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Abstract

Gold and silver particleswith dimensions less than a nanometer possess unique
characteristics and propertitet are different from the properties of the bdlkey demonstrate
a noni zero HOMQ LUMO gap that can reach up to 3.0 eV. These differences arise from size
guantization effects in thmetal coredue to thesmall numberof atoms. These nanoparticles
have attracted great interest for decades both in fundamental and appliechreSeall gold
clusters protected by various types of ligaads of interest becausgands allow obtaining gold
nanoclusters with given sigeshape and propertiesThree main families of organic ligands are
usually used for stabilization of gold nahasters: phosphine ligands, thiolate ligands and DNA.

Usually, optical properties of these NPs are studied using optical absorption
spectroscopy. Unfortunately, sometimes this type of spectrum is poorly resolved and tends to
appear very similar for diffent complexes. In these cases, circular dichroism (CD) and
magnetic circular dichroism (MCD) spectroscopy can be apgHediever, the interpretation of
experimentalCD andMCD spectra is a complicated process.

In this thesistheoretically simulated C@nd MCD spectra were combined with optical
absorption spectra to studytical activity for octa andnonai and undecanuclear gold clusters
protected by morioand bidentate phosphine ligands. Additionally, optical properties of bare and
DNA protected silve NPs were studied. Theoretical CD spectra were examinkdo more
about the origin of chirality in chiral organometallic complexes, and to contribute to the
understanding of the difference in chiroptical activityguid clusters stabilized by diffent
phosphine ligandsind DNA stabilized silver clusters. Furthermoreptical propertiesof the
small centered gold clustefsis(PPh)s?* and Aug(PPh)s** wereexaminedby optical absorption
and MCD spectra using TDDFT. Theoretical MCD spectra were alsed uo identify the
plasmonic behavior of silver nanoparticles.

These results showed that CD and M&jectroscopyield more detailed information
aboutoptical propertiesand electronic structuref the different chemical systentisan optical
absorption spctroscopy alone.leoretical simulation of th€ED andMCD spectraogether with
optical absorption spectcan be used to assist in the understanding of empirically measbred

andMCD andprovide useful information about optical properties and electginicture.
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Abstract

Gold and silver particleswith dimensions less than a nanometer possess unique
characteristics and propertitet are different from the properties of the bdlkey demonstrate
a nori zero HOMQ LUMO gap that can reach up to 3.0 eV. These differences arise from size
guantization effects in thmetal coredue to thesmall numberof atoms. These nanoparticles
have attracted great interest for decades both in fundamental and appliechreSeal gold
clusters protected by various types of ligaads of interest becausgands allow obtaining gold
nanoclusters with given sigeshape and propertiesThree main families of organic ligands are
usually used for stabilization of gold nahgsters: phosphine ligands, thiolate ligands and DNA.

Usually, optical properties of these NPs are studied using optical absorption
spectroscopy. Unfortunately, sometimes this type of spectrum is poorly resolved and tends to
appear very similar for diffent complexes. In these cases, circular dichroism (CD) and
magnetic circular dichroism (MCD) spectroscopy can be apgHediever, the interpretation of
experimentalCD andMCD spectra is a complicated process.

In this thesistheoretically simulated CDnal MCD spectra were combined with optical
absorption spectra to studytical activity for octa andnonai and undecanuclear gold clusters
protected by morioand bidentate phosphine ligands. Additionally, optical properties of bare and
DNA protected silver NPs were studied. Theoretical CD spectra were examileedntanore
about the origin of chirality in chiral organometallic complexes, and to contributiheto
understanding of the difference in chiroptical activitygaid clusters stabilized by different
phosphine ligandsind DNA stabilized silver clusters. Furthermoreptical propertiesof the
small centered gold clustefsis(PPh)s?* and Aug(PPh)s** were examinedby optical absorption
and MCD spectra using TDDFT. Theoretical MCD spectra were also used to identify the
plasmonic behavior of silver nanoparticles.

These results showed that CD and M&jectroscopyield more detailed information
aboutoptical propertiesand electronic structuref the different chemical systentisan optical
absorption spectroscopy alondnebretical simulation of thED andMCD spectraogether with
optical absorption spectcan be used to assist in the understanding of ealhyr measuredD

andMCD andprovide useful information about optical properties and electronic structure.
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Chapterl-l nt roducti on

In this Introduction some abbreviatioa® used:

NPs Nanoparticles

(P"P) Bidentate phosphine ligands
(PPs) Tridentate phosphine ligands
dppm PhP 1 CH.i PPh

dppe PhP1(CH)2i PPh

dppp PhP i (CHz)3i PPh

dppb PhP 1 (CH.)4i PPh

dpppe PhP i (CHy)si PPh

dpph PhP i (CHy)sl PPh

dppo PhP 1 (CH)si PPh

Small Ligandi Protected Gold NPs

Small gold and silvenanoparticles have attracted great interest for decades both in
fundamental and applied research, especially in the fields of heterogenesising
luminescencegatalysis, nanoelectronics, drug detiyebioanalysis etc!® These applications
play an important role in our modern life. Therefore, scistg#iare always keeping trying to
develop and synthesize novel gold nanostructures with improved characeovistitew
properties.Small gold clusters protected by various types of ligands halegreat attention
for the few last decades. Ligands allow obtaining the gold nanoclusters with given size, shape
and propertiesThree main families of organic ligands are usually used for stabilization of the
gold nanoclusters: phosphine, thiolate ligands and DN#ese ligandenablethe creation of
highly stable gold nanoparticles and nanoclusteérs.

Stability of smé#l gold nanoclusters protected by thiolate (SR) or phosphine) (&Rl
halide |igands can be predict ed ®Accordihghcethist e r ms
theory, valence electrons of the metal core can be transferred to suitable ligands, opening the
possibility to achieve a noblegaslike electronic configuration irthe formation of stable

complexes. The most stable species is assoaithd total shellclosing electron count of n*



= 2, 8, 18, 20, 34, 58, the®tdichiomeBiBformuéa (ANXMF?OTr a ¢
(where AT gold core, Li weak Lewis base ligands, iXelectron withdrawing ligands, and &

total charge of cluster), the number of core electrons can be calculated with the formula n* = N
Miz8The frontier orbitals of these nanoparticl
These orbitals look like thg p, d orbitals of the hydrogen atom but are delocalized over the
metallic core. They areltee | ed 1S, 1P, 1D, e

Thiolatei Protected Gold Nanoparticles

Thiolaté stabilized gold NPs are a very interesting class in gold chemistry. In these
structures the small gold core is protected by mara dimeric protecting units calléds t ap | e
mo t istich @aslinear RSAu(l)-SR and Vshaped R&\u(l)-SR-Au(l)-SR. Many distinct
thiolatd stabilized gold nanoclustershave beensynthesized anddentified, including the
smallest stable thiolated goldAuis(SR)13,’ Auis(SR)142 Auzs(SR)18%*? Auzs(SR)20,'2
Auszo(SR)1s,* Auss(SR)24,'° two clusters ofAuss(SR)24 with a totally different core structuté,
17 Auao(SR)24,*8 Auss(SR)34,'° Au10ASR)44,2° Au104(SR)4s,2 etc

One the most experimentally and theoretically studied clustefgiigSR)1s>*? The
symmetry of the entire molecule is approximat&h?? This cluster can exist in three charge
statesi 1, 0 and +1.Ackerson and dowvorkers consideredhe structure ofthe Auzs(PET)s
cluster (PET=phenylethylthiol)in a A s lilgjislh el | o representatcanon wh
considered as a composition of fdui 1V) shells of symmetrically related atortisigure 1i
1).°

Figure 1i 1. A) Structures of the inorganic core and semirings of Ats(PET)1s, B) is a gold
icosahedron,C) a distorted sulfur icosahedron,D) a dodecahedron missing 8 vertices that
form the vertices of an inscribed cube andE) is a sulfur octahedron.

B Cc D E

*Reprintedwith permission from Ref (Copyright2016 The Royal Society of Chemistry).



Figure 1i 2. The crystal structures of Aws(PET)is in the +1 A), 0 B), and +1C) charge
states are shown above. Gold is in yellow, and sulfur is in orange.

A B Cc
(4\ X
2\ ;

by ¥

N al
AR/
~ N

*Reprintedwith permission from Ref (Copyright2016 The Royal Society of Chemistry 2016).

Phosphinég Protected Gold Nanoparticles

A large group of this class is centered gold species sucAuadPh)>*% 2
Aug(PPI)g?* 2528 Aug(PPhy)g®* 24 2832 Aupy(PPh)sXzt (X = Cl, SCN) 3% Auiy(PPh):Cls,*
etc. Among thephosphinestabilized gold NPBghe monodentate (TPPtriphenylphosphine and
its derivatives) 2% 389  Dpidentate = bisphosphine = (P*P) (dppp i 1,3
bis(diphenylphosphino)propane; BINAP2,2-bis(diphenylphosphine},1-binaphthyl; DIOP
o-isopropylidene2,3-dihydroxy-1,4-bis(diphenylphosphino)ifane etc)*®4® and tridentate
phosphines (PPi tris(2i ( diphenylphosphino)ethyilphosphing)’: 48 can be used to stabilize
small gold nanoclusters.

According to the literature datphosphineprotected gold clusters with a nuclearity of
3i 14, 20, 22, 24, 25, 38nd 55 have beesynthesized* 4> °The geometrical structuresf
some of them were terminal by Xi ray crystallographyThese esults showed that phosphine
protected gold NPs can have different types of gold core strecuch as centered polyhedral,
noicent ered pol yheed r 8% The dtainediresolts showed thiite shape
and charge of the gold core are dependent on the nature of the phdgmndeused. In this
partonly small gold NPswith 8, 9 and 11 gold atoms in the inorganic covigh determined X
ray crystastructure, were considered

Ligand stabilized gold nanoclusters with eiglmetal atons in the core were
synthesized using monoand bidentate phosphirgands. Three types of octanuclear gold
clusters protected by eight, seven and six &odphine ligands can be obtained:
[Aus(PPh)s]?*,2> 51 52 [Ausg(PPR)7]%*,2> 2 and [Aw(PMes)e?*.>* In these structures the



octagold core exists in three different shapagure 1i 3). The darge of the Agicore in these
structures is +2.

Figure 1i 3. Geometrical structure of Aus core: coordinates from crystal structures of A)
cluster [Aus(PPhs)s]?*;?> B) cluster [Aug(PPhg)7]2*;>2 C) cluster [Aus(PMess)s]?*;>* D)
cluster [Aus(dppp)4]?:;®®> E) cluster [Aug(BINAP)4X2]?%° and F) cluster
[Aus(dppp)aX2]2*.5° (X = halide or acetylide ion)

Structure of Aug core Side view Top view Charge

a. Capped centered chair

b. Capped centered chair
(butterfly shape)

c. Tetrahedron+4 exo

d. Edge—sharing tritetrahedron W W +2

e. Bicapped chair

f. Edge—sharing bitetrahedron +4

+2 exo

Cluster [Aw(PPh)s]?* can be prepared in two different wayby addition of
triphenylphosphine to the [A(PPh)s?* cluster or througha dissociative mechanism dhe
[Aug(PPh)s]** complex! 5356

[Aug(PPh)s]** + 2PPh - [Aug(PPh)g]** + [Au(PPh)2]*
Four crystal structures with different anions (@lazarinsulfonate, Rfand SiMa2040) have
beendetermined® % 53 57All these structres display a core of gold atoms in capped centered
chair arrangemeng(gure 1i 3a). Each gold atom iboundto a triphenylphosphine ligand. The
Aui Au bond distances lie between 2.634 and 2.938 A.

In the [Aw(PPh)g]?* cluster one ofthe Aui P distancessi approximately 0.1 A longer
than the others and can be easily removed by phosphine scavenger [RHG)6Z.2° As a
result complex [Aw(PPh)7]?" is formed. The structure of this cluster can be describeal as

butterfly shape where four gold atoms createectangularplane, another three gold atoms



bridge the opposite atoms of the butterfly part, and an kightd atom lies in the center tfe
cluster (Figure 1i 3b). The shape of gold core in [A®PPh)7]?" is close to the gold core
structure fromthe [Aus(PPh)s]®>" complex with Don symmetry. Seven phosphine ligands are
linked to the peripheral gold atoms. TheiAw bond distances in the [A(PPh)7]* cluster lie
between 2.629 and 2.9422A 53

A dicationic ochgold cluster protected by six phosphine ligands can be syredési
reduction of the oxonium salt [(AuUPM#£$0)|BF4 in THF in thepreseseof CO (P = 3 atm§?
The poduct of this reaction ithe [Aus(PMes)s]>* complex. The Xray crystal structure shows
that the octagold core has a tetrahedron +4exb gold atoms Figure 1i 3c). Six phosphine
ligands aréboundto the goldatomsof the unshared vertexés.

Diphosphines (P”P) ligands have also been used for stabilization of octanuclear gold
clusters.The [Aus(dppp)}]?* cluster hasa metal skeleton ofin edgé sharing tritetrahedron
(Figure 1i 3d).>> 8 This cluster was obtained as intermediate cluster species in the etching
reaction®®

[Aus(PP)g]*" + dppp - [Aug(dppp}]®* - [Aus(dppp)]**
[Aus(dppp)]?>* was isolated and identified by mass spectrometry aiidayX diffraction
studies’® The Au Au distances in the cluster are in range 2i@1852 A.

Another octagold clustewas obtained wih BINAP ligands [AuW(BINAP)3(PPH)2]%*.40
[Aus(BINAP)s(PPh)]?* clusters were obtained by adding an excess amount of the borane
tertbutylamine complex ta chloroform solution containing equal amounts of Au()fNDOs)
and BINAP. In this complexhe geometryof the metal skeleton ia bicapped chaithe gold
core does not depart very much fr@m symmetry: six Ailatoms formafic hhay ¢l ohex anec
structure with one gold atom added above and one below the Figgré 1i36€).*° The
measurd Aui Au bond distances are typical for gold systems and are in the range 2.523 to
3.109 A.

Interaction of the octagold clusters protected by monodentate phosphine ligands with
halide or acetilyddons promotes the aggregatiamduced growth of té cluster coré °
During interaction of the [Asfdppp)]>* with halide or acetylidigon, the[Aus(dpppkXz2]?* (X =
Cl, PhCC) cluster can be preparédihe gld caes in these type of clusters haam edgé
sharing bitetrahedron +e&xostructure(Figure 1i 3f). The measukAui Au bond distanceare
in the range 2.607 to 3.072 A.



The Aw nanclusters are protected by eight monor by four bidentate phosphine
ligands.The gold core in these complexes is less flexibl@nthe octagold core. There are just
two possible structures diie Aug core that were experimentally detected: bicapped cette
chair (also known as butterfly) and centered créWhhe ore charge in all these complexes is
+3 (Figure 1i4). The synthesis of these gold clusters is carried out mainly through two
reactions: the reduction of a mononuclear gold(l) complex or by an aggregation reaction of the
octanuclear cluster with mononuclear gold(l) complex. For example, clustgPPi)s]> can
be prepared in these two vgay
Au(NOs3)(PPh) + NaBH; -  [Aug(PPhy)g]®*
[Aug(PPh)g]?* + Au(NO3)(PPh) -  [Aug(PPh)g]**

Figure 1i 4. Shape of the Adg core: coordinates from crystal structures A) [Aw(PPhg)g]®*
(D2n); and B) [Aug(PPhs)g]®* (Dad).5°

Structure of Au, core Side view Top view Charge

a. Bicapped centered chair
(butterfly)

58 qw
b. Centered crown M @ +3

Similar clusters with different ligands and counter anions can be obtained in the safieivay.

+3

€0. 61 pepending on the types of solvents and the concentration, two types of crystals (butterfly
and crown) can be prepared with these methdits some solvencombinations simultaneous
growth of both compounds was observed, but they can be obtained selectively, for example, in
DMF-acetonitrile and DMFacetone, respectivefy.

Small goldclustes with the bicapped centered chair (butterfly) geometry were obtained
only with monodentate ligands such as £PipTol)z, P(EMeOGCsH4)z and counter anions NO
PWi2040 and BFs.2® 52 60 ®1The structure of this cluster can be described lbstterfly shape
where four gold atoms createrectangulamplane, another four gold atoms bréddpe opposite
atoms of the butterfly part, and a ninth gold atom lies in the centheofuster. The symetry
of this Aw core is neab2n symmetry(Figure 1i 4a). Bond distances between gold atoms in the

core are in a range of 2.686926 A.



The centered crown shape tbe nonagold core wa observed in clusters protected by
monodentate phosphine ligands suds [Aw(PPh)s](NO3)s3, [Aug(PPh)s](PW12040),
[Aug(P(PMeOGCsH4)3)s]X3 (X = NOs and BR), and also protected by bidentate ligands
[Aug(dpph)](PW12040). The symmetry of this gold core Buq (Figure 1i 4b). The measu
Aui Au bond distancete in the range2.651 to 3.249 K63

Also, for the [Aus(PPh)s]®* bicapped centered chair complan electrochemical twio
electron redox process hibeen reportef This process accompias a skeletal arrangement
from toroidal to spherical shape withe formation ofthe[Aus(PPh)s]” cluster.

Undecagold clusters can exhibiiree main geometrical structures: tetracapped centered
chair, capped centered square antiprism and buttergy-Aexogold atomsThe darge ofthe
metal core is +3 in all these systerfgyre 1i 5).

The Auii core can be protected by seven, eight terd molecules of monodentate
arylphosphineligandsto form clusters such as theeutral Auil7Xs complex and charged
[Au1iLsX2]* and [Auili1g)®* clusters (where L = PBhP(pPFCsH4)s, P(MCF:CsHa)s, PMePh
and PMePh; X = CI, Br, I, SCN or SNg4).3* 3783698 |n Auyal 7X3 and [AwilsX2]* clusters
the undecagold core is stabilized by phosphine ligands &medg coordinating ionsuch as
halideions. The $ape of the gold skeleton @tetracapped centered chéiigure 1i 5a). The
original recipe for preparation of the AU7Xs clusters is the borohydride reduction of
monophosphine gold(l) complex AuLX in ethanol using NaBi$ the reducing agett. 3’
Aggregation of strong coordinating ions such as halmeSCN ions to the cluster [Aglg]>*
gives rise tahecluster[Au1ilsXz]*.53

Figure 1i 5. Figure 1i5. Shape of the Awi core: coordinates from crystal structures A)
Au11(PPhs)7Cls;%" B) [Au11(PMePhp)10]%*;%8 and C) [Auii(dppe)s]3*.46

Structure of Au,, core Side view Top view Charge

a. Tetracapped centered chair +3

b. Capped centered square

- +
antiprism 3

c. Butterfly Aug + 2 exo +3




In clusters [AuiL1g)®" (L = PMePh and PMePh), theundecagold cores protected only
with monodentate phosphine ligands and no strong coordinating ions are used. In thesg clusters
the metal core has a shape afcapped centered square antiprisfigQre 1i5b). The
[Au1iL10]®* complexes aa be prepared via reduction reactions of AuLCl gold complexes with
zerd valent titanium reagefit.

Also, undecagold clusters can be protected by bidentate phosphine ligands. In this case
three types of clusters can be formed: {AR"P)]3*,%° [Au11(P P)]**,* and [Au(P PyX7]*.4°
The [Au11(dppp)]®* cluster can be obtained via ligand exchange reaction: the reaction of
Au11[P(p-ClCeH4)3]7(SCN) with 1,3-bis(diphenylphosphino)propane (dppp) in methylene
chloride leads to the formation of [Adppp)](SCN) by a total substitution of the ligan8fs.
In this clusterthe gold core has a tettapped centered chair structure. The ungeickcluster
[Au1(dppe}]®" was prepared from the gold complex »Xippe)Ct when the gold salt was
reduced by NaBHin ethanol solutiort® This undecagold clustéras a bicapped centered chair
(butterfly) shape of Augold core plus twexcattached gold atom@igure 1i 5c). The gld
cluster [Au1(DIOPuX;]* was prepared bthereduction reaction of A4DIOP)Ck in anethanol
solution with NaBH.*° The gold core structre isatetracapped centered chdir.all considered
undecagold clusrs with mono and bidentate ligandshe Aui Au distances are ithe rangeof
2.608i 3.216 A.

DNA Protected Gold and Silver Nanopatrticles

Gold and silver nanoparticle structures with a helical arrangement are a very interesting
area of research. The most popular methods of synthesis of this type of nanoparticles are based
on the assistance of biological molecules such as peptides and DN&cutesl These
assemblies have potential applicationglotonicsand as optical polarizers, sensors, catalysts,
etc’%73 During theinteraction of noble metal nanoparticles with biomolecules, formation of two
types of nanostructures are possible: (i) metal clusters are nested on the outside of the
biomolecule and arrange in external helical chains around these peptide or DNA molecules with
production of plasmonic helical metal nanoparticle assemiffigsire 1i 6),’% 72 7 "Sand (i) a
few to tens of metals atoms are located inside the DNA molecule, between two polynucleotide

strands’686



Figure 17 6. Surfacd bound chiral plasmonic nanostructure.

AuNP helix

*Reprintedwith permission from Ref* (Copyright2013Macmillan Publishergimited).

The second type of noble metalbiomolecule clusters (M:DNA, where M = Au and
Ag), where metals atoms are located inside the DNA molecule, are a very interestintnclass.
particular, Ag:DNA nanoclusters have an extremelge range of emission colof® They
exhibit a strong circular dichroism (CDgignal in the visible or near infrared (IR) region,
whereasnatural helical moleules such as peptides and DNA show @3ponse in the
ultraviolet (UV); this feature makeB NAT met a | nanoparticle hybri.:
creation ofsystems with useful propertié% 8’ Experimental studiés 838 have shown that the
fluorescent Ag:DNA clusters contaless than 20 silveatoms.However, despite progress in the
synthesis and characterization of the optical activity, the strigotdirdiese clusteréVi:DNA,
where M = Au and Ag) remain unclear.

According to some experimental data a few possible stestfior Ag:DNAhave been
proposed? ® For example, Fygenson and eworker$® investigatel size, charge and
conformationof fluorescent cluster8g:DNAs using calibrated electrokinetic microfluidics and
fluorescence correlation spectroscopywo ectrally distinctAg:DNA emittersstabilizedby
the same DNA were considered: green emitting:AINA and red emitting Ag:DNA. The
differential pH depndence of electrophoretic mobility AfJ11:DNA and Ag1z:DNA indicated
that these two clusterdave significant differences instructure. The absence oAgiz:DNA
fluorescence at high pH suggests that the emigsgse coreis more negativelychargedwith
respect to 411 andhasa less compact conformatiofAdditionally, the nearly 30% difference in
diffusivities of the Agi::DNA and Agiz:DNA clusterswas explained by the suggestitmat
Ag:11:DNA is a compact structure, whildgiz:DNA is not. Also, their reslis showed that
Agi1:DNA and Agis:DNA exhibit similar electrophoreticmobilities at neutral pHwhich
indicate theimearly identicakomposition However, Ags:DNA is more negative and has 30%



lower diffusivity with respect to Ag:DNA. To explain this,the authors proposed that the
Ag13:DNA cluster can have an extended structure. It can be obtaitiezl phosphate backbone

of both thestem and loop regionare approximatelycoplanar,in a lollipop- or cigarlike
conformation,and in this caséhe struatire could sustain more charg®so, this clustercould
become oriented under electroosmotic flow so garésent less hydrodynamic resistance than
when freely diffusingFinally, two possible structures were proposed for green and red emitting
Ag:DNA clusters. The red emitterAgis:DNA is extended,diffusing more slowly than a
disrupted hairpin but migratinmore quickly when subject to an electric fi¢kigure 1-7).

