and decrease in corAldisorder (from 0.014 to
0.007 &, suggesting more rigid AAu bonding.
7.5.4 Photduminescence properties and structural rigidity

The structural response from ligand type aallitionphaseaevealed significant
differences betweeAu1s(SCsH11)14 and Aug(SGha. In particular, AuAu bonding
associated with th&u NC surface and the AuSR interfacewas more rigid forthe
largerSGligands andvas notsignificantlyperturbedn water. On the other hand, toluene
moleculesvere shown to disturbyclohexanethiateligands which causea contraction
of the Au core and increased structurabdder on the surface of AiSR)4NCs. From
theseresults a correlation of solutiephase local structure and optical properives
made toexaminethe role of ligand and Aéu framework on théL of Auig(SR)4 NCs

Absorption spectra for both clustén Figure 7.8dnhavefeatures at similar
energiesyhich confirmedhe samecomposition and structure of ASR)4NCs for
both thiolate ligand types. In order to closely compare the PL intensity and energy, the
concentration of eaddC was adjusted tgield identical absorption &65 nm, which
wasthe excitation wavelengtised for measuring the PWith photoexcitationat 365
nm, both NG had emissiom the red taNIR region (6500 850 nm) with the maximum
peak slightly reeshifted for Aug(SGh4(Figure7.8b and 7.8¢ The emission intensity

was almost two times higher for AgSGa.
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A | arge St ok e Gsseehdrda for Aug(SRrs NEDThis hasibpen
attributed to LMCTtype PLfor other Au(I}SR complexes and polymes:28°
Auzs(SR)g NCs havea similar emission energy around #0@00 nm for both
phenylethanethiolate and SiGands with stronger emission from As(SGs.1*%?"In

fact, many of the ASG), NCs isolated by Negislhét al®® exhibited emission in the

range of 73@0 885 nm (1.%40 1.4 eV).
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Figure 7.8 (a) UV-Vis absorption spectra andPL spectra (excitation @ 365 nm) of
(b) Au1g(SCsH11)14 and (c) Au1s(SGha.

Two components canbute to each PL gztrum, cenid around 75nm and 810

nm. Interestingly, the higher energy compon@nhtvas comparable in shape and intensity

for both ligands and the lower energy comporf{gntvas significantly more intense for
Au1g(SGh4, causinga change in the overall emission shapensidering the similar

intensity of he firsthigherenergyemission peaki), it must originate from a shared

electronic and structural characteristic between the two clusters. From EXAFS results,

the AuS bondingenvironment and the general A(BR)4 framework appe&dto be
consistentand if the luminescence is governed by LMCT frno Au, this would

explain the similar PL band shape and intensity.
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The lower energy component of the PL spectrum (ii), on therdtand, increade
by threetimesfor Aui1g(SGas. Aurophilic interactions between Au{§R complexes have
been known to cause splitting in HOMQMO electronic levels causing the emission to
red-shift.288:2%Moreover,enhance@missiorfrom aggregated or rigidified Au¢$R
surface oligomers has been attributed to ligand to meél charge transfer
(LMMCT).121123.275Thys, he enhancement of the lower energy emisiprontribution
could originate from stronger aurophbiinteractions on the surface of A(SG4, where
Au()-Au(l) interactions (AsAuaurg Were shorter by ~0.15 A and Debydaller factors
for surface AbAu shells (AuAusurt and AuAuaurg Wereconsiderably lowerin
comparison to Aty(SCsH11)14.

Since he findings of AuAu surface rigidity for Aug(SGha NCs rely on the
EXAFS fitting process wheredegree otincertainty isnevitablein each fited
parameter, an alternative approachdetermining the origin and relative intensity of
EXAFS scatteringeatures was demonstrated using a waveletnsformed EXAFS (WT
EXAFS) analysi€® Comparing the AtAu scattering peaks between-EXKAFS spectra
for ultrasmall Au NCs is challenging since Au bonding can range from ~2@3.5 A
in distanceand the intensity of these scattering featuaes berelativdy weak compared
to Au-S sattering. WFEXAFS improves on conventional FHXAFS spectraby adding
resolution fromk-space contributions, providing a means to discern scattering features
according tdackscatteringlement typeand to separate multiple scattering features that
coindde with single scatterm In this case, analysis W T-EXAFS spectra was used to