Figure 11 7. Schematic and steric illustations of extremely compact Aui:DNA (top) and
extended Aus:DNA (bottom) suggested configurations.

*Reprintedwith permission from Ref® (Copyright 2011 American Chemical Sety)

However, Shultz and ceworker$?! suggestedhat silver nanoparticles in the DNA
stabilized clsters have a relike shape (not spherical or planafheyused negative ion, high
resolution mass spectrometry of compositionally pure solutions to identify the silver cluster
charge (Q) and total number of silver atomsAjg)l in fluorescent Ag:DNAs. Acording to their
results, Ag:DNA clusters exhibit charges from ©6e to 13e with Ny = 10 to 24 silver atoms
in each cluster. Also, the dependence of the excitation and emission wavelength on the number
of neutral silver atoms provided evidence thatdhsster structure of Ag:DNA complexesas
rod-shape: a neutral, reiike chain of silver atoms surrounded by a basaded Adgrame, such
as the pictures shown frigure 1i 8. The length of the neutral, rdike chain in the system
appears to be the majoontrol for the color of AQ:DNAThis work was extended by Gwinn
and ceworkers®® They found that the colocombinations of Ag:DNA clustrs with even
numbers of neutrasilver atoms are different from magic numbers for sphectaters: for

DNA-stabilized silver clusters, the magic numbefrseutral Ag atoms are 4 andrgot 2 and 8
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aspredicted by t he s ph e ditior thd peakflsonrepcenceamavelength mo d e |

is dependent othe neutral silver atormumber.Molecular dynamics simulations showed that
Ag:DNA complexes may exhibit curved shapkse to Coulomb interactions and that addition
or subtractiorof silver ions neathe neutral silver chain can modify the clusteape®®

Figure 1i8. Examples of the Ag:DM structures. Rodlike, neutral clusters (gray) are
shown attached to DNA bases via p@heral Ag (blue) in tetramer B) and trimer C)
arrangements.

*Reprintedwith permission from Ref! (Copyright2013 Wiley Online Library)

A number of theoretical calculations were performed to heljn whderstanding of
structure for small Ag clusters bound to DRA Theoretical studies of the binding of silver
clusters to the DNA bases were performed using Bf#TGwinn and ceworkers?® investigated
binding of neutral planar Aglusters (n = 2 6) with adenine, cytosine, guaeimnd thymine.

Also, the absorption spectra of these Ag:DNA complexes were calculated. These results showed
thatfor clusters of a fixed sizéhe Nsites of agiven base bind more strongly to silver clusters
than theO-sites silver clusters have th&rongest bindingvith cytosine basendweakestwith

thymine Binding of clusters to multipldases results in significant energetic stabilization.
Time-dependent DFT calculations show that different ligster isomers may have very
different absorptionspectraln 2017, Aikens and cworkers® studied geometries and binding
motifs of bare and guanireomplexed silver clusters Ag(n=271 6; z = 07 2). These results
showed that neutralystems remain planar in this size range, whereas for cationic and dicationic
systems 2D and 3D structures were obtained. Additionally, they showed that neutral and
positively charged silver clusters prefer different sites for coordination with the DNA bas

Additionally, the idea about rédhape structure of Ag:DNA clusters was supported by
combination of experimental and theoretical techniquéduorescentDNA-stabilized silver
clusters exhibit biquitous features in circular dichroism spect#s discussed in Chapter 4,
TDDFT calculationsof CD spectrédor bare chains aoilver atoms witha helical structuralso
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exhibit these striking features, indicating electfionv along a chiral, filamentary metallic path
as the origin for lonenergyAgn-DNA transitions(Figure 1i 9).% %2

Figure 1i 9. Calculated circular dichroism spectra for bare, chiral Ag cluster rods show a
consistent pattern of positive and negative peaks for different curvatures B) CD data on
pure Agn-DNA show the same peak pattern as theory
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*Reprintedwith permission from Re¥ (Copyright2015 MDPIAG)

Berdakin and coeworkers studied the electronic and optical properties ofDA#
clusters using Molecular Dynamics and DFTB methdavo model structures of neutral &g
stabilized by DNA were considered: (YinCs)2Ags Where twostrings of deoxypolycytosine
with six basegrotecta rod of six Ag atomsnd (ii) (C2Ag)s structurewithout the phosphate
and ribose backbon@metalmediated base pair onlyfFigure 1-10). The simulation of the
absorption spectra of both structures reproducesriiia features observed in experimental
reportssuch asa bandin the UV spectral region near the absorption band of the DNA moiety
and bands in the visible region. The UV absorption band of the ¢jgfdgs structure is
broadened and bleghifted which can beelated to the lack of a complete environment and
charge description of the system.

Figure 1110. TDi DFTB optical absorption spectra of A) (GAg)s and B) (dpCs)2Ags
strauctures
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* Adaptedwith permission from Ref (Copyright2017 the Owner Societies)
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MC D Spectroscopyfor Studying the Optical Properties of Noble Metal NPs

Optical absorption spectroscopy is a simple and widely applied method for investigation
of optical properties. Unfortunately, sometimes optical absorption spectra are poorly resolved
and tend to appear very similar for different compleX€¥. In these cases, MCD and CD
spectroscopy can be applied.daneral, MCD and CD specty#&ld more detailed information
than the correspoimy optical absorption spectrum.

It is well known that the interpretation of experimental MCD spectra is a complicated
process, especially for Iawymmetry systems. Thereforiaeoretical simulation of the MCD
spectra can be used to assist in the understanding of empirically measured MCD spectra and can
provide useful information. Theoretically simulated MCD spectra were obtained for
investigation of the electronic structurespmirphyrins (M = Ca, Ni and Zrf), phthalocyanine
(M = Mg and %), tetraazaporphyrin (M = Mg, Zn and N#,axially pyridine coordinated
metallocorroles® buckybowls'® etc. All simulated MCD spectrarein good agreement with

available experimental findings for considered systems.

Application of MCD Spectroscopy

MCD spectroscopy is an important technique for investgatif the electronic structure
and optical properties of different chemical systems. This type of spectrog@igy more
detailed informatiorthan a U\Vis absorption spectrum, which is usually poorly resolved and
often tends to appear very similar for different complé%&%lt is well known that in the case
of natural circular dichroism (CD) spectroscopy the investigated species need to be optically
active to obtain spectral signal and provide information about electronic structure, whereas the
MCD signd does not depend on the optical activity of the sample and arises due to interaction
of the electronic levels with the magnetic field. This fact makes MCD spectroscopy widely
applicable to different groups of organic and inorganic molecules, metal casaplard
biological systems for characterization of metal sites in biological moletufés3!: 996, 101103
For example, MCD spectroscopy in conjunction withsitu potentiometric control is ideally
suited for deduction of the spin and oxidation st¥tédaemoproteins have been extensively
studied by MCD, which has a capacity to define haem oxidation, state, spin, geometry and axial
ligands (number and type) in soluti&h.
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Additionally, MCD in combination with absorption spectra can be used for the study of
electronic structures of metal complexes with inorganic and organic ligarigis’> ®**Mason
and céworkers® appied MCD spectroscopy to investigate the electronic structure of noble
metal nanoparticleg={gure 1i 11). Moreover, metal complexes with inorganic ligands that have
been studied include square complexes (symnizfyPtXs* and AuX' (X = Cl, Br, [),106: 107
Pt(CN)? 208 Pt(NHs)4**,1%° linear complexes (symmetisn) HgXz and AuX' (X = Cl, Br,
),110 11 etc Metal cluster complexes with organic ligands that have been studied include
Pt(CO)(P(ti Bu)s)s, Hgs(dppm}**, Pt(AuPPB)s®*, Aus(PPh)s®*, Aus(PPh)s?*, etc?6: 30. 31 94
For some of these complexes, a Hickel molecular orbital treatment was applied to aid in
interpretaibn of MCD spectra. The obtained results evidence M@D adds important details
during consideration of the absorption spectrum and provides significant additional information
about the electronic structure for the considered systems.

Figure 1i11. MCD (top) spectra and optical absorption (bottom) spectra for
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*Reprinted with permission from Réf? (Copyright2001American Chemical Society)

MCD Spectraof Plasmonic Silverand Gold NPs

CD spectroscopy is a very useful technique for determination of the pldsanonfor
colloidal gold and silver NPS?2 13Considerable magnétoptical activity has been observed in
agueous solutions of colloidal noble metal nanoparticles with diameters up to 50 nm when a
magnetic field was appliedrigure 1i 12). The absorption and MCD spectra of gold and silver
NPs both exHiit localized surface plasmon resonance (LSPR). MCD spectra show pronounced
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Zeeman splitting in the plasmon absorption bands. In other words, the MCD spectral shape is
derivativd like.

Figure 11 12. MCD (top) and absorption (bottom) spectra of the surface plasmon band at
523 nm for colloidal gold nanopatrticles in water. (A) H=7.0 Tand (B) H=0.0T.
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*Reprinted with permission from Réf? (Copyright2001American Chemical Society)
Unfortunately, in the literature there are no theoretical studies of properties for small

ligand protected gold nanoclusters using MCD, whislould help to get new important

information about optical and electronic properties of gold clusters and betenstandheir

behavior.

CD Spectroscopyfor Studying Chiral Noble NPs

Chirality is a uniqueproperty of some molecules, complexes or clusteasplays an
important role in different branches of science such as chemistry, biology, medicine and
pharmacabgy. Some gold nanoclusters can exhibit chiral behasiwd, CDsignak have been
measured in ligarighrotected metal clusters ahiPs The first observation of this phenomenon
was obtained by Schdafnd Whetten in 2008 In this researchthe optical activity ofa series
of giant metaicluster compounds, each composed of a gold core and glutathione (GSH), ligands

was investigated. Gold NPsvere prepared from Au(l)SG polymers and separated bl g
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electrophoresis. Systems with metal core nuclearitthé@range of 20i 80 gold atoms were
obtained.Their results showedhat the mixture, as obtained simply from the reduction of the
precursor Au(l)SG polymer, did not show strong quansize effectsn the optical absorption
spectra, nor strong chiroptical effects in the CD. Chiroptical effects in thev&i@ only
revealed when the various cluster compounds were sepaFagede( 1i 13).14 These results

not only provided evidence for the existence of novel optically active nanomaterials, but also
indicated that chiral effects are present in matter at the nanoscale.

Figure 11 13. Optical absorption spectrum (lower, left axis) and CD spectrum (upper, right
axis) of goldglutathione (Au:SG) clusters in agueous solution.

Photon Energy (eV)
*Reprinted with permission from Rét (Copyright 2000 American Chemical Society).

The induction of the chirality on a gold cluster surface is important, especially for the
development of enantioselective nanooatisl!*® Chiral gold NPs can be obtained in a few
different ways: (i) via usingnintrinsically chiral inorganic cot€ii) via protection ofanachiral

metal core by chiral ligands; and (iii) via chiral arrangement of the ligands aesuachiral
C0r8.114’ 116122

Chiral Thiolatei Stabilized Gold NPs

Chiral thiolaté stabilized gold NPs & gained significant interest over recent years.
Strong Cotton effects of gold nanoclusters protected by chiral kjagee been observed in
numerous studie's; 18 114,120, 12828 £or example, gold NPs (with mean diamst&fr0.57, 1.18,

and 1.75 nm) protected Y- andL-penicillamine act as a chiral structures, and exhibit mirror
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images in thie CD specta.?® Another example ishe Aus(SR)s structure, which shows no
chiroptical activity if protected with achiral SR ligands. Howewehen achiral ligands are
exchanged by chiral thiols, Cotton effects are obserfglife 1i 14).12% 10 Chiral thiolate
ligandsthathave beemsedincludeBINAS (R/S1 , -hiraphthyt2 , -@itbiol), NILC/NIDC (N-
isobutyrytL/D-cysteine), Capt (captopril), SG (glutathione), chirally  modified
phenylethanethiol (PET*ptc!2% 130

Figure 1i14. CD spectra (left) and optical absorption spectra (right) of A) achiral
Au2s(PET)1s cluster; B) chiral Auzs(Ri BINAS)1s cluster, and C) chral Au 25(Si BINAS)1s
cluster
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*Reprinted with permission from Ré&f° (Copyright 2009 American Chemical Society).

Intrinsically chiral gold clustersinclude Auzg(SRpo, Auzs(SRps, Auso(SRps and
Au10ASRu4 systemg? 16: 125 126The CD spectra of tlireenantiomers are pedemirror images.
The chirality of the nanoclusters arises from the chiral arrangement of the thiolates on its
sur face, f or milf tn thése clasiers gold maves ican @& proteetiditer by
achiralor chiral ligands, and in both cases they wiéld chiroptically active systems.

The crystal structure of A(TBBT)2 (where TBBT = 4-tertbutylbenzenethiolate)
cluster exhibits a rdadike Augo kernel consisting of two interpenetrating cuboctahétifehe
gold core is protected by four dimeric A8R) units and eight bridging 6Ri) thiolates'® The
unit cell of Aws(TBBT)2o single crysals contains a pair of enantiomers. Theoretical
investigations of the optical properties tfe Auxg(TBBT)20 cluster were performed by
Hakkinen and coworkers!?* They gtimizedthe structure of a model clust&tizs(SMe)o and
calculated bth absorption and circular dichroism spectra of the 4igimded enantiomersing
TDDFT. A theoreticalanalysis of the optimized structure shows that trimeric uniggSRis are
presentin addition tothe known dimers) instead of direct binding of thietato the kernel of

the cluster. Thisvas the first observation of trimeric units in a cluster of known structure. The
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cluster can be reformulated as 4@u2(SR))4(Aus(SR)). (Figure 1i 15).12 Experimental and
theoretical results showed strong CD sigrialr Auxg(TBBT)20 enantiomersMoreover the
obtained CD spectrum resolved a series of electrtaigsitions that is not found in the
absorption spectrurdf: 124 Therefore, CD spctroscopy is able to provide more detailed
information with respect to optical absorption spectroscopy.

Figure 1i 15. A) The two enantiomers of Aizs(TBBT )20; B) CD spectra of enantiomers; and
C) normal optical absorption spectrum.
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* Adaptedwith permission from Ref? (Copyright 2013 American Chemical Society).

Figure 1i 16. A) Crystal structure of the lefti handed enantiomer of Aus(2i PET)24 and B)
CD spectra of lefi and righti handed enantiomers and the racemate of Ad(2i PET)2a.
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* Adaptedwith permission from Ref3 (Copyright 2012 Macmillan Publishers Limited).

The aystal structure othe Ausg(2i PET)4 cluster was solved by Qian andi emrkers
in 2010%° However, prior to this work, theoretical studies enabled elucidationthef basic
structural features of this clustét. The structure of this cluster consists of a féesed bi
icosahdral Aws core, which is protected by six dimeric and three monomeric units. The
intrinsic chirality of this cluster was studied by Aikens andvearkers'®? In this study
theoretical and experimental approaches were combined. Geometrical and electronic structures
as well as optical propertied Auzg(SR)4 were investigated by theory for R = €Bnd GH13
and by powder Xray crystallography for R = {aH»s clusters. Computationallywo types of
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isomers wereanalyzed an achiral cluster with symmetrgs, and a chiral cluster withDs
symmetry. he lowestenergyDs isomer has an intrinsically chiral structure dueatspecial
arrangement of the protective SR(AugSR)its on the surface dhe Auzs core. Theoretical
absorption and CD spectra of &(BRps are in good agreement with oe measured
experimentally for Aysg(SG)a in the lowi energy excitation (NIRvisible light) rangée3? This
study showed that chiroptical activity of &(SR)4 clusters is related to the chiral arrangement
of the goldthiolate ligands around Asl core. Experimentally measudeCD spectra for
separated enantiomers of thazg(2i PET)4 cluster show perfect mirror image signafsgire

1i 16).1%

Figure 1il17. A) Structures of four low-energy structures Al, A2, B1 and B2 of
Au4o(SCHa)24, and B) calculated CD spectra of structures Al, A2, B1, and B2 as compared
to the experimental CD spectrum (black cuve) of Awo(2-PET)2a.
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* Adaptedwith permission from Ref (Copyright 2012 American Chemical Society).

The next intrinsically chiral gold cluster is AQi PET)4.2%> 126 Enantiomers of this
cluster were separateda highperformance liquid chromatography (HPLC). The collected
fractions exhibit strong chiroptical activity withmirrori image relationshipUnfortunately, the
crystal structure of this cluster is not solved yite geometrical structure of the A«SRp4
clusteris still under debate. A few possible structures weoposedusing DFT method® 132
Accordingto the study oHakkinen and coworkers!® the cluster containan Auzes corethatis
composed by two icosahedn edgé toi edge contaatith a relativerotation of 90. This metal
core is protected by six momeric and four dimeric units. In the paper, four l@nergy
structures Al, A2, B1 and B2 of ASCH).4 were consideredHgure 1i17). The gructure
with the lowest energyalsogivesthe bestmatch with the measured linear absorption and CD

spectra Figure 1i 17).18 One year laterJiang suggesteddifferent low-symmetry structure for
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the Awo(SRp4 nanoparticlevi t h  t wo extr a Au 2A3tatombsicosahtedral h e
core, which is covered by 3 monomer and 6 diomets >3

Bidentate ligands have demonstrated their ability to induce chiroptical activity of
thiolate protected gold nanocluster¥. Ligand exchange reactionsn Auss(2i PETks and
Auso(2i PET)4 clusters with monb and bidentate chiral thiols such as BINAS and CamSH
were performed by Koppeand céworkers!?” 28 Their results showed that bidentate ligands
lead to slow exchange. Also, even at very low BIN&®verage of the clusters, strong ogtic
activity is induced Figure 11 18). Nori linear behavior between chiroptical activity and the
number of chiral ligands is found in the BINAS case forgfand Auo clusters Figure 1i
18).127 128 |n contrast to BINAP, the CamShgands yield weakeroptical activity, which
demonstratethatthe nature of the ligand affesthe chiral activity of the gold clusters.

Figure 11 18. Anisotropy factors after 6, 24 and 72 h for A) Aus(2i PET)24 2x(BINAS)x, and
B) Au4o(2i PET)24i 2x(BINAS)x.
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*Reprinted with permission from Réfé (Copyright 2012 The Royaldiety of Chemistry)
The influential AuioSR)4 nanoparticlealso exhibis intrinsic chirality!?’ Its Xiray
crystal structure was successfully deterrdibg Kornberg and dovorkers in 2007° Chiral Cs

symmetrywas found for the core of the cluster.

Chiral Phosphing Stabilized Gold NPs

Small gold clusters protected byi band tridentate phosphine ligands adso exhibit
chiroptical properties. A great number of ultrasmall gold clusters (up to 22 gold core atoms)
stabilized by bidentate phosphinesve beersynthesized and characteriziegl crystallography
and electrospray ionization mass spectromesych as [Aus(P P)]?*, [Aus(dppp4]?”,
[Aug(dppad4Cl2)*, [Aug(dppp4Cl2]?*, [Aus(BINAP)3(PPHh)2] %", [Aug(dpph4]®,
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[Au11(DIOP)4Cl2]*, [Au1a(BINAP)4CIZ]*, [Aui(dppPs]®’, [Auii(dpp8s]®t, [Auis(dppdsClz]®,
[Au22(dpp9e]®, and [Auo(PPs)s]#*.44 58 69, 13437 ynfortunately, the ojical properties of this
promising class of small gold nanoclusters protected with bisphosphine (P*P) ligands are not
very well studied. There are just a few experimefitéiand theoretic&? #’ papers found in the
literature. All trese empirical results together with theoretical studies suggest that the
bisphosphine (P"P) ligands would affect the core structure and the chiroptical activity of the
ultrasmall gold clusters. However, despite these empirical and theoretical stud@msgithef

the chiroptical activity of metal clusters protected by opffcattive organic molecules is still
unclear.

Figure 1i 19. Optical absorption and CD spectra of [Aui(S/Ri DIOP)4Cl2]* (1S/1R) and
[Aus(S/Ri BINAP) 3(PPhg)2]2* (2S/2R).
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*Reprinted with permission from Ré&%.(Copyright 2016 American Chemical Society).

Chiroptical activity of undecagold [AuL)sX2]" and [Aui(P*"PxX2]* (X = ClI and Br)
clusters stabilized by t he T1aphdsphmidyhdriso n o den
methylbenzamide) (PTMB) and triphenylphosphi(TPP)), and bidentate (PP 3NAP)
phosphindigands weregperformedby Tsukuda and eworkers?! In that study, theCD spectra
of enantiomers [Au(R-BINAP)4X2]" and [Aui(S-BINAP)4X2]* exhibited intense and mirror
image Cotton effestin the 250500 nm spectral range. However, undecagold clusters stabilized
by achiral phosphine ligands did not show chiroptical agtiviith CD signaé near zerd! In
this study these authorsnitially explained the optical activity in chiral ligarigprotected
nanoclusters by sictural deformation of the metallic core during ligation. It was mentioned
that in single crystal Xay diffraction studies on various phosphstabilized Au: clusters, the
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Au1:®* core geometries (AWAu distances in gold core) vary significantly with thleosphine
ligands used! The flexible nature of the core may be due to the fact that ten out of the eleven
atoms arelocated on the core surface, and are highly unsaturated. Also, the distances of
peripheral Au atoms in the undecagold clusters protected by BINAP3(3.8) are much
smaller than in the AX2(BINAP) precursor iitially thought to be~6.0 A), which can azse
core deformatiorand generag optical activity associatedith the electronic transitions within
the coret!

Additional nteresting and important features of the chiral gold complexesreezatly
observed by Tsukuda andieeorkers Figure 1i 19).4° They found that the gold clusters exhibit
CD signas$ with different intensies when stabilized by BINAP (2 dis(diphenylplesphino)
1,1-binaphthyl) and DIOP (wsopropylidene2,3-dihydroxy-1,4-bis(diphenylphosphino)butane)
ligands: BINAH protected gold clusters have larger anisotropy fadiwan DIOR protected
specieg? 4'Single crystal Xray analysis of the enantiopure samples ofijf8/R DIOP)CI;]*
(1S/1R) and [Au(S/Ri BINAP)3(PPh)2]?* (2S/2R) revealed that both the Awand Aw cores
are intrinsically chiral andhat the ligand shellsare arranged in a chiral geometry. They
proposéd that the difference in the optical response of gold clusters protected by DIOP and
BI NAP |l igands i s enhanc e delettion systenofBINAPaH closer r an g €
vicinity to the Au core. To better understand this phenome@application of theoretical

methods and approaches are neces3aig.work will be describedhore detailedn Chapter 3

Theoretical M odelsof the Origin of Chiroptical Activity in Ligand-Stabilized Gold
NPs

There are at least three essential mechanisms for explanation of theobdlgirality in
ligand-protected metal NP&hat are mentiord in the literature: (i) a chiral core model, (ii) a
dissymmetric field modeand (ii)afic hi ral f oot printo model

Chiral core modéeft* 1207 chirality of the metal clusters generated by an intrinsic
chiral core or as a result of a struetiudistortion due to interaction with chiral ligandisitially,
Schaaff and Whetten proposed an inherently chiral structure for the metal clustentbréQi
40 atoms as tlemain explanation for the intense optical activity observed-giutathione

protected gold cluster compoundéHowever, nvestigation of the structural fluctuations in the
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metal core due tohe ligation process using experimental measurement techniqueseisy
sophsticated and complicated process. Therefore, to study the existence of chiral structures in
gold nanoclusters, and provide support to the intrinsically chiral cluster core mechanism as the
effect responsible for the chiroptical activity, consistent theocai calculations and
methodologies were required. In 2003, Garzetn al'®**1%° performed systematic cluster
structure optimizations of bare (in the size range 212 atoms) and methylthiplassivated

gold nanoclusters A«SCHs)1s and Aws(SCH)24 using DFT methods. It was showhat low
symmetry disordered structures are energetically preferably for various clusters. For example,
chiral structuresvere obtained as the lowest energy isomers of bargs Anod Auws clusters,
whereashe bare Agg clusterwas found to prefathe achiralOn, geometry.