distinguish the intensity of different A8u scattering environments.
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Figure7.9 presents the WFEXAFS for both ligand types in their respective
solventso revisit the suctural rigidity determined from EXAFS fitting resuliBhe
strongest feature (i) comes from Auscattering, which also dominates the EXAFS in
Figure7.1b. With the WTFEXAFS method, AuS multiple scattering (iii) can be seen
more clearly in both speetat a distance of 3.8 A (not phase corrected) andeckait6
A%, The multiple scattering feateiwas more intenséor Au1s(SG)4, whichindicaedless
structural disorder in the A)-SR layer. Comparing the Aflu scattering region (ii) for
both ligandtypes, the strongest Adu scattering peaks are located around 2.8 A for
Au1s(SGH11)14 and at 3.2 A for Aw(SG)a4. This suppordthe contractedAu core for
Au1g(SGsH11)14in tolueneandthe more rigidaurophilic interactions for Ag(SGhain
water.Togetherthemore intenséu-S multiple scatteringnd AuAu scattering related
to aurophilicinteractiondor Au1g(SG)a supporta more rigidsurfaceAu(l)-SR layer
whenSGis the protecting ligandRevisitingthe PL properties of Ag(SG)ys, this offers

an explanation fotheenhance@missionbased on rigidified Au(HSR surface oligomers

4 s Au-S

Au-Au auro

k (A1) k (A7)

Figure 7.9 WT -EXAFS plots of (a) Au1s(SCsH11)14in toluene and (b) Au1s(SGhain
water.
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7.6 Conclusion

The local strature andPL properties 0Au1s(SCsHi11)14and Aug(SGha were
studiedwith XAFS andfluorescencepectroscopyo uncover the effect of thiolate ligand
type and solvatioon Aug(SR)4NCs. A multi-shell EXAFS fitting method was
established for Atg(SR14NCs to account for Au core, Au surface andIMSR
interactions. When the ligand type was compared in the-pbide Au1g(SGhs NCshad
shorter surface Au bonding andhigherAu 5d electron densityn solution Au-S
bonding lengthened by ~0.@for both ligand typesbutonly Auis(SCGsH11)14hada
substantial change in the AAu NC framework which was identified as @ontraction of
the Au coreSolventligand interactions were further investigated using/{dM
simulationsto explore structural changasthe solutiorphaseLastly, it was revealed
that theSGligand rigidifies Au(l}xAu(l) interactionswithin the Au(l}SR surface layeof

Au1g(SG)14NCs, which could help account for tlemhanced luminescenpeoperty
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Chapter 8 - Structure of Highly Luminescent
Protein-protected Gold Nanoclusters

Manuscript submitted
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8.1 Contributions

D.M.C. preparedorotein-protected Au NC samplesonductedKAFSexperiments

analyzed XAFS data, and wrote the manusc¥D.T.performed temperature

dependent and tiresolved photoluminescence measurements. R.G. supervised V.D.T.
Z.L. synthesized A¢{SG)o NCs. J.X. supervised Z.L.. S.D. performed DFT calculations.
E.J. supervised S.D.. P.C. and M.A.M. contributed to preliminary preparation of protein
protected Au NC sample&.C. and P.Z. supervised D.M.C. and helped revise the

manuscriptN.F. helped revise the manuscript.

8.2 Foreword

Au NCs studied in previous chapters were protected by small, oggnble
thiolateligands(aside from benzeneselenol in Chapter®)Chapter 7 watersoluble
glutathioneprotected Au NCwith moderatephotoluminescenceere found to have a
morerigid Au(l)-SR surface layahan organothiolatgprotected Au NCdn the same
direction of highly luminescent and watgwluble Au NCs, proteiprotected Au NCare
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anothercategory oligand-proteced Au NC materials thagxhibit remarkable stability
and excellent photphysical propertiesThisfirst study in Project llicontinues on from
the effect of protecting ligand in Project Il to investigategtracture,
photoluminescence and formationbolvine serum albumi(BSA}protectedAu NCs
using XAFS and supporting techniquésom the high number of cysteiresidueger
BSA protein, it was anticipated that Au NCs would be completely thjmlatected
based on thehemicalaffinity of Au for S EXAFS fitting methodologiesmployed in
previous chapteraereutilizedto uncoveithe local structure of AMCsinside the BSA
protein This extended studgentifies a specific AuUd$R structural unit for highly
luminescent Au NCs inside the BSA protkat is in a rigidified state (similar to Chapter
7). Overall,an EXAFS approacfor identifying the structure of small Au clusters

encapsulated by a large globular protein is demonstrated in this work.

8.3 Introduction

Composed of only tens or hundredshof atoms, AuNCsare highly stable 1 t2
nm diameter particles with distinctive core/surface structures and moldeutgptical
propertie$92°1293 pye to the high surface area and quantum confinement effects of Au
NCs, stabilizing ligands play an important role in directing their structure and properties.
Besides small thiolate ligands, largled more complex ligand types such as proteins and
other biomolecules have been implemented to stabilize various sizes of Au particles,
which further improves their integration into biomediczlated application¥?2%4

Concurrently with the development of these new bionanomaterials, the biomolecular self
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assembly process that controls the fororabf Au nanostructures has intrigued
researchers for yeat¥!29>2%

ProteinprotectedAu NCs are a unique clas$ bionanomaterials with intense
luminescence and highly specific chemical recognition properties suitable for biological
imaging and chemical sensing applicatiéh¥116617317€gnveniently, and rather
remarkably, protein molecules can act as both the stabilizing ligand and the structure
directing agent to facilitate the formation of ulsmall Au NCs. This was successfully
shown recently where highly luminescent Au NQ¥ (= ~6%, over 18times higher
than bulkAu) were stabilized by bovine serum albumin (BSA) using a facilepone
proteindirected synthesi$? This approach reduces the number of steps in Au NC
synthesis and avoids the use of harsh chemical reagents, making it greener than general
Au NC syntheses.

Despite the promising luminescence property of B#étectedand other protein
protectedAu NCs1’82%jittle is known about the biomolecular selésembly and atomic
structure of Au NCs inside the protein. Complicating this unresolved pazzihe
reported inconsistencies on the relative Au(0)/Au(l) composition measureX®&and
the disparity between ABSA compositions proposed froktS.”%"1 To further
complicate the problenthe Au NC structure insidéhe BSA protein has been
hypothesized to be As(SR)s,%>%even though they do not share simParproperties.

In order to advance this new class of bionanomaterials, identifying the atomic
level structure and sefssembled formation of Au NCs in the protein molecule would
help determine the origin of protepnotectedAu NC luminescence and lead to better

guided developments in sensing and imaging technologies. Experimental and
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investigative techniques beyond standard laboratory metbagisHT-IR, XPS, MS)

were applied in order to reveal more informative sgihble details on Au NC structure

and properties. SynchrotrdrasedXAFS spectroscopy was critical in this regard, as it
provided the ability to resolve interactions between&wom Au NCs and stabilizing

protein residues from an elemegecific perspctive. In conjunction with other

experimental techniques anddepth analyses, the atomic structure of Au NCs in BSA

was surprisingly found to resemble interlocked eiidlate (AuSR) ring structures,

which slowly develop over the course of the prowirected synthesis. Additional
experiments and quantum calculations are presented that consistently support the atomic
structure of Au NCs in BSA. The distinctive red luminescence property, as it relates to

the newly identified structure, is also examined

8.4 Materials and Methods

AuBSA NCs were synthesized following a procedure froméXial1>>A 5 mL
aqueous solution of bovine serum albumin (50 mg/mL) was incubate8G&h
vigorous mixing. Once BSA dissolved (5 min), a 5 mu@aus solution of HAuG|(10
mM) was added to the reaction vessel containing BSA. 500 pL of a 1 M NaOH solution
was added to the reaction 2 min later, raising the pH of solution t-P1 The
reaction proceeded with incubation and stirring for at I€adtto obtain the final
product with maximum luminescence Nanop ur e wmiwasusedtb&hake Mq
up all solutions for the synthesis. For the tidependent study, samples were taken at O,
1, 2,3, 6,12 and 36 h from the reaction, immediately frozen and then lyophilized for