Figure 11 20. Structures of bare and methylthiolpassivated chiral gold nanoclusters
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*Reprinted with permission from Ré&f? (Copyright 2009 The Royal Society of Chemistry)
For determination of chirality in the clustethe Hausdorff chirality measure (HCM) for bare
and ligandprotected gold clusters was usddhese esults showed that the interactiontbé
gold core with the thiol ligands could increase the chirality of an intrinsically chiral cluster or
induce chiraliy in an originally achiral cluster~{gure 1i 20). For small gold clusters, it has
been shown both theoretically and experimentally thatdgmumetry disordered structures
Hakkinen and coworkers*' *42studied geometrical and electronic structures obtre
anions Cd, Ag.' and Au’ with n=53 58 using UV photoelectron spectroscopy aal initio
calculations. They showed that £and Ag' exhibit highly degenerate states, which is a direct
consequence of their icosahedral symmetry. However, gold idustthe same size range show
completely different spectra with almost no degeneracy, which indicates that they have
structures of much lower symmetry. This behavior is related to strong relativistic bonding

effects in gold, as demonstrateddiyinitio calculations.
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Dissymmetric field mod&f 143j chirality originateswhenan achiral metal core is surrounded
by chiral ligands inan achiral absorption patterns or stabilized by achiral ligands in chiral
absorption patterns. According to this model, the induced optical activetghiral monolayer
protected clater could arise froman achiral metal core perturbed laychiral field originating
from the ligands. In other word, the chiral ligands or achiral ligands in chiral absorption patterns
induce a chiral perturbation on the coneaking it chiropticdly active*® The dissymmetric
environment acts as a perturbirdectrostaticfield to break down the symmetry of eh
electronic state of nanoclusters as is observed for chiratal complexe$?°

A dissymmetricallyperturbed partickéin-abox malel was used to studye origin of
chirality in Aws(R-methylthiiraney and Auws(glutathioney NPs#® In this model the Awcore
was modeled with nemteracting electrons confined to a cubic box, and the surrounding
adsorbates were described using point chargegie 11 21). The firstorder response of the
cluster electronic states in a perturbationotigeframework can be calculated. Electric and
magnetic transition momentould be determinedrhe dtained transition moments atieen
used for calculation of the rotational strength and CD specifumir results demonstradethat
the induced optical awity of chiral monolayeprotected clusters could arise from symmetric
metal cores perturbed by a dissymmetric or chiral field originating from the adsdfSates.

Figure 1i21. A) schematic representation of (a) a single molecular adsorbate and
adsorbateAu cluster (i.e. Awms(R-methylthiirane) represented by (b) asystem of point
charges; and B) optical absorption and CD spectra of Au and Auzs clusters.
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* Adaptedwith permission from Ref*3 (Copyright 2006 the Owner Societies)
In addition the origin of chiroptical activity in gold nanocluster enantiomers protected
by a pair of optically active penicillamine {Ben or -Pen)ligandswas explained in terms of

the dissymmetric field model. These ligands contain chiral censersptical acivity can be
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induced from the dissymmetric field transmission through space and by way of the chemical
bonds linking the asymmetric center to the chromoptdre.

The #Achiral f%% theahiralitytodb meraldN®si$ generated by a local
chiral distortion of the nanoparticle surface atoms involved in the adsorption of the ligand. This
model was created after the discovery that chiral moleculesmetal surface createlacal
chiral environment?® In 2001, Hamblot and eworkers“® studiedthe absorption process of
chiral (R,R}tartaric acid on the Nsurface with formation of highly stereoselective catalysts
(Figure 1i 22). A combination of experimental and theoretical metkBdsrovided detailed
information abotchiral induction of the metal surface. The most stable adsorption structure of
(R,R)}tartaric acid on the Nsurface was achieved by a chiral relaxation of atoms in the bulk
truncation Ni(110) surfac&.he most stable adsorption structure is one in wihietadsorption
inducedstress is alleviated by significant relaxation of surface metal atoms so that a long
distance of 7.47 between pairs of Ni atoms can be accommodated at the suhiaoe the
adsorbed complex destroys all the local mirror plansscated with the clean surface locally.
DFT calculations showhatonly one chiral footprinis favored by the (R,Rdartaric acigd which
meanthat, at room temperature, the same local chiral motif is expected to be repaatesl
over 90% of the metalsface, leading to an overall chiral and very enantiospecific system.

Figure 1i 22. Chiral footprint imparted by bitartrate on Ni(100) surface.

Creating chiral

*Reprinted with permission from R&f> (Copyright 2006 the Owner Societies)

This fAchiral hasdeetremployed tocexplaio thee drigin of chiroptical
activity in chiral ligandprotected gold NP¥% 146 Optical activity of small gold particles
protected with NsobutyrylD-cysteine and NsobutyrytL-cysteine were investigated with
optical absorption and vibrational circular dichroism (VCD) spectroscopy as well as DFT
methods:** The origin of the chirality of these clusters wasgl ai ned wi th #Achir
theory.The results indicate that the carboxylic acid group interacts with the gold particle, and it
is proposed that this Atwo point interactionc
which is the origin bthe observed optical activity.
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In reality, the origin of chiroptical activity in the gold NPs &scomplex problem and
cannot be explained in terms of only one of the proposed mechanism gheltlasal metallic

core,the dissymmetric field effectr the chiral footprint model.

Origin of Chiroptical Activity in Ligand-Protected Gold NPs: First Principles
Calculation

Understanding the origin of chirality anithe impact of the ligand nature on the
chiroptical activity of metal clusters protected bgticaly active organic molecules is very
importart, in part becauset iwill help to design novel chiral metallic nastauctures with
specific properties. One of the main applications for chiral gold nanoparticles is that they can be
used as enantioselea nanocatalysts in the pharmaceutical industry and produce chiral
molecules on an industrial scafé:.14®

The mechanism for the origin of chiral response of thigiatéected gold clusters with
achiral metal cores and ligands was proposed by Aikens anaodeers!®? Structural,
electronic, and optical properties of the thiolptetected Aws(SR)4 cluster were studied by
densityfunctional theory computations (R =He and R = GHi13) and by powder Xay
crystallography (R = ©Has). Although the alkane thiolate ligands are achiral, the chiral
arrangement of the binding motifs yields strong CD siriako types of arrangements of Au
S atoms arounthe Auzs gold core vere considered: (i) chirddsz symmetric structures; and (ii)
achiral Can structures Figure 1i 23). Computations showed that &(S5R)4 clusters witha D3
symmetric structure exhibit strong CD signalvhereas theCsn systems hee weak optical
responsén their CD spectrgFigure 1i 24).1%2 This study demonstrated that the chiesiponse
for low excitation energies is related to the chiral arrangement of thetgoldte ligand shell
around the bicosahedral Ags core. This mechanism is qualitatively different from the one

reported from a theoretical study of [A(SR)sg]' clusiers4®

26



Figure 1i 23. A) Structure of Auzs core; B) chiral Dz arrangement of the AuS atoms; C)
Can arrangement of the Au' S atoms; and D) Optimal SCH distribution on the lowi energy

D3 symmetry structure.

*Reprinted with permission frorRef3? (Copyright 2010 American Chemical Society).

Figure 1i 24. A) CD spectrum of low energy Aws(SCHz)24 (D3 symmetry structure) and B)

CD spectrum of low energy Aws(SCHs)24 (Csh symmetry structure). (Note: folded means
convoluted spectrum).
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*Reprinted with permission from Ré&f? (Copyright 2010 American Chemical Society).

Provorse and Aikerts applied TDDFT calculations to examine the optical and
chiroptical properties ophosphinéprotectedundecagold [AwBINAP4X2]* complexes and
their AwX>BINAP precursors, where X = CI, Br. To simulate BINAP ligands in
[Au11BINAPsX2]* complexes, the simple model ligand -tiphosphinel,3-butadiene (dpb)
was used. Optical absorption and CD spectra were calculdftbd. esults showed that
experimental peak positions are well reproduced in the calculatiGigsiré 1i 25). The
theoretical CD spectrum dhe [Au11(dpbkX2]* complex has two negative peaks around-480
530 nm and 39@10 nm, which closely match experiment. The third peak in the spectrum at
300-350 nm has the opposite sign from experiment, which can be dubdtitgtion of BINAP
by the model ligand dpb. Structural analysis of these systems exhibited that the lowest energy
structure of [AuWiBINAP4X2]* has a chiralC, geometry, whereas monodentate phosphine
ligands lead to & structure. Reduction of the corki@l symmetry fromC> to C; leads to a
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decrease in the rotatory strengths by a factor of 2, whereas removal of the ligands results in a
decrease of approximatelyl® for this system. It was clearly showhat the optical activity of

the gold core is vergensitive to the existence and chiral arrangement of the surrounding
ligands, and bidentate phosphine ligands have both a structural and electronic impact on the
systent®®

Figure 11 25. Theoretical (red) and experimental (blue) A) optical absorption and B) CD
spectra of [Auril 4Br2]*.
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*Reprinted with permission from Ré&t.(Copyright 2010 American Chemical Society).

Figure 1i 26. (Left) Structure of the bare Auzo core of the cluster. The triblade Tatom
motif is highlighted in blue. (Center) Structure of the ligand-protected right-handed
enantiomer. (Right) Structure of the PR ligand.

*Reprinted with permission from Ré&f(Copyright 2014 American Chemical Society).

Figure 1i 27. CD spectra of A) isolated cores (Aw)** (black) and (Auz3)°* (red). B) clusters
[Au20(PP3)4]** (black) and Auzs(SMe)a4 (red).
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Hakkinen and coworkers’ investigated electronic structure and optical proggrof
the intrinsically chiral complex [Ai(PPs)4]** where PRis tridentate phosphine ligand = tris(2
(diphenylphophino)ethyphosphine) using DFT and TDDFT methods. Singlestal structural
analysis shows thahe Ao core is intrinsically chiral ahhasCs symmetry*®® The Awo core
can be considered ascombination of an icosahedral Auand a helical Yshaped Aw motif
(Figure 1i 26). This core is stabilized by four peripheral tetraphosgh Comparison of the
computed circular dichroism spectra of ligaptbtected clusters [AWPP3)4]*" vs.
Auss(SMe)4, and their bare gold cores (A)f* vs. (Aws)®" was performedRigure 1i 27). The
results showed that the intensity of optical activitythe bare clusters is dictated by the
asymmetry of the clusters. However, in the case ag(&Me)s, the chiral arrangement of the
protecting (SRAU)2>-SR units dominates the CD spectra and the phosphine protection has little
influence.

Despite all thesempirical and theoretical studies, the origin of the chiroptical activity of
metal clusters protected by optically active organic molecules still remains unclear due mainly
to the lack of structural information about ligipdotected gold NPsTherefore,theoretical
approachegqfor example, DFT and TDDFT methodspan be very useful to help better

understand this important question.

Overview of This Thesis

This thesis contains eigkhapteran total. An introduction to the problems and review
of the relevant literature is discussed in Chapter 1. The methods used in the study are then
described in Chapter Zhe result§rom the studies undertaken in this themis presented in
Chapters 3 7. Application of CD spectroscopy to study chiral systems is demonstrated in
Chapters 3 and 4. In ChaptertBe origin of chiral activity in octh and undecagold clusteis
studied. Chapter éxaminesoptical properties of bar@and DNA protected silver NP€hapters
5, 6 and 7 are related to the application of MCD spectroscopthéostudy of optical and
electronicpropertiesof phosphinéprotected AuNPs (Chapter 5 and 6), &mddetermination of
the plasmonic behavior of bare AgNPs (Chapter Finpally, Chapter 8 outlines the main

conclusions of this study.
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Chapter2-Theor YYompdt aMebhads

Quantum Chemistry

The Wave Functionand Schrédinger Equation

Quantum chemistry applies quantum mechanics to solve different problems in chemistry
such as thermodynamipropery calculations, helping with interpretation and analysis of
different types of molecular spectra, investigation of the mechanisms of chemical reactions,
estimation of the relative stabilities of molecules and properties of reaction intermediates
Laws of quantum mechanics can successfully describe the behavior of microscopic systems like
electrons, atoms and moleculé€s.!®? To describelte state of a system in quantum mechanics,
the existence of a function of the particle coordinates called the wave function or state function
g was postulated. Due to the fact that the state will change with time, the wave function is also
a function of tmet. The wave function contains all possible information about the system it
describes. Howevef] itself does not have a physical meaning. Born postulateddtat) Pdx
gives the probability at timeof finding the particle in the region of thxeaxis lying between
andx+dx. In other words,q(x,t)’dx is the probability for finding the particle at various places
on thex axis11: 152

To find the future state of a quantumechanical system from knowledge of its present
state, the timiedependenschrodinger equatiofT DSE) is used:

AL 0o u (2.1)
where'Q I p andOis the Hamiltonian operator. The Hamiltonian opearatontainsfive
terms: the kinetic energy of the electr@m nuclei, the attraction of the electrons to the nuclei,
the interelectronic repulsion and internuclear repulsions.

Many applications of quantum chemistry do not experience anydependent egtnal
forces, and the timdependence in the Hamiltonian disappears. In these cases, tlie time

independent Schrodinger equation (TISE) should be used:
wWo Qyow (2.2)

The TISE and TDSE cannot be solved exactly for most systems. However, numerous
approximation methods are applied to solve the Schrodinger equation that can predict the

desirable properties of molecular systems with reasonable acéerracy.
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The Born-Oppenheimer Approximation

According to the nomelativistic approximation, the full Hamiltonian has the following

form:1°1

O > Ly -~ n hadhadt

o) ) o) [YA) &)
C a ca Y i

P

T (2.3)

wherea and b refer to nuclei, andandj refer to electrondRas is the distance between nuckei
and b with atomic number&Za andZy; ria is the distance between electrioand nucleuss; and

rij is the distance between electrorendj. The first term in equation (2.3) is the operator for
kinetic energy of the nuclei, the second term is the operator for kinetic energy of the electrons,
the third term is the potential energy of repulsion between the nuclei, and the fourth term is the
potential energy of attraction between the electrons and the nuclei.

Solving the full Hamiltonian is a challenge for molecules as it contains terms that are
difficult to compute. Born and Oppenheimer showed that to a very good approximation the
nuclei in molecules are stationary with respect to the electrons. Mathematically the
approximation states that the Schrédinger equation for a molecule may be sejaoated
electronic and a nuclear equation. This approximation allows us to solve the equation
efficiently: considering the nuclei as fixed, we omit the nuclear kirestergy terms from the

equation (2.3) to obtain the Schrédinger equation for electroaiion 5t 152

0 o w Wy (2.5)
y ) W P
R n R —
O 3 i : (2.6)
: ©Oo 2.7
w v (2.7)
Y O w (2.8)

where 'O is the pure electronic Hamiltonian, angns the nuclear repulsion term.

So, to get the total internal energy of a systém (ve need to solve the electronic
Schrédinger equation and then add the electronic eneithg iaternuclear repulsioas shown
in equation (2.8).
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BasisSet

The molecular orbitals are usually expandstinear combinations of atomic orbitals:

~

w W * (2.9)
where Y is a molecular orbitgl /r are atomic orbitals¢i are coefficients representirige
weights of the contributions of the n atomidbitels to the molecular orbital, and r is an integer
numberthatrepresents which atomic orbital is combined in the term. These atomic orbitals are
referred to as basis fummhs which are mathematical functions that are convenient to
manipulate and in linear combination give useful representations of:MOs.

Several types of basis functionsndae used to describe the electron distribution around
an atom and in the molecule as whateluding hydrogenlike functions based on solutions of
the Schrodinger equation fohe hydrogen atomas well asGaussian and Slater functiot$
Gaussiartype orbitals (GTO) can be considered as basis functions. A Cartesian GTO is
defined by the equatiof?!
. oy 0o a Q (2.11)
where N is a normalization constahtly,|; determine the type of orbitas;is a positive orbital
exponent; and,y,zare Cartesian coordinates. The reason Gaussian orbitals are often used is
that the fowindex integrals can be expressed analytically which significantly speeds up integral
evaluation. However, a Gaussian functions do not have the desired cusp at &us @uncl
hence gives a poor representation of an AO for small value¥bf
Another type of basis function is Slatgpe orbitals (STO).STOO s goode
approximatios for atomic wavefunctions and would be a natural choice for basis functions.
Also, Slater orbitals describe more accurately with respect to GTO the features of the molecular
orbitals and exhibit correct shegnd longrange behavio’An STO is defined byheequation
. i 00 —HHei Q (2.10)
where N is a normalization constaMin(g,f) are real or complex spherical harmonicss the
distance of the electron from the atomic nucleusd thes exponentcontrols the width othe
orbitals. A large ¢ gives a tight functionand asmall ¢ gives a diffuse functianAlso, these
functions are not mutually orthogonal, and their usage can be very time consuming for large

molecules due tthe calculation of threeand four center intgralswhich cannot be performed
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analyticallyand should be performedumericaly. The Amsterdam Density Functional (ADF)
program used in most of this research uses Slater orbitals.

Now, consider the terminology used to describe basis sets. The simplest ane
minimal basis se{SZ) that consists of one orbital (STO or GTO) for each atomic orbital {inner
and valence shell) of each atom.dAuble-zetabasis setDZ) is obtained by replacing each
orbital (STO or GTO) of a minimal basis set by tlasis funtons for each AQhat differ in
their orbital exponentsA triple-zetabasis se{(TZ) replaceseach orbital (STO or GTO) of a
minimal basis set by three basis functions. A large basis set supladsiplezeta (QZ), 5Z,
6Z, etc, is obtained by replacingach basis function of a minimal basis set by four, five, six
etc (STO or GTO) functions of different orbital exponettsA split-valence basis uses only
one(STO or GTO)asis function for each core AO, anthe (or more)for eachvalence AO.

Also, the quality of the basis set can be improved by addition of diffuse and polarization
functions'®! 152Diffuse functionshave small ¢ exponentiheldfat hi s
away from the nucleus. These functions aeeessary for anions, Rydberg statasd very
electronegativatomswith a lot of electron densityolarization functions arevery important
for modeling chemical bonding, because the bonds are often polafiaegolarize a basis

function with angular momentumit is mixedwith basis functions of angular momentlim 1.

Density Functional Theory (DFT)

Density functional theory is based on the electron density function, designated by
} Xy, instead of the wavefunction. A wavefunction for an N election system contains 4N
variables (three gial and one spin coordinate) for each electron, whereas the electron density

function is a function of only the threspatial coordinatesx, y and z'%2 The complexity of a

wavefunction increases exponentially with the number of electrons, but the electron density has

the same number of variables, independent of the system size. The electron density function is a

probability per unit volumé®? DFT calculates all the properties of atoms and molecules
(geometries, energies, optical propertiets,) from the electron density. The main problem of
DFT is that although eachftiirent density yields a different ground state energy, the functional
connecting these two quantities is not kndwAifo use DFT methods, functionals connecting

theelectron density with energy should be designed first.
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Nowadays DFT calculations are based on the two Hoheikehym theorems and

Kohni Sham approach.

The HohenbergKohn Theorens

The first Hohenbefig<ohn theorem says that all properties of molecule igraund
el ectronic state are deter mi ned oBy3. $ohifewegr o u nc
k n o wx,y)2 we can calculate any ground state property. In other words, any ground state
properties of a molecule are functions of the ground stégetron density function. For
example, for the enerdy?

o 0O (2.12)
where Eo is theground state energy arftlis a functional of the ground state electron density.
This theorem says that a functional exists, but does not tell us how to find it.

The second Hohenbérgohn theorem says that any trial electron density function will
give an energy higher than or egtm (if exact, it is the true electron density function) the true
ground state energy (this theorem is analogous to the wavefunction variation th€érem):

o o (2.13)
wherem is the trial electronic densityp is the true electronic stat&m)] is the true ground
state energy, anff#] is the electronic energy from the trial electron density (it is an energy of
the electrons moving under the potential thie atomic nuclei). DFT calculations use
approximate functionals (because the exact functional is unknown) and can give an energy

below the true energy. Thus, approximate DFT is not variational.

The Kohn-ShamM ethod
The HohenbergKohn theoremstatesthat we can calculate any molecular properties
from the electron density. But doesnot tell us how to find electron densiéynd calculatehe
functional. Kohn andsham (KS) suggested a practical method to findnd Eo. In order to
evaluate the dertyiof the interacting system, Kohn and Sham considered a fictitious system of
N nori interacting electrons that move under the potential of the atomic nuclei. This nuclear
potenti al i's cal l ewr) Siree the eleckane arennatlinteraatirtg,ethet i a |
electronic Hamiltonian can be expressed as a sum oktawtron operators, has eigenfunctions
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that are Slater determinants of the individuali@hectron ejenfunctions, and has eigenvalues
that aise from the sum of the orielectron eigenvalues?

There are two basic ideas behind the KS approach:tifg molecular energy can be
expressed as a sum of terargd only one term is relagly small and involves the unknown
functional; and (ii) the initial guess of the electron dengitig used in the KS equations to
calculate an initial guess of the KS orbitaldich isthenused to refine therbitals in aSdfi
ConsisteritField (SCH manner The final KS orbitals are used to calculate an electron density
that in turn is used to calculagaergy.

The ground state electronic energy of a molecule is a sum of expectation vaftle$of:

o 0 gy O " O " O (2.14)

where”Y” is the electron kinetic energg is the nucleuselectron attraction potential

energy, andw is the electronelectron repulsion potential energy. The first term of
equation (2.14) can be expressed as a sum of the kinetic energy contribution to the ground state
of the noifiinteractirg system and the kinetic energy difference between the real afid non
interacting system (notehé subscrips denotes the nemteracting systept> 12

gYy" O 6Yy” O YY" O (2.15)

The second term of equation (2.14) is known and can be calculated by:
w " O W e wyQo " x> (2.16)

The third term of (2.14) is electrbelectron repulsion:
. ” > ” > .

& " O g — o> i " O 2.17)
where the first part of equation (2.17) representsctis@gé cloud Coulomb repulsion energy
andri2 is the distance between coordinatesandr.. The termadw ” Ois all nori classical
corrections to theelectrori electronrepulsion energy between the real system and the non
interacting system.

Using equations (2.15)(2.17), equation (2.14) can be written‘&ls1>2
. ! . , p ” > ” > . . o ) B N B
O &y O " » »» c i—Q»Q» YY" O 3w " O (2.18)
The last two terms of the equation (2.18) are unknowrecton terms. Their sum is called the

exchange correlation energy functional or the exchiaoggeslation energykxc:
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0o YoY O 3w " O (2.19)

Since the functionaExc is unknown, different types of approximations have been
developed. These appiations vary from very simple to very complex. The accuracy of DFT
calculations strongly depends on the approximation of the exchaorgelation functional.

There is no single universal functional. The functional to choose depends on the system and
properties investigatedihe DFT functionalgire classified as follows
1 Local Density Approximation (LDA) is the lowest rung of approximation for the
exchangecorrelation part. In the LDA, the exchaiigerrelation energy density
depends only on the density at a given point and it applies well to a uniform electron

gas. Thisi s t he simpl est density functional. F

case of the LDA in which the correlation part of the exchaogeelation functional is

negl ected and the exchange functional dep

method gves reasonable bond distances. The Local Spin Density Approximation

(LSDA) is obtained by an elaboration of the LDA: electronsUadnd b spin in the

uniform gas are assigned different spatial KS orbitals and different electron density

functions Y and}® are used. This method can be used for systems with one or more
unpaired electrons.
1 Generalized Gradient Approximation (GGA)is the next rung of functionals used in

DFT calculations. These functionals use both the electron density and its gradient (first

derivatives with respect to positiofy) at each point GGA functionals are more

accurate than LDA. They significantly reduttee bond dissociation energy errors and
generally improve transition barriers.