further studies (0 h sample wiaken as soon as NaOH was added to the reaction).
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Luminescence was preserved after the lyophilisationRgpee8.1). Samples measured
formult-rs hel | EXAFS fitting were diatm)iordl agai |
h with fresh nanopure water ciged every 8 h. For destabilizing AUBSA NCs via
enzymatic digestion, 0.5 mL of a freshly prepared 0.1 mg/mL trypsin solution was added
to 1 mL of the purified AUBSA NCs. This solution was mixed and incubate24ftiat
37°C
Chemicals used includeAuCls-3H20 (Alfa Aesar, 99.9% metal basis), bovine
serum al bumin (BSA) (Sigma Aldrich, 096% p
purity), tetraoctylammonium bromide (TOABr, 989 anopure water (Barnstead
mi |l I i por e s-m)tdalysistulding (Fizgherbrgnd, 126080000 MWCO) All
chemicals were used without further purification.
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Figure 8.1 Photoluminescence of AUBSA NCs (12 h sample) before and after
lyophilization.

The synthesiof [Au(l)-SCi2H2z]» (Au(l)-SR polymer referengeclosely followned
a protocol by Chat al2® Briefly, a 0.1 M tetrahydrofuran (THF) solution of
dodecanethiol was added to a 0.02 M THF solution of HAGELO of equal volume.
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The mxture was stirred for 1 day and a white precipitate was formed. This was collected
as the product, which was washeith methanoknd dried under vacuum before XAFS
measurement.

Fora typical synthesief Au1o(SGhoNCs, GSH (0.1 M, 0.20 mL) was mixed
with 4.30 mL of nanopure water, followed by the addition of HAWBHO (0.02 M,
0.50 mL) under gentle stirring (500 rpm) at 25 °C for 5 min. A precipitate was formed,
which was then dissolved by adjusting pH to ~7 with NaOH (0.5 M). The solution was
agedfo? h at 40 AC, and the resultant soluti g
wasthenlyophilized for further characterizatioh®

For rigidifying studies10 mg of Auo(SG)o dissolved in 10 mL of nanopure
water and 10 mg of TOABTr dissolved in 5 mL of toluene were attutpether into a 20
mL scintillation vial. The pH of aqueous solution was then adjusted to pH 9.0 by adding
NaOH to ensure carboxyl groups®& were in the anionic fornThe electrostatic
interaction between the carboxylate anions of3fidigand and thdéwydrophobic TOA
cations in the toluene phase is strong, therefore the™Jgamked Auo(SGo clusters can
be readily transferred to the toluene phas
the two solutionsThe toluene phase was then sematand washed with copious
amounts of water to wash away all the water soluble impurities.

UV-Vis and fluorescence spectroscopy measurements for thelépendent
study another supporting measurements besides the rigidifying experiments were
collected wih the Cary 100 Bio and the Cary Eclipse spectrophotometers, respectively.

Solutions were measured using a quartz cuvette sample holder.

152



Au Lz-edge XAFS data was collected from the CLS@APS (Sect@\2D
beamline at th&PS.Au Lz-edge EXAFS spectra forlds(SRis and As(SRpa NCs
(both were measured at room temperature in powdered form) were borrowed from
previous studie&®233XAFS data workup, sample preparatiofEXAFS fitting and erro
analysis were conducted following the procedures outlin&ation 2.2The amplitude
reduction facto(S?) used for EXAFS fitting was determined using alM8R polymer
material. The AuS CN was fixed at 2 to obtain a value of 0.93 which was usedlf Au
L3-edge EXAFS fitting. All measurements were collected at room temperature and
atmospheric pressure.krange of 3.00 12.0 A* was used for all FEXAFS spectra.
For timedependent samples of AUBSA NCs taken at 0, 1, 2, 3, 6, 12 and 36dr, two
three scattering paths were fitted to the experimental EXAFS spectrum. For these EXAFS
fits, theEo shift values were correlated for each shell with all other parameters running
free. This was done to help meet the Nyquist criterion for number of depeand
independent parameters when conducting EXAFS fiffiiihe Auo(SR)o caenane
model was used to generate simulated scattering paths to fit the AUBSA NCs sample and
the Auo(SG)o sample with more Au scattering environments. Unlike the/tiveeshell
fit, CNsfor each scattering path were fixed to their ideal values accoialithg
Au1o(SR)o model. Bond lengths (R) and Debyé¢a | | % pararheiers ran free for the fit
with all Eg shift values correlatecgainto help satisfy the Nyquist criterion. A total of 4
single scattering paths were used and fitted oWrange of 1.504.0 A.