1 meta GGA i additionally depends on higher order derivatives of the electron density,
with the Laplacian®? ) bei ngiotddreerms econd

1 Hybrid functionalsi this type of functional mixes exact HartreEock exchange energy

with GGA or metaGGA. Inclusion of exact HartréEock exchange energy is often

found to improve the calculation results. These functionals are often more accurate;

however, they are more costly to compute.
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Relativistic Effects
The electron mass increases when electrons move with a velocity comparable to the
speed of light. This has a significant effect on the radial distribution of the electrelesnants

with high atomic numberd.he effective mass ofeelectron is given by?°

a

a
Y (2.20)

wheremy is the rest mass of the electranis the speed of lightandv is the velocity of the
electron

For a nonrelativistic hydrogenlike atom, the average orbital velocity of a 1s electron is
approximatelyZ a.u.:

O W -
I — A8 (2.21)
poX
whereZ is the nuclear chargandc = 137 is the speed of light in atomic units (a.u.). However,
for an electron in Au atom with = 79, theratio/cd 79/ 137 or 0.58. Theref

in a gold atom moving with this speed has a mass ohb.Zhis increased mass of the electron

has a considerable effect on the radial distribution of the electron. For examplatithe
between the relativisticslradius to its nonrelativistic counterpart is approximately (@3

Ymyl, or 0.81. This implies that relativistic effects halecreaedthe Is orbital sizein Au by

about 20%. The result is a lowering of the energies of atbitals. Additionally, due to this
higher shielding of the innes electrons the more diffused and f orbitals become higher in
energy. These relativistic effects can strongly affect the geometries, optical properties, and
physical properties of heavy metal complexes. In this work, we focus mainly on silver and gold
NPs. So, it is very important to takeese effects into account.

The ADF program used in this research uges zeroth order regular approximation
(ZORA). The ZORA equation is the zeroth order regular approximation to the Dirac
Hamiltonian. The relativistic and nonrelativistic KeBham DFT gquations can be written
asls®

Yoo oWy -y (2.22)
where \KS is the efective molecular KotwSham potential and T is the kinetic energy operator.
This kinetic energy operator T is different for each relativistic method: nonrelativistic (NR),
Dirac, ZORA and scalar relativistic SFORA 1%°
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w (2.23)

Cf:
y ) nc(b (_*) — f (2.24)
Y ‘*’w e ‘*’w e f (2.25)
y h?i')a)—d)r" (2.26)

wherep is the momentum (p H ), cis the velocity of the light, ansl are Pauli spin matrices:

™ p
” p T[
m Q
., ‘9 7 (2.27)
p T
” T[ p

The ZORA kinetic energy operat®f°**depends on the molecular Kat8ham potential. The
scalar relativistic SFZORA kinetic energy operatof>f?°RA is the ZORA kinetic energy
operator without spirorbit coupling. This operator can be used in cases wheré aspin

coupling is not importantZORA is a computationally efficient method for relativistic

calculations.

Timei Dependent Censity Functional Theory (TDDFT)

The RungeGrossTheorem

This theorem is a timeependent analogue of the first Hohenb&ahn theorem. It
states that the exact t@irdependent (TD) electron densijtr,t) determines the tinielependent
external potentia¥(r,t), up to a spatially constant, tiimdependent functio@(t) and thus time
dependent w a.b), eup to a cimédepemdernd phase factSf.In other words, this
means that the external potential can be expressed as functional of the electron density and all

properties of the system can be obtained.
The Time-dependentKohn-Sham(TDKS) Equations

Similar to ground state DFT, it is assumed that a TD' mv@racting reference system

exists with an external onparticle potential »0 of which the electron density Mo is
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equal to the exactiectron density M of the real interacting systel®. This potential is not
known and approximations must be u$¥d®® The noriinteracting system is repsented by a
singl e Sl at ent cohsistirg rofthenT® rsingiel€octron orbitaly »d . The

timei dependent electron density is given by a sum over these occupied drbitéts:
il 7 D $ DS (2.28)

These TD singlieelectron orbitals aréhen given as a solution of the TDKS equation,

which is similar to the timiéndependent on&’ 1°8

"§-L(LJ O QMO D (2.29)

QWD gn IR (2.30)

The TD external potentiab ” D of the noiiinteracting system consists ofettHartree
potential (Coulomb), the external potential, and an effective exchemigelation potential, all

of which are timéedependent®®

O” MO O " MO U S 2 I VIR 2 (2.31)

The first term of the equation (2.31)Us »D , which includes the nuclear and any other

external potentials. The second term is the Hartree potential, ishigitten as:>" 158

i | SRR ¢ )
0 "D Qi — (2.32)

”

The exchangecorrelation pard MD can be expressed as:

"D To "
T”%

Theo " is the sdcalled exchandgeorrelation part of the action integrdly ]. The quantum

0 (2.33)
mechanical action integrah[}] is a functional of the density. This action integral is a
prescription of how the exact density can be obtained. The exact electron demsitycan be
found from the Euler equatiof’ 158

1 o

T " w0
when appropriate boundary conditions are applied.

The final TDKS equation can be written'a$:1°8

T (2.34)
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This TDKS equation is a singlparticle equation in which each electron is treated individually
in the field of all others®® The TD exchangeorrelation action functional (called the XC
kernel, fxc) is not known and approximations to this functional have to be applied. The first
approximation for the actiorufctional is the adiabatic approximation, where the TD excliange
correlation functional is replaced by a tinmaependent equation. This is a good approximation
if the probability density changes slowly with time.

To obtain excitation energies and osciltagtrengths using the TDKS equation, different
strategies can be applied. One of them is linear response TDDFTiGIDIFT. In the LR
TDDFT, the change of the density is described by first order perturbation theory under the
assumption that the perturlmti is turned on slowly (adiabatic approximation) and that the
system initially resides in the ground state with the corresponding dgnsiffhe non
HermitianLRi TDDFT equatiorshould be useé®

6 6 @ _p m W (2.36)

z wZz

0° 00 T p ®
whereA andB are matrix elements with dimensions of number of occupied orbitals. They can
be defined a$>" %8

6f 11 F T 0O 0N 06 (2.37)

6 N@BQ QN 00 (2.38)
wherethe twaeelectron integrals are given in Mulliken notatioandj denote occupiedrbitals,
anda andb arevirtual KS orbitals.The solution of equation (2.36) yields the transition energies
U and ei genv|éxc Osoiltater stfeixgths, whick determine the magnitude of the
absorption peaks, are calculated from the solution vectors |[X> artd’|¥3.

CD Spectroscopy
CDspectriosseldgppspn t he measurement of the dif
|l eft and right circularly polarized | ight
Yo 6 0o 0 0 (2.39

ThéeéD signelt hpasi tbieve or negative. The CD si gt
thecietpbharyzedgriegher thancabsaol piziegn poigattl
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The simulation of the @B %p¥ftra is based on

60 1 Yo, © (2.40)
| (241)
od Ip mp M
, 0 ——iegpL 0 0 (242
» NG* G

wheCR titgei rcul ar dichroi smajdlmigsahbh BBt a\Npibs toasy
Avogégdrmnaumber i nthirsi ttsheofPlmalck @ginsttohef spead
l i ght in Biist g odfatomlys st’@ehiEgshtihe energyobf e/

|l i ght anBhwi sV,t he excitatMionn.@dh esrpgeyc ttra sveatee f i
Gaussian fuss(cH)sber, Gwhesean drsidc ghaep e xfpaonteart |
wi dt h

MCD Spectroscopy

MCDs pectrioss choapsyed on the measurement of the
Il eft and right ciwhcwelhadisgegol arithed slaimpght, by

fierdented parallel to tthle *dfrection of | ight
Yo 6 © 0 0 E- @b (2.44)
whergi s the differential molar absobUmpoli aity

absorptivityciisn tthhee nO acrasceooncentr at liosn tohfe t h
path (iemegt h)metBriss t heMOma gdnaettai cc afna ebl ed wp Ida tf tf eedr
wayss the absorgdy)ioasditheendsoe pt(bpn, maswmfrfici
absor gl viatngo laasr e (dmi*pfi* Mol alysor o) ivs t el at ed

mol ar e(dmibyt it hiet f ol I:!'dWi ng equati on

— 0C@$"' (2.45)
b TOGO6 i | YOI &
where molar ellificity is expressed ideg L m! molt G,

There are three main sources aofheBEDA i Nt en ¢
tertds. 10vhil®A term widlelpsde tdhoemitnyamemof ed mlee st i ¢
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Aterm i s found only for mol eoidtl elsasvi a hd elreig\e ate
in the MCD hBpermram ses in MCD spectra for s
enough in ener;gntdhCet ealm a v ompir piaregatma g ewh @s eno |
ground stateanfdbi siegenmr ase t éhip®ED ait rutr een sdietpye nids
interpreted in'ft%rM8 of the equation:

# o5 . . 17'Qa o ., © -
- ) 0 = 0 Ty a 9l (2.46)

wherek ¥is the energy of incident lightk ¥ is the excitation energy to stafe B is the
amplitude of the applied magnetic fielljs thetemperaturepi s Bol t zmamsisas CconNn-¢
collection of constants and experimental paramétetsdepend on what quantity is measured
and unitsf; is abandshape functioandA,, B; andC; aremagnetic circular dichroism term
I n this research, t he theoretical si mul
i mpl ement aAmsotnerid,mamt Deensity Functional ( ADF)
perturbation of the TDDFT was ®Bfplied for cal
Using ourAjyBiain@pbatbedttehres MCrDd | nt g ndspwey e q U
can calcul ate MCD spect[rdgl iwhitcédhr ms ofmdmpleadee
experiment al par amet er s stuicohn asgp.etch deesc giliad én tl ree
and magnetif?% Pel d (B)

. 17Qa o ., O q
— ) 0 o O v al Jl (247)
whecies he collectiwhnichf agpnexiamasel YO Togatal t o

molar ellipticity [d]m in the units(deg L m* mol* G), the energy of incident lighk(¥ and
excitation energy to state(k ) should be in a.u.

The bandshape functi on@Gausbosan fanet inoonrsm
deri vi@dti ves:

Q9] —W_p —Q ° 7 (2.48)
w

T°Q9 C 9 J]
) V)

Q2 °f (2.49)

The bandwi dWiwep &r aarhetseemns t o reproduce the obse
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Chapter3-Chi r opACit cian tBli &A@ DISOBDbiI | i ze
Ociandndec &d awlsd er s

Abstract

In orderto learn more about the origin of chirality in chiral organometallic complexes
and to contribute to the understanding of the difference in chiroptical activity of metal clusters
stabilized by different phosphine ligands, we examined the optical properties undecagold
(Au1®") and octagold (Asf") clusters protected by bisphosphiigands of different natuse
The chirality of pairs of clusters [Aui(BINAP)4Cl2]*, [Au1(DIOPWCI2]" and
[Aus(BINAP)3(PPh)2]?*, [Aus(DIOP)(PPh)2]%* were investigated ith density functional
theory (DFT) and timiedependent density functional theory (TDDFT). To simulate BINAP and
DIOP ligands, whichpossessa greatnumberof atoms,small model ligandsire used The
obtained results showed that the shapes of thé actdundecagold cores in the model clusters
are similar to the gold cores of the crystal structures. Theoretical optical absorption and CD
spectra of the model clusters are in good agreement with experimentalTdega. main
hypotheseso explan thedifferent chiroptical activityof theclusters were suggestgd). the CD
activity originates from core deformation due to ligation; Yiihe rature ofthe chiralligandscan
play a crucial role in the optical activity of the achiral core andl Qli atans positions &n
affect the CD intensity. It was showhat the gold core geometry deformation due to ligation
and the nature of ligand play the most important roles in the chiroptical activity of the gold
clusters. Additionally, the connectivity of ligasdetermines a gold core structural deformation
and mainly affects the higénergy region of the CD spectra, wherdasgold core exhibi a
significant effect on the shape and sign of the CD spectizilow energy region above ~350

nm.

Introduction
Gold nanoclusters with dimensions less than a nanometer possgse characteristics
and properties, whiclenable applicationsn luminescence, sensing, catalysigg5® 167169
Therefore, scientistcontinue totry to develop and synthesize novel gold nanostructures with

improved characteristicor new propertiesSmall gold clusters protected by various types of
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ligands havereceivedgreat attention fothe few last decades. Ligands allowsearches to
obtain gold nanoclusters with given sizehape and properties.

A very interesting and promising class of gold nanoclusters is chirdptacive gold
nanostructures. Chirality ign exceptional property of some molecules, complexes or clusters
that plays an important role in different branches of science such as chemistry, biology,
medicine and pharmacology. One of the important applications for chiral gold nanoparticles is
that they can be used as enantioselective nanocatalysts in the pharcaaandustry and
produce chiral molecules on an industrial sé&let*®Metal surfaces Wh chiral characteristics
have been successfully obtained with many different approaches: (i) by adsorbing chiral organic
molecules (such as DNA, glutathione, penicillamine, cystait® ontoanachiral metal core;

(i) by adsorbing achiral ligandsy aic hi r al p antachieak metal caren dr @ii) by
synthesis of left and rightandedsymmetres ofmetal nanoparticle®:* 116122 |n this projectwe
focus on chiropticdy active gold nanoparticlesthat are obtained by combination oén
essentiallyachiral metal core with chiral organic molecules.

In gold nanocluster chemistry, phosphines are oheéhe most common types of
ligands?®: 34 40. 43, 45 94 17rhere are two categories of phospliiigands: monodentate
phosphinesifcluding triphenylphosphine and its dertixges)* 3% "*and bidentate phosphines
(bisphosphine (P*Pligands)?® 4 45 172Bjdentate phosphines aeevery interesting class of
ligands. These organic molecules are charad their combination with gold clusters cameld
chiral gold nanostructures. A great numberutifa-small gold clusters (up to 18ore gold
atoms) stabilized by bidentate phosphinesve beensynthesized and characterized by
crystallography and elecspray ionization mass spectrometty?® 6% 134 13ynfortunately, the
optical poperties of this promising class of small gold nanoclusters protected with bisphosphine
(P~P) ligands are not vemell studied. There are just a few experimefitdland theoratal*®
papers found in the literaturéhese results suggest that the bisphosphine ligafifelst the core
structure and the chiroptical activity of th#ra-small gold clusters. However, despite all these
empirical and theoretical studies, the origin of the chiroptical activity of metal clusters protected
by opticaly active organic molecules is still unclear.

One of the interesting and important features of chiral gold compleasebserved by
Tsukuda and davorkers® They found that the gold clusters exhibitcular dichroism (CD)

signak with different intensies when stabilized by BINAP (2 dis(diphenylphosphine},1*-
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binaphthyl) and DIOP (@sopropylidene2,3-dihydroxy-1,4-bis(diphenylphosphino)butane)
ligands they also ascertained tHRINAPT protected gold clusters have larger anisotropy factor
than DIOR protected specie@igure 3i 1).4% 4! Investigation of this phenomenon will help to
better understand the origin of cluster chirality #melimpact ofthe nature of thégand on the
chiropticd activity of metal clusters protected by optigaactive organic molecules, which is
very important to design novel chiral metallic nanostructures with specific properties.

Figure 3i1l. UVivis spectra of A) [Au1i(DIOP)4Cl2]*, B) [Aui(BINAP)4Cl2]* and C)
[Aus(BINAP) 3(PPhs)2]?* and CD spectra of D) [Aui(DIOP)4Cl2]*, E) [Au1(BINAP)4Cl2]*
and F) [Aug(BINAP)3(PPhs)2]?* clusters in CHsCN at room temperature.
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* Figures A, D, C and F wereadaptedwith permission from Ref%’. (Direct link:
<http://pubs.acs.org/doi/abs/10.1021%2Facs.|pclett.6b02Mdte:further permissions related
to the material excerpted sholdé directed to the AQSFigures B and F werplotted using
empirical data fronbr. Tsukuda and davorkers.

In orderto learn more about the origin of chirality in chiral organometallic complexes
and to contribute to the understanding of the differenadhiroptical activity of metal clusters

stabilized by different phosphine ligands, we examined the optical properties of the undecagold
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(Au1:*") and octagold (Asf*) clusters protected by bisphosphiigands of different naturdhe
chirality —of pairs of clusters [AuyBINAP)JCl2]",  [Auw(DIOPKCI]*  and
[Aus(BINAP)3(PPh)2]?*, [Aus(DIOP)(PPh)2]%* were investigated with density functional
theory (DFT) and timiedependent density functional theory (TDDFT). To simulate BINAP and
DIOP ligands, whichpossesa greatnumberof atoms,small model ligandsre used These
model ligands cut computational castvhile preservingessential features of the systems of
interest, which are necessary to get the amsteeour questions. Three main hypotheses
explan the different chiroptical activity(more intense CD signal dINAPT protected gold
nanoparticleswith respect to theDIOPI stabilized clusters) of the [Au1(BINAP)4Clo]",
[Au11(DIOPKCIZ]* and [Aw(BINAP)3(PPh)2]%*, [Aus(DIOP)(PPh)2]** clusters were
suggested: (i) the flexible nature of the:&ti gold coremeans thatleformation inside the gold
core due to ligation can be a source of the CD activitytl{@)nature ofthe ligandssuggests
that the presencef the double bondsould be a reasoror the dramatic difference in the
chiroptical activity ofthe organometallic cluster and (iii) in the case of the undecagold

clusters thechlorine atom positionsouldalso affect the CD intensity

Computational Details

The Amsterdam Density Functional (A) program was employed for performing DFT
and TDDFT calculation§® Scalar relativistic effects were included by utilizithg zerdorder
regular approximation (ZORAY2 The geometries useth the TDDFT calculations were
obtained with Beckéerdew (BP86) functiondl* 1">For calculation of the optical absorption
and CD spectrdl DDFT was employedavith the asymptotically correstan LeeuwetliBaerends
(LB94) functional*’® For both DFT and TDDFT calculationthe doubles ( DZ)ityp8| at er
basis sewith frozen core {p to 4f for gold, 2p for phosphorus and 1s for carbon atoms) was
used. Implicit solvation effects on the geometry and optical spewteme considered by
employing the COSMO modél with parameters for chloroform using the LB94 functional.

Equations used for calculation of the CD spectra have been already discussed and can be
found in Chapter 2 (equations2.40 i 2.42). Optical absorption and CD spectra were

convoluted withanexponential halfwidthofG = 35 n m.
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Results andDiscussion

Model Ligands

In order to theoretically investigate the cause of the dramatic difference in chiroptical
activity of the undecagold clusters protected by DIOP and BINAP ligaadisylationof the
most stable geometrical structuisd simulation of the optical absorption and CD spectra are
necessary for [AU(BINAP).CL]*, [Auii(DIOPMCIl]* and [Aw(BINAP)3(PPh)J?,
[Aug(DIOP)(PPh)2]?* clusters. Unfortunately, these systeocomtaina large numberof atoms
and calculationsvith thefull ligandswill be very time consuming-urthermore single crystal
structure are known only for [Aui(DIOPKCI;]* and [Aw(DIOP)(PPh)2]%* clusters, which
mears that we need to find the most energetically preferable strigsctiioe the
[Au11(BINAP)«Cl]* and [Aw(BINAP)3(PPh)J]** systems by performing geometry
optimizatiors for every possible isomer, whidredifficult to perform for systems of this size.
Therefoe, simplificatiors of the original systems [AWBINAP)4Cl2]", [Aui(DIOPLCI;],
[Aus(BINAP)3(PPh)2]?* and [Aw(DIOP)(PPh)2]?* are necessary.

Provorse and Aiker3 used simple model ligands to simulate BINAP molecules for
investigation of the chiroptical effects in the undecagold particles peodtdst BINAP. Their
results showed that this model allowed trimming the computational cost and at the same time
was good enough to qualitatively simulate the essential properties of the original large systems.
In this project, simple moddigands for SDIOP andS-BINAP were used. For modeling
DIOP the 1,#bis(diphosphino)butan ligand (L1) was applied, whereas for simulatids
BINAP the 1,4 bis(diphosphino)buidl,3 dien ligand (L2) was usedFigure 3i2). The
triphenylphosphineligands in [A(BINAP)3(PPh)2]?" and [Aw(DIOP)(PPh)2]?* clusters

were substituted with PHgroups.
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Figure 3i2. A) S-DIOP ligand is modeled by L1 =Si 1,4 bis(diphosphino)butan; B) S-
BINAP ligand is modeled by L2 =Si 1,4 bis(diphosphino)buta’ 1,3 dien.
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Geometrical Structure of [Au11X4Cl2]" and [AusX3(PHs)2)?* (X = L1, L2)

Xiray crystal structures are known only for [AMIOPLCI]* and
[Aus(BINAP)3(PPh)2]?* clusters, which means that we need to determine structures of
[Au11(BINAP)4Cl;]* and [Aw(DIOP)(PPh)-]?* to calculate the optical properties of these
systems. For simulation of these structuties [Aw1X4Cl2]* and [AwsX3(PHs)2]?" (X = L1, L2)
systems with small model ligands were used. The most stable isomies mddel systems
were foundn gas phase and in chloroforegmparison othe geometrical structure ahe gold
core fragment, chlonie atomspositiors and bridging ligand arrangement was performedter
known experimental structures and their theoretimaldels such as [AuDIOPuCI2]* vs.
[Au11(L1)4Cl3]*, [Au1(BINAP)4ClZ* vs. [Au1i(L2)4Clo]* and [Aw(BINAP)s(PPh)2]?* vs.
[Aus(L2)3(PHs)2]%*.

[Au11XsClo] * (X = L1, L2) clusters: chlorine atonmositions.To identify the most stable
isomers of [AuX4Clo]" (X = L1, L2) clusters we need to firlpreferable arrangement of the
four bridging ligands L1 and L2 arounide Aui1 gold coreandthe position ofthetwo chlorne
atoms each of which is attached to one gold atom

The geometrical structure ebme udecagold clustersas previously beeimvestigated
experimentally %° and theoretically® Crystal structures were determéhéor undecagold
clustes protected by achirél and chiral* ligands: [Aui(PPR)sClz]* and [Aw(DIOPCI]".

The ddtained results showed théite structure of the Au fragment in both types of clusters
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(with mond and bidentate ligands) anincomplete icosahedral structugecentral gold atom
(yellow color) is located betweenpentagonal pyraid (6 gold atoms in dark purple color) and
arectangular gold ring (4 gold atoms in blu€)gure 3i 3). The distances betwedme central
gold atom andhe gold atoms othe shell are 2.63%.700 A forthe cluster stabilized by PRh
ligands, and 2.642.6% A in the case of chirdd|OP ligands. Average distances between gold
atoms and phosphine groups are ~2.280 and 2.282 A for(PRh)sCl]* and
[Au11(DIOPMCI2]", corresponihgly (Table Ai1). The psition of the two chlorine atoms near
the Auz; core is different for clusters protected by PBhd DIOP ligandsKigure 3i 3). Forthe
monodentate phosphirsystem [Aui(PPh)sCl2]", the twochlorine atomsare attached to two
opposite gold atoms on aféld ring of the pentagonal pyramid bag#enotedas the 5,6
position) (Figure 3i 3b),'° whereas in the case of [A(DIOPXCI;]* one chlorine atom is
attached to gold atom on the pentagonal ring thedecond one isonnectedo the opposite
gold atom fromthe 4i fold ring (denoted as thd,5 position),so thatthey are located on the
same axisKigure 3i 3a).4

Figure 3i 3. A), B) Structures of the AuiCl2 fragment of clusters [Aui(DIOP)4Cl2]* and
[Au 11(PPhg)sCl2]* from the corresponding xray crystal structures3# 4% C) structure of the
Aug(PHz3)2 fragment (with H substituted for Ph rings) from the crystal structure®® of
[Aus(BINAP) 3(PPhg)2]?*. Gold atomsi yellow, blue and dark purple; chlorine atom i

green; phosphorous' light purple; hydrogen 1 white.

ke 5 ok

side view top view side view top view side view top view
[Au,,(DIOP),A,]* [Au, (PPhy)gQ,]* [Aug(BINAP);(PH5),]**

A previous heoretical investigatidi of the geometrical structure was performed for
[Au11(PH3)sCl2]* and [Aui(L2)4X2]* (where X = CI, Br) usingthe XU | oc al dens
approximation (LDA) functional witla TZP frozen core basis set. Rbe cluster proteted by
monodentate ligangdsheobtained theoretical results are very close to the experimental data for
the [Au11(PPh)sClo]* cluster:the geometrical structure dhe gold core andhe chlorine atoms
positiors are similar (5,bposition) for experiment ad theory. Forthe simulation of

[Au11(BINAP)4sX2]" clusters only systems withchlorine atomspositiors near opposite gold
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atoms on a Hold ring werereported(5,5 position). In order to determine the position of the
chlorine atomsin the [AuX4Cl2]™ (X = L1, L2) modelclusters, all possible posiis of the
chlorine atoms should be considered.