Simuated EXAFS spectra of Au@ipR clusters were calculated using the
FEFF8.2 program with coordinates from crystal structure files or-@#timized

structures. The 3-edge EXAFS spectrum for each Au site was calculated using-a self
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consistent field radius sat 4.5 A to encompass enough atoms in the cluster for full
multiple scattering calculations. The avera§@dEXAFS spectrum was Fourier
transformed using an identidespace region to AUBSA NCs (3612.0 AY) for the
pre-screening process. FEXAFS for simulated Au(BSR clusters werk!-weighted.
Steadystate PL and temperatudependent PL measurements were carried out
with an Edinburgtspectrofluorimeter (F900SPL QYs were measured using Rhodamine
B in ethanol as a standai¥.For temperaturelependent PL measurements, the
fluorimeter was coupled with Optistat DN cryostat (Oxford insteats) and ITC
temperature controller. The measurements were carried out from 77 to 303 K. The
vacuum in the cryostat was maintained withegboldturbo molecular pump. Spectra
were taken at different temperatures after a wait period ofitOThe errorin
temperature setting was +0.5 K. The1i468G)o sample was dissolved in a 65:35
glycerol/water mixture for temperatudependent PL measurements. All the samples
were purged with Nto get rid of dissolved oxygen to omit problems in solvent freezing
temperatures as well as the effect of oxygen on phosphorescence lifetimes. Optical
absorption measurements before and after tempedépendent PL measurements have
shown no change suggesting the samples did not change during the measurements.
Time-resolvedPL decay lifetime measurements were measured using a time
correlated single photon counting technique after excitation at 373 nm with a diode laser
excitation and the measurements were carried out with an Edinburgh FO00S
spectrofluorimeter. The PL lifetinsevere measured at their respective PL maxima with
an emission slit width of 10 nm. Cooled Hamamats2PRP PMT was used as the

detector.
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Geometry optimization was performed on all species using the ECB E
functionaP® 3%2and the XDM?33%dispersion correction, with the Couitall modified
LANL2DZ basis set for AG® 6-31G* for C and H, and-81+G* for S. Singlepoint
energy calculatios on the optimized geometries were carried out using the same LC
¥ P BXDM method with the augc-pVDZ-PP®basis set for Au and avug-
pVDZ3073%fgr C, H, and S. The XDM damping parameters wer® 8134, =1.3736
for the geometry optimizations ang=4.1800, &=0.4179 for the singkpoint energy
calculations, as in previous work trdgmonstrated the excellent performance of LC
¥ P B-XDM for modeling of aurophilic effects in gold complex@8All calculations
were performed using the Gaussian 09 software packaeng with the postg program
(freely available at http://schooner.chem.dal.ca) for the dispersion enetggeBMSL

Basis Set library was used to obtain all basis set and ECP input paraiifeters.

8.5 Results and Discussion

8.5.1 Local structure of Au NCs

The synthesis of red luminescent BfrotectedAu NCs (AuBSA NCs) is
schematically shown in Figui@2a. Theinitial investigation utilized=T-EXAFSto
determine whether Au structures in AUBSA NCs are related to thisleellestructures of
atomicallypreciseNCs, such as Al3(SRxs NCs, which reports on proteprotectedAu
NCs have suggestéd/* Figure8.2b directly compares the FEXAFS of luminescent
AUBSA NCs with Aus(SR)s and Aus(SRY4. The spectral regions corresponding te Au
S and AuAu bonding are highlighted in blue and orangspectively. The overlap of

each reference FEXAFS spectrum with AUBSA NCs clearly shows there is no
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significant Au core structure, as evidenced by the absence of metali\c Aoattering in

the 2.5to 3.0 A region for AuUBSA NCs. Fitting the A8 regia of AUBSA NCs EXAFS

(Table8.1, Figure8.2b) yielded aCN of 2.1(1) and a bond length of 2.31(2) A. Thus, the

majority of Au atoms likely exist in R8u-SR structures (CN = 2 and SRysteine

from BSA) with no Au core structure, meaning an oxidatiorestétAu(l) is expected for