To identify preferablechlorine locatiors in the [Au11X4Clo]* (X = L1, L2) model
clusters all possible positins ofthe two Cl atomswere first considered fathe undecagold
cluster protected bysimple phosphineligands [Aui(PHs)sCl2]*. During the geometry
optimization procedurethree main geometrical structures of [AEPHs)sCl2]* were obtained
with energy differenceup to 1.6 kcal/moln the gas phas@-igure 3i 4). The esults showed
that the most stable isomer is [A(PHs)sCl2]* (1) wherethe Cl atomsareattachedn the 4,5
position, and thenext most stable structure is [Aw(PHs)sClz]* (2) with the 5,5 position for
chlorine atoms.The geometies of the undecagold cores in the [A(PHs)sCly]" structureq(1)
and @) aresimilar to each other and to the crystal structure of1fRPh)sCl2]" system. The
least stable isomer3) is obtained when onehlorine atom isattached taa gold atom ofthe
pentagonal pyramid base aagecond one to the top gold atom of this pyrandienpted the
5 , Tpadition). Duringthe geometry optimization procedure for [A(PHs)sCl2]* (3), the Aus
fragment was significantly deformed, and exhilaitgery different strature with respect to the
experimental coreThe energy difference between [AfPHs)sClo]* (1) and @) is small 1.0
kcal/molin the gas phag@ndthegold core fragmentare similar in both isomers, which makes
it very difficult to saywhich chlorineion positiors will be prefered in real clusters with various
ligands Therefore, two types of chloe atompositions (4,5 and 5,% positiors) will be tested
during geometrypptimizationsof the [Au1X4Clo]* (X = L1, L2) clusters.

Figure 3i4. Structures and relative energies of Aw(PHz3)sCl2" isomers. Method:
BP86/DZ.fc (gas phase).

@ @ (©)
0.0 kecal/ mol 1.0 kcal/ mol 1.6 kcal/ mol

[Au1tXsClo] " (X = L1, L2): ligand arrangementln order to findthe geometies of
[Au11XaCl2)™ (X = L1, L2) clustersthe eightachiral PH groups in [Au1(PHs)sCl2]™ (1) and @)
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clusters were substituted by four model bridging ligands L1 andFlgli(e 3i 4) in different
ways. The possible structures were limited by the bond Ismagitth angles in the bisphosphine
ligands. The geometries of all consideredomerswere optimized in the gas phase first,
followed by further optimization of the most energetically preferable in continuum solvent
(using COSMO) as described below. All obtained isomers and tHative energies the gas
phasecan be found irAppendix A (Figures Ai 1 andAi 2). The most energetically stable gas
phase isomersf [Au11X4Clo]" (X = L1, L2) are [Au11(L1)4Clo]* (4), [Au11(L2)4Cl]* (5),
[Au11(L1)4Cl2]" (6) and [Awi(L2)4Clo]* (7) (shown inFigure 3i5a). In the gas phasdhese
clusters exhibit bond distances betwebe central gold atom andhe shell atoms of the
undecagold core ithe rangeof 2.663 2.802 A, chlorine atomsare attached to the Aatoms
with bonds of 2.80i 2.458 A, andphosphine atoms amordinate aroundthe gold core with
distance®f 2.440i 2.449 A (Table Ai 1). In complexes [Au(L1)4Clz]* (4) and [Awi(L2)4Cl]*
(5) the chlorne atoms are in the 4,5 position, whereas in [Au(L1)4Cl2]" (6) and
[Au11(L2)4Cl2]" (7) the Cl atoms are attached to the gold core the 5,5 position. The
theoretically calculatecelativeenergiesn the gas phase fdhese isomers show that structures
with chlorine atomsn the 4,5 position are more preferable energetically in both cases (L1 and
L2 ligandg (Figure 3i 5a).

In the next step, theepmeties of these most energetically stablgn the gas phaje
isomers of [AuiX4Clo]* (X = L1, L2) werereoptimizedincluding solvent effectsComparison
of the geometries for thfAu11(L1)4Cl2]* (4), [Au11(L2)4sCla]* (5), [Aui11(L1)4Clo]* (6) and
[Au11(L2)4Cl2])* (7) clustersin the gas and liquid phases shows similarities and differences. For
example, the shape of the Awold core is very close in the gas phase and in chloroform.
However, there are some differeadr the bond length distances betweehe centralAu atom
andthe shell Au atoms(connected to the chlorine ions¢came shorter in chloroforby ~0.04
A, whereas thelistances betweethe central Au atom and shelAu atoms(connected to the
phosphine ligands) and the ™0l bonds became longer by ~0.A5Table Ai 1). The structure
of the Au core the positiors of thetwo chlorineions andhe arrangement athe four bridging
ligands in the experimental structure ADIOP)4Cly]" and theoretically predicted model
structure [Au1(L1)4Cl2]" (4) in chloroformare very similarFor example, overlapf the Aui
fragments of theoretical and experimental clusters showedhtathapeof these undecagold

coresis very close(Figure 3i 6a). However, the AuAu, Aui Cl and Au P bonds are longer in
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the optimized cluster[Au11(L1)4Clo]* (4) with respect to theexperimental structure
[Au11(DIOPXCI2]* by up to 0.091, 0.127 and 0.1&, correspondingly; these types of bond
elongations are typical for the BP86 exchanggelation functional used in the DFT
optimizations.

Figure 3i 5. A) Geometries of the most stable isomers of [AuX4Cl2]* (X = L1, L2) clusters

with 4,51 and 5,5 position of chlorineiions (in chloroform). Energy differences between

i somers are calcul ated f ogdy) amsl ynschloroioen solutiont he g &
( @) using their respective optimized geometries; B) epmetrical structure of
[AusX3(PH3)2]2* (X = L1, L2) clusters (COSMO).

[Au, (L), (@) [Auy, (L), (6) [Au(LD,(PH), 1% (8)

NEgss =0.0 kcal/mol NEps=0.78 keal/mol
NEg,, =0.0 keal/ mol NE,,, =0.58 kcal/mol

[Auy(L2),0]" (5) [Auy,(L2),0]* (7) [Aug(L2)5(PH3),1**(9)

NEges =0.0 keal/mol NEgs=0.46 keal/mol
NEgy = 0.0 keal/mol NE,, =¢ 0.18 kcal/mol

Figure 3i 6. Superposition of experimental and theoretical gold cores (in chloroform)A)
Auii core andB) Aus core. Color key: experimenti blue and theoryi yellow.

side view top view bottom view

(a)

[Au,,(S-DIOP,)Cl,]*
VS.
[Auy,(L1),CL,]* (4)

(b)
[Aug(S-BINAP),(PPh,),]2*
VS.
[Aug(L2)5(PH5),]1%* (9)

Theoretically calculatecklativeenergiedor gas phase structures[@u11(L1)4Clo]" (4),
[Au11(L2)4Cl2]" (5), [Au11(L1)4Cl2]* (6) and [Aui(L2)4Cl2]* (7) clustersshowed that structures



with chlorine atomsn the 4,5 position are energetically more preferabide both L1 and L2
ligands Figure 3i5a). However, solvent effects change this for systems protected2by
ligands the [Aui11(L2)4Cl2]" (7) cluster with the 5,&chlorine atom position ismore
energetically stable by 0.18 kcal/mol with respect to[#he1(L2)4Cl2]* (5) cluster. Due to the

small differences in the relative energies between the isomers, optical absorption and CD
spectra were calculated f@Au11(L1)4Clo]" (4), [Au11(L2)4Clo]* (5), [Au11(L1)4Cl2]* (6) and
[Au11(L2)4Cl2]" (7) clusters both in gas phase and in chloroform.

[AusXs(PHs)2] 2" (X = L1, L2). The X ray ciystal structureof [Aus(BINAP)s(PPh)2]%
was determingby Tsukuda and davorkers?® Their results showed thahe Aus gold core does
not depart very much fronCsy symmetry: six Auat o ms (dar k puripl e) f
cyclohexaneodo structure with one g(eidu3iat om ad-c
The measured AWAu bond distances the crystal structurare typical for gold systems and
are in the rangef 2.523 to 3.109 ATable Ai 2). Two achiral triphenylphosphine ligands are
attached to the top gold atoms above and béhm®i fold ring with a distance of 2.303 A and
they createa central axis (P¥Pi Aui Aui PPh) in the [Aus(BINAP)s(PPh);]?* cluster. Three
BINAP ligands are bound tthe octagold core through six equatorial surface atoms (atoms of
thehexagonal ring) wittanaverage distancaf 2.305 A Table A7 2).

To simulate [Ag(BINAP)s(PPh);]?* and [Aw(DIOP)(PPR)2]%* clustersthe theoretical
models [AuX3(PHs)2]?* (X = L1, L2) were used The DIOP and BINAP ligands were
substituted byheL1 and L2 model ligands and PRiroups were exchangéar simplePHsz. In
theoretical tusters[AusXs(PHs)2]?* (X = L1, L2), positions of the PHgroups and the model
bridging ligandsare similar to the known experimental struct[Aes(BINAP)3(PPh)2]?*: two
monodentate phosphidgands (PH) are coordinatedn the top and the bottom tie gold
core andbridging ligands L1 and Lare bound tahe octagold corehroughgold atoms of
Aichiay cl ohe x ddark purpledtomg in Figure 3i3c). Therefore, model clusters
[Aug(L1)3(PHs)2]?* (8) and [Aw(L2)s(PHs)2]?* (9) wereconsideredFigure 3i 5b).

Comparison of the Al fragment geometry of the experimental structure
[Aus(BINAP)3(PPh);]?* andthe theoretically predicted model structure piL2)s(PHs)2]%* (9)
are very closeHigure 3i6b, Table Ai2). Gold gold distances are longer in the theoretical
structureby up to 0.5 A with respect to experimental gold coie both gas phase and

chloroform; again, this is typical of the BP86 functional employed in the optimizations

53



ExperimentaDIOP and BINAPligandshave shorter AP bondghanthe AuP bonds present
in optimized clusters containing thd and L2 model ligandswith differences of 0.1270.193
A. Full geometry optimization was performed only five [Aus(L2)3(PHs)2]?* (9) structure
because draatic changes happengudthe gold core during optimization of [AlL1)s(PHs)2]%".
To obtain the[Aus(L1)s(PHs)2]?* (8) structureshown inFigure 3i5b, the A fragment was
frozen during optimizationi.e. the gold core geometry was used fraime optimized

[Aus(L2)3(PHs)2]%* (9) cluster), and only optimization of the kshell was performed.

Optical Properties of Octai and UndecagoldClusters

Optical absorption and CD spectra were calculata [Au11X4Cl2]® and
[AusX3(PHs)2]?" (X = L1, L2) clusters in the gas phase and in chloroform. Simulated CD
spectra are presented figure 3i 7. The gas phase CD spectra are less intense and redshifted
with respect to the spectra obtained in implicit chlorofewivent More detailed information
about tle calculated optical spectra in gas phase can be fouAdpandix A Figure A-5. In
the main paper, we will primarily focus on discussion of the data obtained using implicit
solvent.

Figure 3i 7. CD spectra br [Au11(L1)4Cl2]* (4), [Au11(L2)4Cl2]* (5), [Au1(L1)4Cl2]* (6) and
[Au11(L2)4Cl2]* (7) clusters in A) gas phase andB) chloroform; CD spectra for
[Aug(L1)3(PHs)2]?* (8) and [Aus(L2)3(PH3)2]?* (9) clusters in C) gas phase andD)
chloroform.
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UVivis and CD spectra of [AuXsClo]™ (X = L1, L2). Optical absorption and CD
spectra were calculated f@Au11(L1)4Clo]* (4), [Au11(L2)4Clo]* (5), [Au11(L1)4Cl2]* (6) and
[Au11(L2)4Cl2]" (7) clusters in gas phase and chloroforRig(re Ai 3 to Ai6, Figure 3i 8,

Table 3i 1 and Table 3i 2). In this paper, we will focus only on excitations in the theoretical
absorption and CDspectra with wavelengths between 280 and 700 The absorption
spectrum of th¢Au11(L1)4Cl2]* (4) cluster in chloroform increases in intensity witbcreasing
wavelength and exhibits four peaks at 459, 412, 351 and 30T aiofe(3i 1). The theoretical

CD spectrum for this cluster has eight peaks. The first calculated CD band 1 with a peak
minimum at 533 nmis a negative peak that arises primarily fromcambinationof three
excitations at 539, 515 and 500 nirhis theoretical CD peak 1 does not have analog in the
absorption spectra dhe [Au11(L1)4Clo]* (4) cluster in chloroform Kigure 3i 8, Table 31).

The nex two predicted CD peaks 2 and 3 at 481 and 453 nm have negative and positive signs,
respectively. These two peaks are formed by excitationswattelengthfrom 480 to 450 nm
andcorrespond to shoulder peak | in the theoretical absorption spectrum ar48alculated

CD peaks 4 (at 423 nm) and 5 (at 385 nm) are related to the strong absorption peak Il at 412
nm. The next CD peak 6 is positive; it is located at 349 nm and arises due to excitations with
wavelengtls from 3517 340 nm. This peak can be compmhreith shoulder peak Ill at 351 nm in

the absorption spectrum. The last two considered CD bands 7 and 8 at 316 and 294 nm are
negative and positive peaks. These two peaks are correlated to peak IV at 301 nm in the optical
absorption spectrum. The intensdi of the CD signalsn the region 2801 700 nm for
[Au11(L1)4Cl2]" (4) are in the range from19.36 to 16.5%.u.(Figure 3i 8, Table 3 1).

Calculated optical l@sorption and CD spectra were also calculated for the
[Au11(L1)4Cl2])" (6) cluster.Due to the dierence in the Cl atom positions, the optical absorption
and CD spectra of thRAu11(L1)4Cl2]" (4) and(6) clusters are slightly differenf{gure 3i 8,

Table 3'1). The absorption spectrum of structégin chloroform exhibits four peak$ IV in
the range of 280 700 nm: 480, 418, 348 and 301 nhable 3i 1). The CD spectrum has seven
bands 17: at 493, 460, 430, 400, 345, 316 and 284 nm. The first CD peajAlafL1)4sCl]*
(6) is blueshifted by 35 nrwith respect to the peak 1 position obtained for compkxThe
correlation between the absorption and CD bands can be folrabla 3i 1. The intensities of
the signals of this portion of the CD spectrafrthe [Au11(L1)4Cl5]* (6) cluster are in the rae
from 140.24 to 32.25a.u. (Figure 3i8, Table 31). The intensities of the CD signals of
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[Au11(L1)4Cl2]" clusters 4) and €) are not significantly different. So, the position of the
chlorine atoms near undecagold core does not significantly affect the strength of the circular
dichroism response, although it does change the overall shape.

Table 3-1. Optical absorption and CD spectra data for [Au1(L1)4Cl2]* (4) and (6) clusters.
Method LB94/DZ.fc (in chloroform).

[Au11(L1)4Cl2])" (4) [Au11(L1)4Cl2]" (6)
Abs CD Abs CD
no | peak, nm| no | peak, nm| CD (a.u.) | no | peak, nm| no | peak, nm| CD (a.u.)
| | 1 533 710.80 I 480 1 493 113.82
| 455 2 481 112.01 2 460 31.31
3 453 6.81 0 418 3 430 140.24
I 412 4 423 119.36 4 400 15.33
5 385 4.6 5 345 7110.11
1l ~348
1 ~35F 6 349 15.17 6 316 32.25
7 1 13.
v 301 316 3.8 v 301 7 284 113.48
8 294 16.59

ST shoulder peak. Maximum of this peak type was ehds be equivalent to the waeagth of the strongest

excitation in the region of the peak.

Table 3-2. Optical absorption and CD spectra data for [Au1(L2)4Cl2]* (5) and (7) clusters.
Method: LB94/DZ.fc (in chloroform).

[Au11(L2)4Cl2)" (5) [Au11(L2)4Cl2)" (7)
Abs CD Abs CD
no | peak, nm | no [ peak, nm [ CD (a.u.) [ no | peak, nm | no | peak, nm | CD (a.u.)
| 553 1 568 111.98 I ~558 1 540 112.45
2 533 10.98 I ~499 2 490 1131.28
I ~497 3 495 1262.4 | 1l 457 3 450 1137.54
Il 452 4 440 i74.18 | IV ~413 4 408 112.96
\Y] ~420 5 405 131.61 \Y ~369 5 369 20.82
Vv 378 6 373 47.86 VI ~33C0 6 333 188.83
VI 300 7 333 197.86 | VI 294 7 287 164.20

s shoulder peak. Maximum of this peak type was chosen to be equivalent to the wavelength of the strongest

excitation in the region of the peak.
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Figure 3i 8. UVivis and CD spectra of A) [Aui(L1)4Cl2]* (4); B) [Au11(L1)4Cl2]* (6); C)
[Au11(L2)4Cl2]* (5); D) [Au1y(L2)sCl2]* (7); E) [Aus(L1)3(PH3)2]>* (8) and F)
[Aus(L2)3(PHs)2]?* (9) structures. Method LB94/DZ.fc (in chloroform).
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The absorption spectrum of the [A(L2)4Cl5]* (5) cluster inchloroform increases in
intensity with decreasing wavelength and exhibits six peaks at 552, 497, 452, 420, 378 and 300

nm (Figure 3i 8, Table 3 2). The calculated CD spectrum for this cluster has seven peaks. The

57



first two CD peaks 1 and 2 at 568 and 533 mawe negative and positive sign, respectively.
These two peaks are formed by excitations withvelengthfrom 567 to 530 nm and
correspond to shoulder peak | in the theoretical absorption spectrum at 5%henmext three

CD peaks 3, 4 and 5 are negatwigh minima at 495, 440 and 405 nm, respectively. The CD
band 5 is a weak positive band with a maximum at 373 nm. CD peak 7 is negative and located
at 300 nm. These CD peaks73can be associated with absorption bant¥l]Irespectively

(Table 3 2). Theintensity of the CD signah the region 280 700 nmfor [Au11(L2)4Cl2]" (5)

is intherange fromi 262.4 to 47.86G.u. Table 3 2).

The optical and CD spectra of the [A{L2)4Cl2]" (7) cluster with the 55position of
chlorine atoms were also calculat&the optical absorption and CD spectra for this structure are
redshifted with respect to [AYL2)4Clo]* (5) (Table 3i2). The first absorption peak | was
detected at 558 nm. This peak is shifted to a lower wavelength by 67 nm with respect to
structure §). Absorption peaks ilVII are located at 499, 457, 413, 369, 330 and 294 nm. The
CD spectrum of [Aw(L2)4Cl2]* (7) also contains seven peaks. The first three CD péakaitl
540, 490 and 450 nrexhibit negatively signed amplitude with different intensity. For cluster
(7), peak 1 is less intense than pe@kand 3.The next CD peak 4 in the CD spectrum of
[Au11(L2)4Cl2]" (7) is a weak negative peak at 408 nm. The fifth CD peak 5 is located at 369
nm; this is a weak positive peak. The last two CD peaks in the CD spectrum@fLf&uCl,]*

(7) are negative with minima at 333 and 287 nm, respectiVély.intensities of the CD signals
in the region 280 700 nmfor [Au11(L2)4Cl2]* (7) are inthe rangeof 1137.54+ 20.82a.u.
(Table 3 2).

A comparativeanalysis of theoretical and experimental spectral data was performed.
Provorse and Aikeri3 have already shown that removal of the aromatic groups during
replacement of BINAP by the model ligand affects the CD spectrum at wavelengths shorter than
350 nm. Therefore, only the region above 350inrthe optical spectra will be analyzed. The
experimental optical absorption and CD spectra &ufi(S DIOPUCl]" and [Aui(S
BINAPUCI2]" clusters are presented Figure 3i1a and Figure 3i 1b. In Figure 3i 9, these
experimental optical absorption and CD data are compared with theoretical resultsnoldthe
stable isomers dhe model systemqAu11(S DIOPUCIo]* vs. [Au11(L1)4Cl2]* (4) and Au1x(S
BINAP)4Cl2]" vs. [Au11(L2)4Clo]* (7).
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Figure 3i19. Comparison of the theoretical and experimental spectral dataOptical
absorption spectra of A) [Awi(SiDIOP)4Clz]* vs. [Au1i(L1)4Cl2]* (4); B) [Aui(Si
BINAP)4Cl2]* vs. [Au1y(L2)4Cl2]* (7); and C) [Aus(SiBINAP)3(PPhs)2]?* vs.
[Aug(L2)3(PHs)2]?* (9). CD spectra of D) [Au(Si DIOP)4Cl2]* vs. [Au1(L1)4Cl2]* (4); E)
[Au11(Si BINAP)4Cl2]* vs. [Au1y(L2)4Cl2]* (7); and F) [Aus(Si BINAP)3(PPhs)2]?* vs.
[Aug(L2)3(PH3)2]?* (9). Method LB94/DZ.fc (in chloroform). The shift of the theoretical
data was determined from the average difference in the positions between the first two
theoretical and experimental absorption peaks.
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The experimental optical absorption spectrum of the {(S' DIOPCI,]" cluster above
350 nm has three peaks: one strong maximum at 417 nm and two shoulder peaks ada@6t 550
nm and 380350 nm Figure 3i 9a). The theoretically predicted optical absorption spectrum of
the model clustefAu11(L1)4Clo]* (4) is in great agreement with empirical results: (i) the shape
of the calculated spectrum is similar to the experimental spectrum, and (ii) the maximum of the
strongest peak in the considered region (froni 850 nm) is located at 412 nrRigure 3i 9a).
The difference in the position of first maximum in the theoretical and experimental absorption
spectra is just 5 nm. Therefore, offsetting the theoretically ¢estliCD peaks is not necessary
during comparison of the theoretical data[Afi11(L1)4Cl2]" (4) with the empirical results of

[Au11(S DIOPKCIo]*. The experimental CD spectrum ofyi1(Si DIOPUCIo]* exhibits two
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positive peaks at 411 and 364 nm in the @ered spectral region above 350 niaig(re 3i
9d).%° The calculated CD spectrum @u11(L1)4Cl2]* (4) in the region 300 700 nm is more
complex with respect to the experimental one. Main differences between experimental and
theoretical CD spectra are observed in the low energy regioi {@80m):the empirical CD
spectum do notexhibit any strong peakin this area, whereas the theoretical results predicted
peaks at 533, 481, 453 and 423 nm. However, the-dngingy parts (30@30 nm) of the
theoretical and experimental CD spectra look very similar to each other: the theoretical CD
exhibits two positie peaks at 385 and 349 nm, which can be assigned with positive bands at
411 and 364 nm in the empirical CD spectrum.

In the case of the BINABtabilized undecagold clusteAud11(S BINAP)4Cly]*, the
experimental CD spectrum shows two negative peaks atmt2849 nnf? 41in the simulated
CD spectrum of thAu11(L2)4Clo]* (7) cluster, the first strong negative peak occurs 8t
and the second appears at 450 nm. It is well known that immegtdl transitions in gold
nanoparticles are usually underestimated by about 0.35 eV# Furthermore, substitution of
the DIOP/BINAP molecules by model ligands L1/L2 can potentially lead to an additional
redshift in the simulated CD spectra. As shownFigure 379, offsetting the theoretically
predicted peaks by 85 nm in the cas¢faf11(L2)4Clz]* (7) leads a very good agreement with
the experimental data.

Kohni Sham orbitals involved in the excitations with wavelesdpbtween 700280 nm
for the [Au11(L1)4Cl2]" (4) and[Au11(L2)4Cl2]* (7) clusters are representedRigure 3i 10. For
the Aus®* gold core, we have 8 electrons with an expected occupation?afP18°25% |
whereS, P, and D represent superatom orbitals #rat formedrom alinearcombination of the
valence 6s electrons of the gold atoms. Orbitals between HQM@nd LUMO+14 were
considered. In the case of tfau11(L1)4Cl2]" (4) cluster, the HOMO, HOMDL and HOMG@ 2
orbitals are essentially P superatom orbit&igre 3i 10a). The highest occupied molecular
orbitals from HOMQ 3 through HOM®11 are a mixture of Gb and Aud orbitds. The five
lowest unoccupied molecular orbitals (LUMO, LUMO+1, LUMO+2, LUMO+3 and LUMO+4)
exhibit significant superatom D character. The next lowest unoccupied molecular orbitals
(between LUMO+5 and LUMO+12) are a mixture of atomic gold and phosphorbials
LUMO+13 and LUMO+14 are composed primarily of atomandp orbitals on the L1 ligands.

According to these results, we can conclude that the optical absorption and CD spectra in the
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region 700350 nm for the undecagold core protected by DIORlomodel ligands occur due
to electronic transitions within the A" gold core framework only (from occupied superatom
P orbitals to unoccupied superatom D orbit@lgble Ai 3). The bands in the higlenergy part

of the spectrawavelengthsbelow 350 nm)for [Au11(L1)4Cl2]" (4) occur due toelectron
transitionsprimarily from the occupiedl p and Aud orbitalsorbitals to goldphosphorous and
atomics andp orbitals on the L1 ligands. The HOMOUMO gap for[Au11(L1)4Cl2]" (4) is
2.26 eV.

Figure 3i10. Kohni Sham orbitals of (a) [Aui(L1)4Cl2]* (4) and (b) [Au(L2)4Cl2]*" (7).
Method LB94/DZ.fc (in chloroform).
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In the case of the undecagold core protected by model ligands containing double bonds
(i.e. [Au11(L2)4Clo]* (7)), the character of the orbitals from HOMBthrough LUMO+4 are
identical to those for the system protected by ligands with single bonds only (i.e.
[Au11(L1)4Cl2]* (4)); HOMO, HOMO 1 and HOMG 2 are P superatom orbitals, and LUMO,
LUMO+1, LUMO+2, LUMO+3 and LUMO+4 are D superatom orbitalgure 3i 10b). The
highest occupied molecular orbgalrom HOMQ 3 through HOMQ@7 are a mixture of Cp
and Aud orbitals, whereas the orbitals starting at HOM@nd below are a mixture of G| Au
d orbitals and” orbitals ofthe L2 modelligands The LUMO+5, LUMO+6, LUMO+7 and
LUMO+8 are a mixture of Awd orbitals and *orbitals ofthe L2 modeligands The LUMO+9
through LUMO+12 orbitals are primarily *orbitals ofthe modeligandsonly. Orbitak above
LUMO+13 area mixture of atomic gold and phosphorous orbitals. These data show that the
first strong negative band (in the experimental spectrum at 428 nm and in the theoretical
spectrum at 490 nm without offsetting the peaks) arises due to alediansitions within the
undecagold core framework only. However, the second negative peak (in the experimental
spectrum at 349 nm and at 450 nm in the theoretical spectrum without offsetting) occurs
because of electronic transitions within the undechgoire framework and from electronic
transitions from P occupied orbitals to theorbitals ofthe L2 model ligandsT@ble Ai 6). The
HOMOi LUMO gap for[Au11(L2)4Clo]* (7) is 2.17 eV. Thereforean the region of the spectrum
above 350 nnfior the undecagold core protected by ligands with double bonds (L2)tkihals
of the ligands are actively involved in the electronic transitions in addition to transitions within
the gold core, whereas for undecagold clusters protected by ligandsnwité bonds (L1), only
electronic transitions within the gold core framework were detected. In both the experimental
and theoretical clusters, the absorption spectra for systems with single bague @i 1a,

Figure 3i 8a, andFigure 3i 8b) are more welbefined than the absorption spectra for systems
with double bondsKigure 3i 1b, Figure 3i 8c, andFigure 3i 8d).

UVivis and CD spectra of [AXs(PHs)2]%* (X = L1, L2). Optical absorption and CD
spectra were calculated fikus(L1)s(PHs)2]%* (8) and[Aus(L2)s(PHs)2]?* (9) clusters in the gas
phase and chloroforniFigure 3i 8ef, Table 3i 3). Both of these clusters have an identica$?Au
gold core because of the constrained optimization [Aars(L1)s(PHs)2]?* (8). The results
showed that the shapes of the optical absorption and CD speffras(if1)s(PHs)2]%* (8) and
[Aus(L2)s(PHs)2]?" (9) clusters are very similafF{gure 3i 8ef). However, the peak positions
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and intensities of the CD signals are different. Thatical absorption spectrum of the
[Aus(L1)s(PHs)2]?" (8) complex exhibits three strong peakslI() in the region above 280 nm at

530, 425 and 353 nnTéble 3i 3). The CD spectrum of this complex has five peak&)1The

first absorption band | at 530 noan be assigned with the first two CD peaks: the strong
positive peak 1 with a maximum at 548 nm and the small negative CD peak 2 at 495 nm. The
second and third absorption bands (Il and IIl) at 425 and 353 nm are correlated with two strong
negative CD pdes (3 and 4) at 420 and 352 nm, respectively. The last CD peak 5 is positive
with a maximum at 304 nm. This peak is related to the strong absorption band around 274 nm
(Table 3i 3).

Both optical absorption and CD spectra fldus(L2)s(PHs)2]?* (9) are shifed to longer
wavelengths by about 40 nm with respeditos(L1)s(PHs)2]* (8). Moreover, the intensities of
the CD signals of the octagold core protected by model ligands with double bonds (i.e.
[Aus(L2)s(PHs)2]?* (9)) are much stronger than for the cleistwith ligands that contain only
single bonds[Aus(L1)s(PHs)2]?* (8)) (Table 3i 3). The optical absorption spectrum of structure
(9) exhibits five peaksHigure 3i8). The first absorption peak ¢Aus(L2)s(PHs)2]?" (9) is
located att65 nm. The next two absorption peaks Il and Il of struct@yedn be associated
with the second band in the absorption spectrum of cl@®}ewhich becomg split when L2
ligands are used. Similar splitting is observed in the case of peaks IV anth¥ absorption
spectrum ofstructure 9). These two peaks can be associated with band Il in the absorption
spectrum for the cluster with L1 ligand®).(Overall, the optical absorption spectra & &nd
(9) exhibit three main peaks, albeit with somditspg for (9), which are in good agreement
with the three peaks evident in the experimental optical absorption spectrum of
[Aus(BINAP)3(PPh)2]?* (Figure 3i1c). The CD spectrum ofAus(L2)s(PHs)2]?" (9) has a
shape very similar to the CD spectrum of struct8jeKour main peaks in the CD spectrum are
observed at 587, 553, 470 and 372 nm.

Comparison of the theoretical data with experiment is showdrgure 3i 9c for [Aug(S
BINAP)3(PPh)2]?* vs. [Aus(L2)s(PHs)2]?* (9) (theoretical data are shifted by 85 nm). For the
experimental[Aus(S' BINAP)s(PPh)2]?>* complex, the CD spectrum above 350 nm has two
strong negative bands at 490 and 407 *Ams shown in Figure 3i9c, offsetting the
theoretically predicted peaks us(L2)s(PHs)2]%* (9) by 85 nm leads a reasonable agreement

with the experimental data in the region between 475 and 350 nm wavelength range: theoretical
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negative CD peaks at 553 and 470 nm (before shift)be assiged with experimental peaks at
490 and 407 nm, respectively. Howewie theoretical CD spectrum exhibigsstrong positive
band at 587 nm, whereas the experimental CD signal is negative above 350 nm. This theoretical
positive band occurs due &an excited state at 548 nm, which is very weak in the absorption
spectrum (oscillator strengfh= 0.030) and became strong in CR= 157.52 10 esf cr).

This excited state arises due to electron transitions out of the HOMO to LUMO and HOMO+1
to LUMO+1,so it is not acharge transfestate To check the method and basis set efbedhe
results, the CD spectrum of[Aus(L2)s(PHs)2]?* (9) was recalculated witlthe SAOP/TZP
method.Moreover the sensitivity of the CD speatm to the hydrogen atom pogih in the PH
groups was also testedHowever all obtained CD spectra PAus(L2)3(PHs)2]?* (9) exhibit this
positive bandThus it does not appear to l@echarge transfartifact or amodel functional or
basis set problem. Itocld be related to the replacement of BINAP the model ligand
vibrational effectspr even toexperimental instrument accuracy.

Table 3-3. Optical absorption and CD spectra data for [Aw(L1)3(PHs)2]?* (8) and
[Ausg(L2)3(PHs)2]2* (9) clusters. Method LB94/DZ.fc (in chloroform).

[Aus(L1)s(PHs)2]*" (8) [Aus(L2)3(PHs)2]*" (9)
Abs CD Abs CD
no | peak, nm| no | peak, nm| CD (a.u.) | no | peak, nm| no | peak, nm| CD (a.u.)
1 548 103.39 1 587 118.29
! °30 2 495 117.18 | 265 2 553 128.88
Il 425 3 420 1132.08 | Il 474 -
1] 353 4 352 194.87 | 1l 450 3 470 121772
\Y, 274 5 304 83.14 | IV 371 -
v 346 4 372 1 169.62

Kohni Sham orbitals involved in the excitations with wavelength betweehZB00nm
for the [Aug(L1)3(PHs)2]?* (8) and[Aus(L2)3(PHs)2]?* (9) clusters are representedRigure 3i
11. For the Aug?* gold core, we have 6 electrons with an expected occupation of
1S1P1D%2S% |, where S, P, and D are superatom orbitals thae formedfrom a linear
combination of the valence 6s electrons of the gold atoms. Orbitals between HOMQO
LUMO+17 were considered. In the case[Afis(L1)3(PHs)2]?* (8), the HOMO and HOMG 1
are essentially P superatom orbitdgy(ire 3i 11a). The HOMQ 2 is a mixtureof H s, P s, and
Au d orbitals. Molecular orbital HOMTB is formed by a contribution of B] Ps, andAu s and
d orbitals. Thehighest occupied molecular orbgairom HOMQ 4 to HOMQ'9 are primarily
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Au d orbitals with some contributiafrom interactions between gold and phosphorous atoms.
The LUMO, LUMO+1, LUMO+3 and LUMO+4 orbitals exhibit significant superatom D
character, whereas the LUMO+2 is a P superatom orbital. The other lowest unoccupied
molecular orbitals (between LUMO+5 andJMO+17) arise essentially froreandp atomic
orbitals from thdigandatoms . The HOMOLUMO gap for[Aus(L1)s(PHs)2]?* (8) is 2.06 eV.

Figure 3i 11 Kohni Sham orbitals of A) [Aus(L1)3(PHs)2]?* (8) and B) [Aus(L2)3(PH3)2]%*
(9). Method LB94/DZ.fc (in chloroform).

(a) (b)
0, © § E
e & 1 g o
o © : go £ 2
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side view LUMO+3 top view side view LUMO+a [op V|ew slde view LUMO+3 top view slde view LUMO+4 top view
(-7.329eV) (-6.993 eV) (~7.682 eV) (<7.525 eV)
side view “top viev; ! N :
LUMO#+1 side view LUMO#2 top view side view LUMO+1 top view side view LUMO+2 top view
(~7.955 eV) )‘ (~7.585 eV) (~8.160 eV) . (~7.708 eV)
© . 1 )&&‘
o ; ek ;
side view LUMO top view side view LUMO top view
(<7.956 eV) (-8.167 eV)
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(-11.751 eV) (-12.522 eV) (-11.770 eV) (-11.818 eV)

In the case of the octagold core protected by model ligands that contain double bonds
(i.e. [Aus(L2)3(PHs)2)?* (9)), the HOMO and HOM®O1 are P superatom orbitals as well
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(Figure 3i 11b). The otherighest occupied molecular orbgahre similar to the same orbitals
for [Aus(L1)3(PHs)2]%* (8), but include contributions from @ and” orbitals ofthe L2 model
ligands The LUMO, LUMO+1, and LUMO+2 have D character, whereas the LUMO+3 is a P
superatom orbital. The orbitals LUMO+4 to LUMO+17 are not supertaom orbitals and
essentially arise from a mixture Bfs, Au s andor d orbitals, and/of *orbitals ofthe model
ligands(Figure 3i 11b). The results showed that the first three ban@d8)(df the CD spectrum

of the [Aus(L2)s(PHs)2]* (9) cluster occur because of electronic transitions within the octagold
core framework and from electronic transitions from occupied Ratstto the” *orbitals ofthe

L2 model ligandsTable B). Similar results were obtained for tfu11(L2)4Clo]* (7) system.
TheHOMOIi LUMO gap for[Au11(L2)4Clo]* (7) is 1.97 eV.

Factors influencing chiroptical activity in gold clusteiBhe obtainedesults showed a
reasonable agreement between the simulated absorption and CD spectrai ofirmtta
undecagold clusters protected by model ligands L1 and L2 with experimental data for DIOP and
BINAP stabilized clustersHigure 3i 9). For both octd and undeagold clusters, the CD signals
are much weaker for systems stabilized by L1 ligands (model ligand for DIOP) than for systems
with L2 ligands (model ligand for BINAP). Tsukuda andiworkers observed similar
differences in the intensities of their CD sighd@INAPT protected gold clusters have larger
anisotropy facta than DIOR protected speciefFigure 3i 1).4% 41 In this article, hree main
hypotheses foexplanation ofthe observed differences in tletiroptical activity of thegold
clusterclustersare considered (i) geometrical deformation dhe gold core due to ligatior(ji)
nature of ligandsand(iii) chlorine atom positions the undecagold clusters

Figure 3112 CD spectra of A) Au®* core of clusters [Aui(L1)4Cl2]* (4) and
[Au11(L2)4Cl2]* (5); and B) isolated model ligands L1 and L2.
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First,geometrical deformation @hegold core due to ligation can be a source of the CD
activity. To check the influence of geometrical deformation of the gold core on the intensities of
the CD signals, A" fragments from{Au112X4Clo]* (X = L1, L2) clusterswere isolated and
used for calculation of the CD spectra of the gold cores in chlorofBrguré 3i 12a). To
eliminate the effect of the Cl atom positions on the shape and intensities of the CD spectra of
the gold core, a pair of undecagold clusters withoait identical positions of chlorine atoms
were chosenfAu11(L1)4Clo]* (4) and[Au11(L2)4Clo]* (5). In these clusters, the chlorine atoms
are located in the 4,5 position and the bond angle between these two la@ids{)Cl, where
Au(, is the central gd atom) is 167° in both cases. For clusters with the 5,5 position of
chlorine atoms structure®) and (7), the difference in the angle is more significant: the
I ClAu@Cl angles are equivalent to 121° and 123°, respectively.

The calculated CD spectra dhe Aui** fragment of [Auii(L1)4Cl2]* (4) and
[Au11(L2)4Cl2]" (5) clusters are presented Figure 3i12a. The results showed that the CD
spectrum of the core of the undecagold cluster protected by L2 ligands (ligand with double
bonds) is much stronger thahe CD spectrum of the cluster protected by L1 ligands (single
bonds only). Therefore, we can conclude first that deformation in the gold core under ligation
can be one of the reasons for the origin of chirality in metal clusters protected by chids liga
and second that the ligation of gold clusters by different types of organic molecules initiates
different forms of geometry perturbation in the gold core, which can be a cause of significant
differences in the intensities of the CD signdgy(ire 3i 12a). It is important to notice that the
amplitude of the CD spectrum of an isolated gold core is in the rangé froro 5a.u. This is
~20 times weaker than the CD signals fau11(L2)4Cl2]* (6), which shows that ligands can
contribute dramatically to ghorigin and intensity of the CD spectrum.

Second, thenature of ligandghemselves affects the CD spectrum. The theoretical
results presented above showedtthe presencef double bondsn a ligand could ba reason
for dramatic differencgin the chiroptical activity of organometallic clusie For example,
octagold clustergAus(L1)s(PHs)2]%* (8) and [Aus(L2)s(PHs)2]?* (9) have an identical Ag*
core. The calculated optical absorption and CD spectra for these structures exhibit vary simil
shapesKigure 3i 8). However, both types of spectra for structi@estabilized by ligands with
double bonds are redshifted and the intensities of the CD signals of this ales&onger with
respect tgAus(L1)s(PHs)2]?* (8) (Table 3i 3). Furthermoe, analysis of the orbitals for otta
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and undecagold clusters showed timthe region of the spectra above 350 funthe gold

cores protected by ligands with double bonds (L2¥prbitals of the L2 ligands are actively
involved in electronic transitions, whereas gold clusters protected by L1 model ligands only
exhibit electronic transitions within the gold core framework.

Calculated CD spectra for isolated molecules L1 and L2 in the lgese @re presented
in Figure 3i 12b. The intensity of the CD signals for the L2 molecul@lso much stronger.
Moreover, the first peak for the L2 molecule is detected at 305 nm, whereas for L1 ligands the
first peak is located at 237 nm. Therefore, Latigs should have a stronger effect in ther UV
Vis part of the spectra for gold nanopatrticles.

The third factor to consider is whether the position of tmorine atomin the
undecagold clustersan potentially affect the CD spectra. In the results showthis work,
simulated CD spectra fdiAu11(L1)sCl2]* (4), [Au11(L2)4Clo]* (5), [Au1(L1)4Clo]* (6) and
[Au11(L2)4Cl2]* (7) clusters showed that the position of the chlorine atoms around the
undecagold core does not affect the strength of the circulanodinhsignals dramatically either
in the gas phase or in chloroforidure 3i 7a and 3 7b). The intensities of the CD signals are
very close for the pairfAu11(L1)4Clo]* (4) T [Au11(L1)4Cl2]™ (6) and [Au11(L2)4Clo]* (5) T
[Au11(L2)4Cl2)" (7).

Figure 3i13. A) SiL1 ligands arrangement in the clusters [Au(Si L1)4Cl2]* (4) and (10)
(bidentate ligands were highlighted in different colors, marked gold atoms by green circle
are from bottom layer); B) CD spectra of [Awi(SiL1)4Cl2]* (4) and (10) clusters in gas
phase. Method LB94/DZ.fc.
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Additionally, interesting results eve observedregarding theconnectivity of the
bidentate ligands around the undecagold cdiee geometryof the [Au11(S L1)4Clo]* (4)
cluster was takens abasis foranew structurgdAu11(S L1)4Cl2]" (10). In creating this cluster,

first they Cartesian coordinagfor gas phase structurd)(were multiplied by 71, yielding a
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[Au11(Ri L1)4Clo]* cluster Then theRi L1 ligands in this complex were substituted®y.1 to
form a new clustefAu11(Si L1)4Clo]* (10) (Figure 3i 13a). Subsequentlythe geometry of this
new structure {0) was optimized irthe gas phaseThe obtained structurd Q) is 2.6 kcal/mol
higher in energy than structuré) (n the gas phaseThus,the undecagold core in the complex
[Au11(S L1)4Clo]* (10) has a structureelated tothe core otthe [Au11(Ri L1)4Cl2]™ enantiomer,
but it is stabilized bys L1 ligands.In consequencgehe gold core of clustefAu11(S L1)4Clo]*
(10) is an approximatemirror image of the gold core of clusti&u11(S L1)4Clo]* (4) (Figure

3i 1339). It is well known that he CD spectra of enantiomeric pa{®/S ligands)are mirror
images of each otheln our case we have twadusters 4) and (L0) with S'ligands However,
the calculated CD spectrum of tHAu11(S L1)4Clo]" (10) cluster is a approximatemirror
image of the[Au11(SiL1)4Clo]" (4) cluster in the regiorwith wavelengthsabove 350 nm
(Figure 3i13p). It was shown earlier that CD spectra in the iZ®D nm region for the
undecagoldsystemsprotected by DIOP or L1 model ligands occur due to electroansitions
within the Au:* gold core framework only. So, the CD sigsa this spectral region will be
determind essentially bythe structure of the metal carand the mirror image CD signals can
be correlated to the essentially mirror image cpresent in cluster&) and (L0). We canthus
conclude, thatheligand arrangement can determthe preferredtructural deformations of the
gold core,andthenthe gold core structure defines the intensity anah sifjthe CD spectrum in

the region above350nm.

Conclusion

To contribute toan understanding of therigin of chirality and thedifferences in
chiroptical activity ofgold clusters stabilized by different phosphine ligands, we examined the
optical properties of undecagold (A#) and octaga (Aus®") clusters protected by
bisphosphiniligands of different natureThe chiroptical propertiesof [Au11(BINAP)4Clo]™,
[Au11(DIOPUCLZ]*, [Aus(BINAP)3(PPh);]%*, and [Aug(DIOPX(PPR)2]?>* clusters were
investigated with density functional theory (DFT) and tichependent density functional theory
(TDDFT). To reduce the size ahe calculatedcomplexesthe ligands BINAP and DIOP were
substituted with moddigands: BINAP was simulated byhe L2 ligand (1,4-bisdiphosphine
1,3-butadieng and DIOP was modeled byhe L1 ligand(1,4-bisdiphosphinobutaneModel
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clusters [AuX4Clz]* and[AusXs(PHs)2]?* (X = L1, L2) wereconsidered for simulation of the
experimental systems.

The obtained resultshowed that the shapes of the océamd undecagold cores in the
model clusters are similar to the gold cores of the crystal structures. Theoretical optical
absorption and CD spectra of the model clusters are in good agreement with experimental data.
For bah octd and undecagold clusters, CD signals are much weaker for systems stabilized by
L1 ligands (model ligand for DIOP, which contains only single bonds) than those for systems
with L2 ligands (model ligand for BINAP, which contains double bonds). Tsular co
workers observed similar phenomeifar gold clusters protected by DIOP and BINAP
ligands?® 4! Moreover, the calculated spectra exhibit CD spectral shapes very close to
experimental CD. However, the simulated spectra are redshifted tiy85 nmwith respect to
the empirical data.

Three main hypothesedo explan the different chiroptical activity of the
[Au11(BINAP)4Cl5]*, [Au12(DIOPMCI;]" and [Aw(BINAP)s(PPR)2]?*, [Aus(DIOP)(PPR)2]%*
pairs of clusters were suggested: (i) the flexible nature of the*Agold corecan lead to
deformation insidehte gold core due to ligatidhatcan be a source of thigferentCD activity;

(i) the nature ofthe ligands specifically thepresere of double bondscan be a reasdior the
dramatic difference in the chiroptical activity of organometallic clgsterd (iii) in the case of

the undecagold clusters, chlorine atom positicas also affect the CD intensityhe results
showed that the gold core geometry deformation due to ligation and the nature of ligand play
the most important roles in the chiroptieativity of the gold clustersonsidered in this work.