Au atoms in AuBSA NCs. Thiwas substantiated by inspection of t(K&NES region of

AuBSA NCs with Au(l) and Au(0) reference materigisgure8.3).
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Figure 8.2 The structural elucidation process of AUBSA NCs. (a) Protehntlirected
synthesis of luminescent Au NCs. (b) Au -edge FT-EXAFS of luminescent AUBSA
NCs (black line) with Auzs(SR)s (red dot) and Ausg(SR)4 (blue dot) (inset,
respective models with Au (yellow) and S (red) atos). (c) Simulated Au Ls-edge
FT-EXAFS of Au(l)-SR structures including (i) AwSs ring, (i) Au sSs ring, (i)
AueSs ring, (iv) Au 10S10 catenane, (v) AuiSii catenane, (vi) Au2Si2 catenane and
(vii) Au-S double helix (methyl substituents were omitted fronall structures for
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clarity). (d) 4 representative EXAFS scattering paths from the Aw(SR)o catenane
model used for fitting with determined scattering distances and literature values*?
(e) Au Ls-edge FFEXAFS of Au1o(SG)o (SGT glutathione) and AuBSA NCs. (f)
DFT-optimized geometries of Ag(SMe) and Auio(SMexo with relative energy
difference.

Although Au-Au scattering represang Au core structures was not found in the
EXAFS fitting of AuUBSA NCs, longerange AuAu scattering related to aurophilic
interactionsi(e., Au(l)-Au(l) interactions of longer distance than a metallic bond) was
identified. EXAFS fitting yielded a CN pameter of 0.8) anda distance of 3.02] A
(Table8.1) for these Au(BAu(l) interactions. This bond distance is indeed much longer
than bulk AuAu bonding (~2.88 A) ath Au-Au bonding from atomicallprecise Au NC
core structures (~ 2.78.82 A) €.9, Auzs(SR)s).1%21%This part ofthe structuralstudy
suggested that there are inteolecular aurophilic interactions between-8R(1)-SR
structures.

Table 8.1 Au L 3-edgeEXAFS fitting results for AUBSA NCs. Uncertainties in fitted
parameters are shown inparentheses.

Parameters Au-S Au-Au

CN 22(1)  0.8(5)

RMA) 23218 3.020)

G2(A%  0.003%(3) 0.011(4)

PBEv) 113  1.103)
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Figure 8.3 White-line region of Au L 3-edge XANESfor AuBSA NCs with Au(l) -SR
polymer and Au foil (Au(0)) references.

In search of a structural model to obtain more quantitative information from
EXAFS fitting (additional scattering paths and corresponding structural parameters), a
pre-screening step was first implementeddoynparing the experimental FHXAFS of
AuBSA NCs with simulated spectra of all the available A& cluster references
(Figure8.2c) 198:312316 g ch references are distinct Au8R structures known from-X
ray crystallography or predicted from theory (ringsi{(SR), Aus(SR), Aus(SR)),
interlocked rings or catenanes @(®R)o, Au11(SR)1, Aui2(SR)2) and polymer
(JAu(SR)]x)). Screening the simulated EXAFS spectra of several different-Si1)
clusters allowea closecomparisorof scattering features thadllow the dominant AeS
peak in order to narrow down the specific conformation of ABR)structures in
AUBSA NCs. The Aw(SR)o catenane structure (two interlockedsf&&R) rings) had
the closest resemblance with four similarly positioned scatteggigres following the
Au-S peak. Importantly, theveragenter-ring Au-Au distance from the
Au10(SCsH4C(CH)s)10 structuré?is 3.05 A and is the most similar to the aurophilic
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interaction distance found in AUBSA NCs (3.02 A), whereags(8R): and Au(SR)»
catenanes have significantly longer average distances of 3.28 and 3.35 A,
respectively’'23®Interlocking Au(I}SR ring structures have also been identified for
larger Au NCs such as A#SR)s and Aw4(SRo NCs103124Consistent with this work,
both Au NCs have red luminescence and QYs similar to AUBSA NCs.

Table 8.2 Multi -shell Au L 3-edgeEXAFS fitting results for AUBSA NCs and
Au10(SGho NCs. Uncertainties in fitted parameters are shown in parentheses.