Additionally, it was shown that connectivity of ligands determirles gold core
structuralgeometriesandthe ligands themselvesainly affect the higkenergy region of the CD
spectra, wherease gold coreitself yields asignificant effect on the shape and sign of the CD

spectra irthe lowenergy regiomwith wavelengthsbove ~350 nm.
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Abstract

Timei dependent density functional theory methods are employed to examine the
evolution of the absorptionnd circular dichroism (CD) spectra of neutral bare silver helical
nanostructures as a function of their geometrical parameters. Calculations of excited states to
determine optical absorption and CD spectra were performed using the SAOP/TZP level of
theory.I n our model |, the geometry of the Agel i cal
bond angl e andAgdihedral anglé. Algeiimuence of different geometrical
structures on the optical absorption and CD spectra were studied for helical asdAxan
Silver nanowires Ag(n = 4, 6, 8, 10, 12) were examined to determine the effect of the helical
chain length on the electronic properties. The results show that when the metal atomic chain
loses planarity, strong CD signals arise; the intensifie¢seoCD peaks for these structures are
strongly affected by the shape and length of the silver nanowires. The theoretically predicted
CD spectra of the nonplanar Agnd Ag model systems show good agreement in spectral
shapes and reasonable agreementpéak locations compared to experimental data for
silveri DNA clusters. However, the thewmretical
show larger differences in the peak locations, which could potentially be caused by effects such

as the presercof DNA and cationic silver atoms in the experimental system.

Introduction
Metal nanoparticlesvith a chiral geometry exhibit unusual optical properties such as a
strong circular dichroism (CD) signal in the visible or near infrared (IR) region, whesaasl
helical molecules such as peptides and DNA show CD response in the (UV) or IR range; this
feature makes DNAnetal nanoparticle hybrids very useful for the creation of new matétials.
3 The most popular methods of synthesis of chiral nanoparticles are based on the assistance of
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biological molecules such as peptides and DNA molec(1@he interaction of immolecules
with metal nanoparticles can produce plasmonic helical metal nanoparticle assemblies, in which
metal clusters are nested on the outside of the biomolecule and arrange in external helical chains
around these peptide or DNA molecuig? " "Gold and silver nanoparticle structures with a
helical arrangement are a very interesting area of research. Theswlassdiave potential
applications inphotonicsand as optical polarizers, sensors, catalytts,The CD spectra for
these synthetic chiral plasmonic gold, silver, and gold/silver pégtidad DNA based® ™
nanostructures show a bisignate shape. The theoretical investigation of these structures
demonstrates that helix pitch, helix radius, nanopatrticle size, interparticle distance, composition
of a cluster, and the mber of metal particles in a helix chain can have an effect on the optical
properties of these structures’s 17884

Another very interesting type of @i biomolecule clusters are DNstabilized metal
clusters (M:DNA, where M = Au and Ag), where a few to tens of metals atoms are located
inside the DNA molecule, between two polynucleotisteands’®®® These DNAtemplated
noble metal clusters are a fluorescent species. In particular, Ag:DNAs nanoclusters have an
extremely wide rangef emission color:8* Experimental studié$ 88 have shown that the
fluorescent Ag:DNA clusters contain less than 20 silver atoms, but some metal clusters can
produce bth dark and fluorescent active DMNsabilized complexes.Knowledge of what
factors determine the colors of Ag:DNA complexes is significant for strategic development of
sensing and signaling schem&shultz and ceworker$! used negative ion, high resolution
mass spectrometry of compositionally pure solutions to idertdystlver cluster charge)
and total number of silver atomblyy) in fluorescent Ag:DNAs. Furthermore, those authors
showedthat silver nanoparticles in the DNAstabilized clusters have a rHile shape (not
spherical or planar)According to their esults, Ag:DNA clusters exhibit charges froQu
=[] 6e tol113e withNag = 10 to 24 silver atoms in each clusteraddition the dependence of
the excitation and emission wavelength on the number of neutral silver atoms provided
evidence that the cluststructure of Ag:DNA complexes is regzhape(a neutral, rodike chain
of silver atoms surrounded by a bdmmnded Ag [1frame, such as the pictures showrFigure
1). The length of the neutral, rdike chain in the system appears to be the major controhéo
color of Ag:DNA.
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Figure 4i 1. Examples of the Ag:DNA structures. Rodlike, neutral clusters (gray) are

shown attached to DNA bases via peripheral A@D(blue) in tetramer (b) and trimer (c)
arrangements.

* Adapted with permission from Réf. (Copyright 2013 Wiley Online Library)

Copp and cavorkers tha extended this work by focusing on how the determination of
magic numbers in Ag:DNA fluorescent clusters leads to "magic cdibis'.adlition, they
performed molecular dynamics calculations to simulate the structure of these complexes.

Figure 4i 2. Peak fluorescence wavelength histogram for Ag:DNAs.
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*Reproduced from Ref®. (Copyright 2014 American Chemical Society)
They found that the color combinations of Ag:DNA clusters with even numbers of newteal sil
atoms are different from magic numbers for spherical clusters: for -Etblilized silver

clusters, the magic numbers of neutral Ag atoms are 4 amdg6ré 4i2), not 2 and 8 as

predicted by the spherical s up eerwavelengtl is mo d e |

dependent on neutr al silver atom number .

implications for the palette available to colorimetric assays and could be exploited in sensing

applications where transitions between green and red emcdssters act as signals for desired

processes. Molecular dynamics simulations using AMBER showed that Ag:DNA complexes

may exhibit curved shapes due to Coulomb interactions, and addition or subtraction of silver

ions near the neutral silver chain can nfipthe cluster shape.
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The chiral structures of DNAtabilized fluorescent silver clusters have also been
studied by using the experimental CD and optical absorption spectroscopy and a theoretical
time-dependent density functional theory (TDDFT) approdch this work, neutral and
cationic structures AgDNAs (n = 41 12) were considered. For all these structures the CD
spectra exhibit a lovenergy positive peak and a highly anisotropic negative dichroic peak.
Experimental and theoretical results are in good agreement.

In this work, we used timdependent density functial theory to examine the evolution
of the absorption and circular dichroism spectra with geometrical parameters such as bond and
dihedral angles for neutral silver nanowires of helical shape. When a metal atomic chain loses a
planar structure and formshelical structure, strong CD signals arise. The intensity of the CD

peaks for these structures are strongly affected by the shape of the helix.

Computational Method

We investigated the electronic structure, optical absorption, and circular dichroism
spedra of neutral planar (curved) and nonplanar (helical) silver wires(\g 4, 6, 8, 10, 12).

The nonplanar silver chains complete a full turn around a cylindrical surface only with certain
di hedr al (AgimT Ag1T AgT1 Ag) and bond cadhg foAleT Ag)
definition of a helix!®® a curve is a cylindrical helix if and only if the ratio of torsion antgl
curvature is constant. Thus, in the present paper all modeled nonplanar silver wires will be
called helices or helical structures because they completely satisfy these conditions,
notwithstanding that some of them do not show a full helical turn.

For systems with eight silver atoms in the chain, we considered planar and helical Ag8
structures with different combinations of dilf
Ags, Ags, AQio, and Agohave been considered onl ybomdi th 17
angles and a dihedral Aggr Agi Ag angle of 10°. In this paper, structures are denot&] B
where B is the AgAgT Ag bond angle and D is the A§gi Agi Ag dihedral angle. The AgA\g
bond length is constant for all calculations and is set equal #&-Zs2ometries of these model
structures were not optimized because without ligands the curved structure is not a local
minimum. The coordinates of the model structures are presentedAppkeadix B.

The calculated optical absorption spectra for the planar and helical silver chains

considered show that the first three peaks are very sensitive to the geometrical parameters of the
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structure, whereas the higimergy region is not significantly affected tlyanging the geometry
of the systemsThus, our investigation will be primarily focused on the first three peaks in the
low energy region of spectra.
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Results andDiscussion

Planar Structures

To show how bond angle changes affect the optical properties of silver nanowires, we
first calculated absorption and circular dichroism spectra for a linear chain oSibgintatoms
and compared results with data for other planar sugictures. These structures are constructed
by decreasing the Agi Agi Ag bond angle in the
di hedr al angl e AgTmT Ag1 AgHiglhkg4iduas kept constant

Figure 4i 3. Structures of planar Ags with bond angles 180, 170, 160, 150 and 140 and
their absorption spectra
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The excitation spectra of neutral and charged linear atomic silver and gold lchais
been studied by Guidez and Aikens using the SAOP/DZ and BP86/DZ levels of ¥feory
These linear clusters exhibit two strong peaks: a longitudinal peak which is located in-the low
enegy region of the spectrum and arises from the highest occupied molecular orbital to lowest
unoccupied molecular orbital ( HOMOT LUMO) trar
in the highenergy region of the spectrufff In the current research, the calculated optical

absorption spectrum for the line&ys structure 180-0 shows the same characteristics as
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described iref.!8% In the low energy region, the extinction spectrum has one narrow and strong
(longitudinal) peak at 1.45 eV with an oscillator strengtli=df61. This peak arises primarily
from the HOMO to LUMO electronic transitiofriQure 4i 4), where the HOMOLUMO gap is

0.63 eV.

Figure 4i 4. Kohn-Sham orbitals for linear structure 1800 and planar structure 1400
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Absorption spectra for planar structures W
exhibit two peaks, whereas the spectrum for the system with 140° angles has three relatively
strong peaks. The loweshergy peak shifts to the red and loses intensity as the bond angle
becomes smaller. This peak is located at 1.44 (f = 1.87), 1.42 (f = 1.39), E3B7A¥), and
0.99 (f = 0.14) eV for the structures with 170°, 160°, 150°, and 140°, respectively. The
transition responsible for it digurerddy godhisd s t
is the same as for the linear chain. For structures with arigl@°, 160°, and 150°, the
HOMOT LUMO gaps are 0.54 eV, whereas the gap f
ev.

A second peak appears for structut@€-0, 160-0, 150-0, and140-0 and is located at
241 (f = 0.13), 2.41 (f = 0.61), 2.40 (f = 1.09nd 2.44 eV (f = 1.10), respectively. In
comparison with the first peak, this second one does not shift significantly in energy, and it
grows dramatically with decreasing bond angl e

HOMOT 1Y LUMO t r a arsforbiddenrransitions foi tlee inear wire that become
allowed with the loss of linearity. A third peak at 2.97 eV (f = 0.43) can be observed for the

system with AgimT Agi Ag angles of 140A. El ectro
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LUMO+1, HOMO¥2 LUM®d HOMOT2Y LUMO. Overall,

exhibit 21713 strong peaks that are very sensi:t

changing of the bond angle.
Circular dichroism spectra have been calculated for all planar strucAsesxpected,

the CD signals for the planar structures are zero.

Helix Structures

Dihedral Angle 10°The first helical structures that we consider in this work are systems
with a dihedral angle of 10° and different bond angles. Helical structures azonseucted
with bond angles less than 140°, which is impossible with planar structures because a cyclic
cluster is generated at 135°. Nonetheless, we still need to control the distance between loops
(pitch), which cannot be less than the length of thedobetween silver atoms in the chain (2.7
AY. In the system with a dihedral angle of 10°, the minimal possible bond angle is 130°.
Therefore, we consider helices with a dihedral angle of 10° and bond angles 0fl807Q°,
150°, 140°, and 130°, denotel’(-10, 16010, 15010, 14010 and 13010, respectively
(Figure 4i 5).

Figure 4i 5. Structures, absorption spectra, and CD spectra dfielical Ags with a dihedral
angle of 10 and bond angles from 170to 130
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The calculated absorption spectra 16f0-10, 160-10, 15010, and 140-10 look like
absorption spectra for the planar analogs: structures with bond angles equivalent to 170°, 160°,
and 150° show two peaks, and the system with angle 140° has three Tedalks.4i 1 and
Table 41 show the energies of these peaks, as well as absorption and circular dichroism

spectral data including oscillator strength, molar ellipticity, and rotatory strength.
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Table 4-1. Optical absorption and CD spectral data of Ag nanowires: peak energy (E,

eV), oscillator strength ), molar ellipticity ([Q]Q0°, deg@m?@molel), and rotatory
strength (Rm, 10%° est? @m?)

First peak Second peak Third peak
E.ev| f |[QA0°| R |E,evV| f |[Q@05| Rm |E,ev| f |[QA0°| Rm
17010 | 1.44 | 1.88| 0.35 844 | 241 |0.12| -0.97 -92.53 | 3.00 | 0.007 0.2 15.2
16010 | 1.42 | 142 120 | 296.2| 241 | 0.58| -3.28 | -440.28| 3.02 | 0.009 0.9 66.3
15010 | 1.38 | 0.82| 2.07 |5255| 240 |1.02| -5.46 |-803.28| 3.04 | 0.07 1.7 146.8
14010 | 1.22 | 0.29| 2.23 | 636.9| 240 | 1.06| -6.14 | -899.24| 3.03 | 0.35 1.9 168.9

For structurel70-10, the absorption spectrum exhibits the strong first peak at 1.44 eV
and a very weak second peak at 2.41 eV with oscillator strengths of 1.88 and 0.12, respectively
(Table 4i 1). The first peak is predicted to arise primarily from transitions out of the HOMO
into the LUMO (with a contribution to the transition dipole moment of 7.671). The second peak
is composed of several transitions 1in®luding
with contributions to the transition dipole moment of 1.000 and 0.657, respectively.

When the AgT AgT1l Ag an §60H), thesintensigydofiticeetvab firsto 1 6 0
peaks changes with respect to thos&#¥10. We can observe a redshift of 0.02 eV the first
peak. The oscillator strength for the first peak decreased slightly, whereas the intensity of the
second peak increased By times. Transitions that are responsible for these peaks are the same
as in170-10, but contributions to the transitiadipole moment changed. For the first peak, the
contribution arising from HOMO Y LUMO decrea
second peak, contributions of the HOMO Y LUWN
increased and are equivalent to 2.263 and6l A&Spectively.

The optical absorption spectrum of struct@&#-10 shows that the first peak is located
at 1.38 eV and the second at 2.40 eV. The first peak has become smaller with resp@a0o
and the oscillator strength decreased®yimes Table 4 1). The contribution to the transition
di pol e moment from the HOMO Y LUMO transitiorl
continues to become stronger and the oscillator strength increag@stinyes with respect to
16010 (Figure 4i5). Thesecod peak i s a composition of trans
HOMOT 1 Y LUMO. Contributions to the transit.i
respectively.
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For structurel40-10, the first peak is very weak, with an oscillator strength of only 0.29,
which is cecreased biR times with respect t©50-10. This peak also redshifts by 0.16 eV with
respect tal50-10. The oscillator strength of the second peak has grown to 1.06, which is not
greatly different tharf for the 150-10 structure. The transitions that axesponsible for these
The tansitionsthatare responsible for these peaks are the sameths structure witha bond
angleof 150 . The third peak at 3.00 eV, which was very weak in previous helical structures,
becomes strongerf50.35) in 14010 (Table 4i1). This peak arises from thelOMO -
LUMO+2,HOMO-2- LUMO, andHOMO-1- LUMO+1 transitions

Circular dichroism spectra were calculated for1a0-10, 160-10, 150-10, and 140-10
structures by the TDDFT methoBigure 4i 5). The CD signals arise from tlsame transitions
as those seen in the UVivis absorption spect
intensities of the CD signals i ncl70l@>=s16€d wi t h
10 > 150-10 > 140-10) (Table 4i 1, Figure 4i5). In cortrast, the optical absorption spectra
exhibit the opposite tendency, and the inten
bond angle decreasek/(-10> 16010>15010>140100 . The values of mol a
for the first peak ar6.3500°, 1.2A0°, 2.1, and2.220° deg-cnt-dmol *for 170-10, 160-10,
15010, and 14010, respectively. Therefore, structurE70-10 shows the strongest first
absorption peak and very weak response in the CD spectrum, whereas si4@tlOdas the
smallest first absorption peak and the strongest peak in the CD spectrum. The first CD peak
arises from the HOMO Y LUMO transition and h
which increases with decr easimlg0® Pabledil) €heAg1 Ag
second CD peak has a negative rotatory strength for all structures. The intensities of this peak in
the optical absorption and CD spectr a7 ncr ea:
10< 160-10< 15010< 14010). Themolark | i pti ci ti es [ U]-09Q@, -t he s ¢
3.320°, -5.500°, and -6.10C¢° degon?@mole! for 17010, 160-10, 150-10, and 140-10,
respectively. In addition, this peak is much stronger than the Tiadtl€ 4i 1). The third peak,
which is not noticeable in the absorption spectrum, appears with strong positive rotatory
strength in the CD spectrum for structut&®-10 and140-10. The molar ellipticitie§ Q] of this
peakare 1.7A0° and 1.940° degon?@mole?! for 150-10 and 140-10. The third peak appears
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from the HOMO -

LUMO+2, HOMO-2-

LUMO, andHOMO-1 -

LUMO+1

transitions

Overall, he molarellipticity and rotatory strengtimcrease in the orddf70 <160 <150 <140 .

Table 4-2. Spectral data of structure 13010 peak energy (eV), oscillator strengthf],
molar ellipticity ([Q]Q0°, degom?@mole?), and rotatory strength (Rm, 10%° est? @m?).

Absorption spectra Circular Dichroism specr
# Peak E, eV . —
Intensity f [Q]@0° Rm
1 1.60 0.17 0.03 -0.2 -15.78
2 1.95 0.52 0.08 2.1 -199.96
3 2.18 1.28 0.29 2.1 -388.62
4 2.76 1.51 0.24 0.9 30.45
5 2.85 1.70 0.31 1.1 77.84
6 3.06 1.41 0.30 1.1 37.98

Figure 41 6. Absorption and CD spectra ofhelical Ags (structure 130-10)
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Figure 4i 7. Kohn-Sham orbitals for helical structures 14010 and 13010
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The 130-10 spectrum appears qualitatively different than the othague 41 6). This

spectrum is less intense and blueshifted, and a great number of transitions happen ir the high
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energy region (>4.5 eV). The HOMO Y LibMO tr al
peak in structured70-10, 160-10, 15010, and 140-10, disappeared. Instead, the absorption
spectrum and CD spectrum show a weak peak at 1.60 eV, which is composed primarily of
HOMOT 2 Y LUMO and HOMO Y LUMO+2 transdiati ons.
1.95 and 2.18 eV, and their oscillator strengths are 0.08 and 0.29, respedialdly 4 2).

These two peaks are responsible for the negative peak in the CD spectrum. These two peaks

arise from the same transitions: HOMQ@I I¥ Y LI
LUMO+1, and HOMO Y LUMO +3. The next positiyv
peaks at 2. 76, 2.85, and 3. 0BbBUME@+H,, HOMO+4 ch ar i

LUMO+2, HOMO-1 - LUMO+1, and HOMQO2 - LUMO transitions. This dramatic
difference in the opticgdroperties of structur#30-10 and those of the corresponding structures
with bond angles 140150, 160 and 170 can be attributed to a different electronic structure.
A helix with dihedral and bond angles of ldanhd 130 has a very compact structure: the pitch is
almost equivalent to a metal bond length of &, 7which leads to the overlap of some of the
silver orbitals Figure 4i 7). The HOMOLUMO orbitals are very close to each other in the
130-10structure; the HOM@.UMO gap is equivalent to 0.03 eV.

Di hedr al A n Goluedsrstahdhbw theOvAlue of the dihedral angle affects the

optical properties of silver helices, we cons
angles from 20A to GDAgahdndl hngloasi bTke Ami ¢
which we considered are Agil AgiAg = 130A for
Agi Ag = 120A for structures with a dihedral

with dihedr al Thesyuctersswihfsmalld Bond adgledare very compact and
have different electronic structures; the absorption andsfHatra of these systems are weak
and look qualitatively different from the spectra with larger bond angle#\(sgendix B).

The optia | absorption spectra for the systems
shape that is similar to that of the spectra of the systems with dihedral angles of 10° considered
above. Our results show that the geometrical structure of the helix has ttyestreffect on the
location and intensity of the first peak in the spectrum. As shovamire 4i 8, all considered
structures with a bond angle of 170° exhibit a first peak with almost the same energy near
1.44171. 46 eV. T he o0 s ctruttdres tinorease sas thee dilpdrad angleo f t
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increases, and the difference between the excitation energy for strdcdv&8and170-70 is

0.14 eV. Further decreasing of the bond angle in our systems shifts the first peak to the red
region, and the oscillat strength decreases significantly. The dihedral angle of the helix
structure also has an effect on the first absorption peak: therevgy peak shifts to the blue

and increases intensity as the dihedral angle becomes |aigere(4i 8).

Figure 4i8. The effect of AgAg-Ag bond angle on the peak location and oscillator
strength of the first three peaks of the absorption spectra for silver helixes with dihedral

angles 10> 70°
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The energy of the second atidrd peaks is not significantly dependent on the dihedral
angle of the silver helical structure, whereas the oscillator strength dramatically changes as this
Agt AgT1mT AgrT Ag
location and intensity of these peaks. For structures with a bond angle of less than 150°, the

angle increases. I n contrast to
second and third peaks shifted to the red for all dihedral angles.
The intensity of the second peak decreased as the dihedral angle became larger, and for

the helixwith a dihedral angle of 70°, the second peak disappeared. The oscillator strength for

the second peak as a function of the bond a
dihedral angles; after 150°, the intensity of the peak decreases substantialystems with
the strongest third peak are structui@8-20, 130-30, and 130-40 with a bond angle of 130°
and di hedral angles of 20AT 40A, Amendix B). he o0sc

Further increasing of the dihedral angle and the isongaof the bond angle make the third

peak less intense.
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Thus, calculated absorption spectra for all considered structivigsird 4i 8)
demonstrate interesting dependenadrghe values of bond and dihedral angles. The first peak
is the most sensitive tihe changes of these parameters; the bond and dihedral angles strongly
affect the peak location and intensity. Decreasing of the bond angle from 170° to 110° and
dihedral angle from 70° to 10° gives us a shift of the first peak to the red region. Tisitynten
of the first peak decreases with decreasing bond and dihedral angles. The second and third peak
locations are not sensitive to the changes in the dihedral angle, whereas the decreasing of the
bond angles from 170° to 110° redshifts them. The secaadiptensity increased dramatically
with decreasing dihedral angle from 70° to 10°, whereas decreasing the bond angle from 170° to
140° gives the maximum increase of the peak intensity, but further changes in this angle from
140° to 110° show a loss of tisecond peak strength. Oscillator strength values of the second
peak for extreme cases with bond angles 170° and 110° are around zero. For all structures with
dihedral angle 70°, the second peak is very weak and the oscillator strength does not exceed a
value of 0.009; therefore, it is almost not noticeable in the absorption spectra. The third peak
strength is almost the same for structures w
with angles of 50°, 60°, and 70°, the intensity decreased (oscillat st r engt h decr e a:
20A &4 30A & 40A > 50A > 60A > 70A). The infl
peak is also shown iRigure 4i 8. This peak becomes stronger with decreasing bond angles
from 170° to 130°; after 130°, the absdoptintensity decreased.