Parameters Au-S Au-Au Au-C Au-Au

CN 2 1.8 2 2
2.31(2) 3.02(3) 3.27(8) 3.67(7)

AUBSA R(A)
NCs (A2  0.0035(3) 0.016(3) 0.02(1) 0.019(9)

qEo (eV) 24(4)  2.4(4) 24(4)  2.4(4)

CN 2 1.8 2 2

R (A) 2.303(1) 3.04(22) 3.26(2) 3.57(1)
(A%  0.00263(6) 0.016(2) 0.006(2) 0.0122(9)

Au1o(SGho

Eo (eV) 22(3)  223) 223 2203

After identifying the Auo(SR)o catenane as the best structural match to AUBSA
NCs, EXAFS scattering paths that specifically describe the(8R)o model (Figure
8.2d) were used to fit AUBSA NCs in more detail. In additioteS and intermolecular
aurophilic interactions, AC scattering (between Au and C adjacent to S) and longer Au
Au scattering (between AAu in the same ring) were included. The masltell EXAFS
fit of these four scattering environments for AuBSA NCshewn inFigure8.2ealong

with fitting results in Tablé&.2 Bond distances obtained from the mghiell EXAFS fit
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wereperfectly in line with the average distances from thes@R)o crystal structure
(Figure8.2d, inset table), thereby reinforcitige structural identification ointerlocking
Au(l)-SR rings forAuBSA NCs.

Freestanding i¢e., without protein host) Al(SR)o NCs protectedoy SGligands
(Au1o(SGho) were also synthesized provide additional verification of the interlocked
ring structues from an experimental ygpective Figure8.2e compares the experimental
FT-EXAFS spectrum of At(SGho with AuBSA NCs, which clearly demonstrated the
identical position and pattern of all scattering features previously identified with
simulated FTEXAFS of Auo(SR)o. Furthermore, detailed EXAFS fitting analysis using
the Auo(SR)o model was performed for A (SG)o NCs and yielded consistent
structural parameters to AUBSA NCiaple8.2 and FigureB.2d, inset). As a final
confirmation,DFT was applie®®to optimize the structures of AR and Auo(SR)o
(where SR is SCtfor computational efficiency, details 51) and the resulting energies
support the favarable formation of interlocked ring structures over individual isolated
ring structures. Figurd.2f depicts the large stabilization energy-df14 eV calculated
for interlocking two AW(SR) rings to forma AuoSR)ocatenane, offering a valid
explanation for the high stability of AUBSA NCs experimentally repoftéd.
Additionally, the distinct intering and intraring Au-Au bonding distributions of
optimized Auo(SR)o(Figure8.4) carresponeédwell with the crystal structure and

EXAFS fitting results for AUBSA NCs and AgSG)o.
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‘« Inter-ring R,,, = 3.086 A

Figure 8.4 DFT-optimized structure of Auio(SMe)o with average inter- and intra-
ring Au-Au bond distances.

8.5.2 Photoluminescenceproperties and rigidification studies

ThePL properties were next examined to understand how prptetectedAu
NCs could be related ©G-protectedAu NCs besides their structurand to further
elucidate thé’L mechanism of ABSA NCs. AuBSA NCs havBL cented at 650 nm
when excited at 365 nnirigure8.5). The excitation spectrum shows that two peaks, one
at 365 nm and another at 475 nm, are responsible for the observed luminescence. The QY
was determined to be 6% (photephysical results are shown Trable8.3). The large
stokes shift (285 nm) and lo®J- decay lifetime measured (1.065 [Igble8.3) further
suggestdthe emission from AuBSA NGsas characteristic of phosphorescence, similar
to other known Au(BSR structureg®®3’Qverall, the observed luminescence of AUBSA
NCs matchd well with what has been reported previouShy}1>?Although a virtually
identical Au local structure was determined from our EXAFS analysis(®@)o NCs
showeda modestifferene in luminescence energy, caxtrat 620 nm (excitation at 365
nm) instead of 650 nm, butith a significantly weaker emission intensityith a QY of

only 0.48%.
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Figure 8.5 Photoluminescence (@lour line) (excitation @ 365 nm) and excitation
spectra (black line) of (a)AuBSA NCs and (b)Au1o(SG)oNCs.

Table 8.3 Excited-state photoluminescence decay lifetime components and quantum
yield (RhodamineB in EtOH as reference) measurements.

ti(ns) ta(ns) tavg(nNs) QY (%)
1545 150+30 890+80
Au10(SGho (74.3%)  (16.4%) (9.3%) 120 0.48
Au1o(SGho 35+8 150 + 40 880 £ 90 210 50
-rigidified (54.6%) (28.5%) (16.9%) '
30+6 350+£50 1760 %120
AUBSA NCs (224%)  (21.7%) (55.8%) 1065 6.8

It can be understood that the small discrepancy in emission energy between

AUBSA NCs and Aw(SGho (~0.09 eV) is from the difference in ligand type (cysteine

residue in BSA versuSG).1° With regards to the large difference in (however,t is

hypothesizd that the high emission yield of AuUBSA NCs might have its origins from the

structural rigidity of Au(I}SR clusters within the BSA molecule. It was reported in recent

work on thePL of Au2x(SG)s clusters that the rigidity of the Au¢BG surface structures

plays a major role on the enhanced QY from Au KEE€ysteine residues that bond with

Au in BSA are fixed to the protein backbone, providing the aforementioned structural

162



rigidity. The large globular sicture of BSA can also shield AR clusters from the
solvent, preventing excitestate energy transfer to surroundings and further enhancing
the emission yield. Together, the rigid and solvisatated protein environment
surrounding Au(HSR clustersvould enable stronger aurophilic interactions that induce
LMMCT, an effect known to enhance luminescence for Au(l) oligomers and
complexeg?3275317319 Therefore, although Ag(SG)o has the same Au NC structure as
AuBSA NCs, the lower QY is potentially a result of A@diative enagy transfer to the
solvent or surroundings via vibrational and/or rotational processes of the SG ligand.
The structural rigidity hypothesis was first tested by performing a ghassfer
experiment, previously reported by Negishial32°and Pycet al?’>, with Au1o(SGo
NCs See Appendix AFigureA.1). Tetraoctylammonium (TOAions interact with the
carboxylic end groups (COYof SG ligands so that the octyl chains of TQphotect
Au1o(SG)o NCs from solvent interactiorend restrict molecular vibrations or rotations
(schematically shownin Figué6a ) , t hereby creating a fAri gi
nonradiative emission processes. This phaaesferred or rigidified state also
effectively simulates a protestahlized environment for Au(HSR clusters. The
luminescence of rigidified AW(SG)owas enhanced by014 times(QY = 5.0%) with a
blue-shift of 15 nm (620 nnio 605 nm, see Figur@6b). The averagPL decay lifetime
for rigidified Au1o(SGho had also nady doubled (from 0.120 to 0.210 pus, Fig@éc).
Increased lifetime and enhanced QY point to a rigidified state a{ 3G )o NCs. It is
interesting to note that a luminescence enhancement greater ttiauedfor Au1o(SGho
was observewith the phaséransfer rigidifying experiment, which is higher than similar

experiments on Ai(SG)s (~9times and Aus(SGhs(~6 times.2”° This is possibly due
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to the higher number of aurophilic interactions per Au atom. Further supporting the
rigidified property, decreasing the temperature condition from room temperature to 77 K
induced an evegreater enhancement in emission yield (t#3%9 and a larger blue shift

in the emission energy (60 nniigureA.2).

Figure 8.6 Photoluminescence properties of At(SGhoand AUBSA NCs in
rigidified and un-rigidified states. (a) Scheme of rigidifying Auo(SG)o clusters with
TOA"/toluene phasetransfer and (b) luminescence enhancement of AW(SG)o
clusters (rigidified, orange line). (c) Photoluminescence decay lifetime traces of
AUBSA NCs (red), rigidified Auio(SGhoclusters (orange) and original Auo(SGho
clusters (yellow). (d) Scheme of unigidifying AUBSA NCs with enzyme digestion
and (e) resultant decrease in luminescence (turgidified, dark red line).

Lastly, the importance of Au@$R clusterigidity was demonstratefdom the
alternative perspective, using protg@rotectedAu NCs already in their rigidified state.
TheprotectingB SA pr ot ein was disrupt erdi gviidai feynce yAna(
SR clusters (schematically shown in Fig816d). After cleaving BSA molecules,
luminescence of AUBSA NCs decreased byirtes(Figure8.6e) and emission
maximum had reghifted by 15 nm (same magnitude of emission energy shift for
Au1o(SGho when rigidified) while all AuS interactions remainedtact FigureA.3).

Together, rigidifying Auo(SGho and unrigidifying Au(l)-SR clusters in BSA validate
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