Figure 47 9. The effect of AgAg-Ag bond angle on the first three peaks of the CD spectra
for silver helixes with dihedral angles 10- 70
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The dependence of the first three peakthefCD spectra on the bond angle for helical
structures with dihedral angles from 10° to 70° is present&tgure 4i 9. These results show
that both the dihedral and bond angles affect the intensity of these peaks. The results for the first
CD peak show that the molar ellipticity as a function of the bond angle reaches a maximum for
which the location and intensity is flifent for each dihedral angle. For extreme cases such as

structures with dihedral angles of 10° and 70°, the intensities of the first peak are similar to each
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other and weaker with respect to systems with other dihedral angle values. The helical
structure with dihedral angles of 10° and 70° exhibit a maximum of the first peak with bond
angles of 140° and 120°, respectively. We observe the most intense signal for the first peak for

the helix structures with dihedral angles of 30° and 40° with a bond ahdk0°; the molar

ellipticity for these structuresis equivalent® . 4 1 105 d eRigure4nd.Eatatio!| 7 1 (
considered structures, this first peak arises

Unlike the absorption spectra, which indicate the absenctheofsecond peak for
structures with a dihedral angle of 70° (the oscillator strength of this peak is around zero, see
Appendix B and Figure 4i8), the CD spectra detect the second peak for all calculated
structures. The second CD peak has a negative mptstieength for all calculated structures
with dihedral angles of 10AT50A, whereas for
bond angles less than 130°, this peak has a positive sign. The CD spectra achieve a maximum
absolute value of molar gfliicity as a function of the bond angle at 14®ig(re 4i9);
furthermore, the most intense second peak is obtained for structv®0, and the molar
el lipticity for SdtegiZed mebdEleitroni tramsitibns torahis pelak arfeA 1 0
HOMOT 1 Y LUMO and HOMO Y LUMO+1.

The third peak arises from HOMO Y LUMO+2,
Y LUMO+1 transitions. This peak changes from
decreasing of the bond angle for structures with dihedral anglesOoA T 4 0 A ; for syst
larger values of the dihedral angle, the third peak has only negative amplitude. The strongest
positive third peak is observed for structd®s0-20, wi t h t he value of the
for this structure corresponding 0. 6 & dy At TThe most negative values of this peak
were obtained for structures with a dihedral angle of 50° and a bond angle of 120°, and the
molar ellipticity values for structurel20-50 ar e equal SdegAdmgR2A&10
respectively.

Thus,the geometrical structure of the helix has the strongest effect on the location and
intensity of the first peak. Decreasing the bond angle shifts the first peak to the red and the
intensity of the absorption peak decreases. The energies of the secahdchpdaks are not
significantly dependent on the dihedral angle of the silver helical structure, whereas the

oscillator strength dramatically changes.
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In addition, these results show that CD spectra are significantly dependent on the
geometry of the clusr. The first peak has positive rotatory strength for all structures. The
molar ellipticity as a function of the bond angle reaches a maximum for which the location and
intensity is different for each dihedral angle. Extreme structures with dihedra$ arfidlé° and
70° have the weakest intensities with respect to systems with other dihedral angles, whereas the
helices with Agi Ag1mT Agi Ag angl es of 70A show
absorption spectra. The oscillator strength of the first pkskeased evenly with decreasing
values of bond and dihedral angles and has a maximum of intensity for strli¢ture,
whereas the rotatory strength for this structure is the smallest; therefore, it has poor CD
response. The second peak has a negatiatorg strength for all structures except clusters with
dihedral angles of 60° and 70° (peak changes from negative sign to positive with decreasing
bond angle). The magnitude of the third peak also changes sign from positive to negative with
increasing bod angle for systems with dihedral angles less than 40°. Thus, experimentally
measured CBpectra can provide information about the geometries of helical silver nanowires.

Helical silver chains Ag(n = 4, 6, 8, 10 and 12)The number o&ilver atoms in a helix
chain can significantly affect the optical properties of these nanoparticles. In order tohstudy
length dependence of the optical absorption and CD of these nanowires, TDDFT calculations
have also been performed on/Ag = 4, 6, 8, 10, 12) clusters with 170° and 160%AagrAg
bond angles, 2.7 A bond length, and a dihedralMygAg-Ag angle of 10° Furthermore, the
results of calculations for nonplanar helical systems were compared with experimental data for
DNA-stabilizedsilver clusters in the several atom size ratige.

As shown inFigure 4i 10, absorption spectra for helical systemgs, Ags, and Ag
show only one strong peak at 2.19, 1.72, and 1.44 eV, respectively, whereas longer systems
exhibit two strong peaks (1.24 and 2.12 eV in the case ofakgl 1.09 and 1.89 eV for Ag).

As the nunber of silver atoms in the chain increases, the excitation spectrum redshifts.

Circular dichroism spectraFigure 4i 10) also become stronger and redshift as the
particle size increases. The strongest spectrum is observed:fpaAg the weakest is obseds
for Ags. All systems exhibit a strong positive first peak. As described above, this peak arises
from the HOMOT LUMO orbital transitionAgaiThe HC
> Ags > Ags > Agio > Agi2 and is equivalent to 1.01, 0.70, 0.54, 0.43¢d &h37 eV,

respectively. The second peak has a negative sign and appears with strong rotatory strength in
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the CD spectrum for structurésys, Ags, Agio andAgi2. As discussed for Ag this peak arises
from the HOMO Y LUMO +1 and Hatha@ifabidden farU MO t
perfectly linear wires. For the smallest system,Algis peak is present in the absorption spectra
at 3.59 eV; however, the calculated CD spectrum does not show anything in this area. The third
CD peak is located in the highenerg region, has a negative rotatory strength for helices Ag
and Ag, and arises from the same transitions as
HOMOT 1 Y LUMO). At the s amégstAgioardAgi) dxiebitd ar ge s
third peak with positiveisgn. Thi s peak arises from transit.i
Y LUMO, and HOMOT 1 Y LUMO +1 for all these st
160°, the first absorption peak for all considered structures loses intensity, whereas the second
and the thid peaks become strongé&idure 41 10). The peaks of these structures arise from the
same electronic transitions described for structures with bond angles of 170°. The CD spectra
for structures with the bond angles of 160° have similar shape and peadnieeet spectra for
systems with bond angles of 170°, whereas the CD intensities of the peaks rise rapidly. This
study of the length dependence of the optical absorption and CD spectra in the bare silver
helical chains Agn (n =4, 6, 8, 10 and 12) shoves #s the number of silver atoms in the chain
increases, the spectrum redshifts and peak intensities become stronger.

To investigate how our model can correctly reproduce chiroptical properties of real
DNA-stabilized silver clusters, we performed a compagaanalysis with experimental data.
Swasey and cworkers investigated chiral electronic transitionsfluorescent silver clusters
stabilized by DNA by bsorption and CD spectroscopyThey considered four different species
(S17 S4) o-DNApwithrbetwegrgdhaind 12 neutral silver atoms in the systablé 4
3, Figure 4i 11).

The experimental results of samples that can contain 12 (S1), 6 (S2, S3) or 4 (S4) neutral
silver atoms Table 4i 3) can be compared with TDDFdalculated absorption and CD spectra
for Ags, Age and Ago helical systems. For the system with 6 silver atoms, the theoretical and
experimental CD spectra exhibit a similar spectral shape. With respect to both S2 and S3
experimental samples, the first positive calculated peak isshifled by about 0.3 eV, aritle
second negative theoretical peak is-sbdted by 0.36 or 0.15 eV. The third CD peak is
blueshifted by 0.15 eV in comparison with the S2 sample andhi&#d by 0.08 eV with

respect to the S3 sample. Overall, these values are within the rangécaf ZDDFT error. It
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should also be emphasized that the theoretical calculations do not include effects such as the
presence of DNA bases, so the overall agreement is quite good.

Table 4-3. Experimental energes of CD peaks and TDDFT data for related structures

Experimental datk TDDFT
System S1 S2 S3 S4 Aga Ads Agi2
# Ag® atoms 12 6 6or7 4 4 6 12
15 peak 1.76eV | 209eV | 207eV | 254eV | 219eV | 1.72eV | 1.06 eV
2" peak 3.16eV | 3.19eV | 298eV | 3.29eV T 2.83eV | 1.88eV
39 peak 3.42eV | 355eV | 3.32eV | 3.68eV | 3.77eV | 3.40eV | 249eV

Figure 41 10. TDDFT optical absorption (upper pictures) and circular dichroism spectra
(lower pictures) for Agn (n =4, 6, 8, 10, 12) with 170° and 160° Adg-Ag bond angles and
10° Ag-Ag-Ag-Ag dihedral angles.
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Figure 4i11. Experimental CD spectra ¢ seven Gaussian peaks for A) $SB) S2,C) S3
(aqueous solution) and) S4 (50% MeOH) and calculated CD spectra foE) Agiz, F) Age
and G) Ags helical clusters (PanelsAi D: Reprinted from Reference 918 Copyright 2014
American Chemical Society)
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TDDFT calculations for the Agcluster show that the first peak is relifted by about
0.3 eV and the second one is absent in comparison to the S4 experimental Sgblerdi (3).
However, the third calculated negative CD peak of thestwicture is shifted to the red by only
0.11 eVwith respect to the S4 sample.

The experimental data for Agwas decomposed to three CD peaks below 3.5 eV, with
the second and third loweshergy peaks only 0.26 eV apart.25 The second and third peaks fit
within the same negative CD peak envelope. Tdleutated absorption and CD spectra of the
Agi2 helical structure are very reghifted with respect to experimental data for sample S1; for
the first and second peaks this redshift is about 0.7 and 1.4 eV, respectively. A third peak with a
negative rotator strength is not present in the theoretical spectrum for this system; instead, the
third theoretical peak has a positive sign. Thus, the theoretical and experimental results for the

longest structure, Ag, show large differences in the peak locationshigher level of theory
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could be needed for this longer chain. Alternatively, the differences could be caused by effects
such as the presenoé DNA and cationic silver atoms in the experimental system; additional
understanding of the interactions will beedled in order to yield close thebexperiment
agreement for long silver chains. Nonetheless, calculations of the small bare clusters show
reasonable agreement in spectral shapes and in peak locations (within typical TDDFT error) for
theoreticallypredicted CD spectra of model systems with experimental data forT Skéx
clusters’® Overall, the results presented here show that the -Bfsdbilized silver clusters can

have ahelicatchain shape.

Conclusions

TDDFT methods were employed for examination of the evolution of the absorption and
circular dichroism spectra asfanction of changing geometrical parameters such as bond and
dihedral angles for silver nanowires of helical shape. Moreover, the effect of the length of the
silver atom chain on the optical properties of neutral bare silver helical nanostructures was also
investigated.

The influence of geometrical structures on the optical absorption and CD spectra were
studied for planar and helical Agsing the SAOP/TZP level of theory. Planar clusters show
zero circular dichroism signals. Their absorption spectra éxhitee different intensity peaks,
which are very sensitive to changing the bond angle. For all helical structures, the optical
absorption spectra have a shape similar to that of the spectra of planar clusters. The first
absorption peak arises from the MO-to-LUMO orbital transition for all considered
structures. The second peak for structukgs Ags, Agio and Agi2 corresponds to the HOMO
Y LUMO+1 and HOMOT1 Y LUMO transitions, whicl
and became allowed with the $osf linearity. For the Agcluster, this second peak, which is
present in the absorption spectrum, is absent in the CD spectrum. The third CD peak has a
negative rotatory strength for helicess2and Ag, and arises from the same transitions as the
secondpeak. For Agwith n > 6, the circular dichroism spectrum exhibits a third peak that has a
positive sign and arises from transitions HC
HOMOT1 Y LUMO+1.

The investigation of the geometrical structure of the helix showsgt@netry has a
strong effect on the location and intensity of the peaks in the spectrum. Furthermore, for these
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helical structures we obtained strong circular dichroism spectra. The geometry of the helix has a
great influence on the intensity and shap&hefCD spectra. The sign of the first peak is always
positive, whereas the second and third peak can change sign depending upon the dihedral and
bond angles of the structure. Particular combinations of these angles can yield structures with
more or lessritense first, second, or third peaks, which can be very useful for constructing new
materials with customized optical properties.

The effect of the number of silver atoms in a helix chain on the electronic properties has
been investigated for Agn (n =@, 8, 10, 12) clusters. This study of the length dependence of
the optical absorption and CD spectra in the bare silver helical chains shows that as the number
of silver atoms in the chain increases, the spectrum redshifts and peak intensities become
strorger. For small clusters, the calculated data are in reasonable agreement with experimental
data for DNA stabilized silver cluster¥. For long silver chains, some differences in the
theoretical and experimental results could be ahbyeeffects such as the presence of DNA and
cationic silver atoms in the experimental system, and additiandkerstanding of these
interactions wil |l be needed in order to yie

structures.
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Abstract

Magnetic circular dichroism (MCD) spectroscopy is a source of important data about the
electronic structure and optical properties of different chemical systems. Theoretical simulation
of the MCD spectra can be used to assist in the understanding ofcathypmeasured MCD
spectra.ln the present paper,theoretical investigationf electronicand optical propertiesfo
phosphineprotected gold clustemwith a Aug** core with D2n symmetry was performed with
time-dependent density functional theory. Tihuence of ligands on theptical propertie®f
the goldencorewasinvestigatedSimulations of the gtical absorption antMCD spectra were
performed for e bare gold Aug®* cluster as well as foligand protectedAug(PHs)s®* and
Aug(PPh)s®* speciesMCD spectra were calculated a temperature of 298 K araimagnetic
field of 7 T. A comparative analysis of theoretical and experimental data was also performed.
The obtained results show that the theoretically simulated MCD spectrum faugd{iPhs)s>*
ion in gas phase exhibits a reasonable agreement with experimental results for the
[Aug(PPhs)s](NO3)s system, although with a redshift of up to @%™. Overall, MCD provides
significant additionatetailsaboutthe electronic structuref the consideredsystens compared
to the absorption spectra

Introduction

Magnetic circular dichroism (MCD) spectroscopy is an important technique for
investigation of the electronic structure and optical properties of different chemical systems.
This type of spectroscgpyields more detailed informatiothan a U\fVis absorption spectrum,
which is usually poorly resolved and often tends to appear very similar for different

complexeS+% It is well known that in the case of natural circular dichroism (CD) spectroscopy
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the investigated species need to be optically active to obtartralpsignal and provide
information about electronic structure, whereas the MCD signal does not depend on the optical
activity of the sample and arises due to interaction of the electronic levels with the magnetic
field. This fact makes MCD spectroscopydely applicable. MCD spectroscopy has been
applied to different groups of organic and inorganic molecules, metal complexes, and biological
systems for characterization of metal sites in biological moleét@s3!: 996, 101103

MCDs pectriosschoapsyed on the measur emeettwedn t he
Il eft and right ciwhcuwelhadisgegpgol arithed slaimpht, by
fierdented parallel to tAeTHWeér MCDi sngofl |l cght
positive or negative. The obtained MCD spectr

the ground or excited statepropertwekb at the

mol edlleee are three main sources dfhifeBILiDd i nt e
Cterlfhs. 'Paclf® of these terms correg¢rpogniide t o di
The nomenABan@treer nosf was i ntroddtiendattey mSalbérs eis
when the molecule of i nter ptshti sc odnei ghernoekr sadceyg e n
t he magnetwihdestith ed ddies hiap@ehsédbdgen al i n t h'TIMED s pe
Bterm arises becausasefd Hidye | miexi mg yTme s ¢ &t éne |

corresponds to ndepeneéenpte r,MCadn & ndemsbey exhib
SysteEmdt ecaman beipredhentMCD si gnade geomre rsaytset egirsc
state. This |l ast termebsetempaomtimargihed &% ce sdert

Figure 5i 1.0rigin of A, B and C terms in MCD spectra. Right circularly polarized (rcp)
and left circularly polarized (Icp) light are shown with blue and green arrows,
respectively.
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useful i nformati on.

W. R. Mason and davorkers® applied MCD spectroscopy to investigate the electronic
structure of different metal complexes with inorganic and organic lggafal example, metal
complexes with inorganic ligands that have been studied include square complexes (symmetry
Dan) PtX? and AuX' (X = CI, Br, 1)1 107 pt(CN)? 1% Pt(NHs)4**,1% linear complexes
(symmetryDsn) HgX, and AuX' (X = Cl, Br, 1)110 1letc Metal cluster complexes with
organic ligands that have been studied include(CR)s(P(fi Bu)s)s, Hgs(dppmy*,
Pt(AuPPR)s?*, Aug(PPh)s3*, Aus(PPh)s?*, etc2® 3031 9For some of these complexes, a Hiickel
molecular orbital treatment was applied to aid in interpretaifdMCD spectra.

Small phosphirigprotected gold clusters are of interest due to their potential
applications in catalysis, imaging, and as drug delivery agents.’®1Use of higher level
theory such as timdependent density functional theory (TDDFT) for simulation of MCD
spectra will help to bettarnderstand the experimental spectra of these structures and will give
detailed information about electronic structure and optical properties of the investigated
structures.In this paper we investigatthe electronic structure othe phosphineprotected
centered gold cluster compleXus(PPh)s®* with core symmetryDzn using computational
methods. Specifically, we probe the electronic structure through density functional theory and
address the optical properties through TDDFT, through which we obtaoptital absorption
and magnetic circular dichroisepectra for each system/e examinghe bare Aw>" core, the
phosphineprotected goldcluster complexAug(PHs)s®*, and the triphenylphosphingrotected
gold cluster system Aus(PPh)s®*. Furthermore, we copare ourtheoretical results with
experimental data for the complepAug(PPh)s](NOs)z in acetonitrile solution at room

temperaturé?!

Computational M ethod
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heavy at amd,udwdsi xihze of the variational basi s
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In this article we focus on the excited states witvenumbersowerthan3.0mm. The
calculated absorption spectra are convoluted withorentzian with a full width at half
maximum of 0.2 eVThe MCD spectra are calculatedagemperature of 298 K aralmagnetic
field of 7 T.

MCD Spectroscopy
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For the complexes discussed in this work, the parameter Z was chosen to be @010. T

MCD spectra are calculatedatemperature of 298 K araimagnetic field of 7 T.

Results and Discussion
Geometries of AL s® clusters (L = PHs, PPhs)

Figure 3i2 shows the geometries fohug®* (1), Aug(PHs)s>* (2a and 2b), and
Aug(PPh)s** (3). The metal core of these systehas highsymmetryD2n. In thesesystemsone
Au atomis located in the center of the clustard is bound to eight peripheral gold atoms. For
the bare gold cluster, the Adu bond lengths range from 2.712.89A, which are 0.0®.16 A
longer than the same distances for the gold corsuiiPPhs)s®>" determinedby Briant and cb
workers using xay crystallography Table Ci 1).* The addition ofphosphinégroups(i.e.,
PHs) increased some of the galdgold core bond distances up to 0A9whereas other metal
bonds decreased by no more than &07n general, the goldold distances idus(PHs)s** are
0.040.08 A longer than those iAug(PPh)s**, which may be due to the use of the BP86
functional. In theAus(PHs)s3* (248) and @b) clusters, alPHs groupsarecoordinatedo terminal
gold atoms withAu-P distance ranging from 2.33 2.37 A.More detailed information about
bond distances, valence and torsion angles can be found Apgeadix C (Table Ci1 and
Figure Ci 1).

From ageometical structuresearchfor PHsi protectedsystems, we obtainedarious
stable complexes of A(PHs)s** with different orientationsof the hydrogen atoms irthe
phosphinggroups with energy differenceless than 1 kcal/mollwo of the most stable species
are presented iRigure 5i 2. These clusters contain tleis®>" core withDzn Symmetry. Due to
the arrangment of the eight phosphine ligands bound to the gold atoms, cofupeXHs)s®
(2a) hasDzn symmetryand Aug(PHs)s®* (2b) hasCay symmetry StructureAug(PHs)s®* (2a) is
the global minimum with an average stabilization energy pes IRjdnd of 52.51 kcal/mol
(Table 5i1). The energy of stabilizationEéar), which shows how the addition of each

phosphine ligand stabilize the gold core, is calculated as:
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Figure 51 2. Structures of the gold clusters discussed in this work.

Aug** (1) Aug(PH3)g*>" (28 Aug(PHg)g** (2b) Aug(PPhy)g** (3)

Table 5-1. BP86/TZP energy of stabilization Estan kcal/mol) of the Aw?®* gold core per
PHs ligand.

Structure Core Complex Estan (kcal/mol)
symmetry symmetry
Aug(PHs)s" (2a) D2n D2n 52.51
Aug(PHs)s®* (2b) D2n Cov 5246

Figure 5i 3. Absorption and MCD spectra for Aug(PHs)s®* (2a) and Aw(PHz3)s®* (2b).

Absorption spectra of Ay(PHz)g>*(2a) and Ay(PHy)g>"(2b) MCD spectra of Ay(PHz)s>*(2a) and Ay(PH;)g>*(2b)
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Absorption and MCD spectra were calculatedAas(PHs)s®* (2a) and Aw(PHs)s®* (2b)
structures. The results show that the spectral data are very similar for both complexes and do
not depend on the hydrogen atom orientation in the wavenumber region ugtoi3(Bigure
51 3).
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As mentioned previously, coordinates for the largest clusystes studied, the
triphenyl phosphineiprotected cluster, wer e of¢t
optimized Aug(PHs)s®" clusters with phenyl (Ph) group<eHsi) based on the optimized
coordinates of the triphenylphosphine ligand, without frrtgeometry optimization of the
overall compl ex. It should be noted that s ul
Aug(PPh)s®" complexes can yield structuresth overlapping phenyl rings. For example, the
most stable compleXus(PHs)s®>" (2a) canna be used for creation of tha&ug(PPh)s®" (3)
structure due to overlappin@sHsi rings, whereas the next most stable strucfue(PHs)s*

(2b) (2b) works perfectly for this purpose. Therefore, clugtes(PHs)s®* (2b) was chosen as
the base for th&iphenylphosphine ligangrotected cluster.

Optical Properties of Aug®*, Aug(PH3)s®* and Aug(PPhs)s®** Clusters

The bare Aw** cluster. Our calculated data show thabnse orbitals of tis cluster
(Figure 5i49)can be consi der ed ,wahere the saugemtona ortotadsoarise r b i t
primarily from valence electrons on the gold atdfisThe Aug®* clusterpossesse§ electrons
soan occupation ofF1P11D2%¢ i s e x p e thé¢ e @ and Dvsuperamorbitals can
be formed from linear combinations of the valence s electorgold The HOMO and LUMO
orbitals inAug®* areP superatom orbitglso the HOMO  LUMO transitionis forbidden.The
HOMOI LUMO gap based on KolirSham orbital energiefor the naked Ag* cluster is
calculatedo be 1.66 eV.

The optical absorption spectrum of the bare®Awluster exhibits five strong peaks
(Figure 5i4). Peaks in the optical absorption spectrum are labeled with Roman numerals
whereas peaks in the MCD spectrura kabeled with Arabic numerals since the dominant peaks
sometimes vary between the two types of spectra. The wavenumbers of the peaks and oscillator
strengths for the five dominant transitions in the absorption spectra are shdwahlen5 2;
additional nformation such as the transitions responsible for each excitation are presented in
Table Ci 2. Although some weaker peaks are present, to simplify the analysis of the absorption
spectra, only excited states with oscillator strengths higher than an avatageoff for all
excited states in the region below 3@ lwill be considered. For the absorption spectrum of
the bare gold cluster Atf, the average value of the oscillator strength is 0.0B®I€ Ci 2).

Therefore, for this system only excitationgiwi stronger than 0.018 were taken into account.
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Band | of the gas phase photoabsorption spectrum is centered atrl. 77 = 0.021) Figure

51 4) and is predicted to arise primarily from transitions out of the HOMO into the LUMO+1

orbital (Table Ci 2). The second strong peak at 19%W lis attributed to electronic transitions
HOMOi 1 Y LUMO+1. The

from HOMO Y
intense in comparison to the first pedk (0.027). Band Il is located at 2.238"" (f = 0.049),

and arise f r om

Figure 5i 4. Kohn-Sham orbitals, optical absorption and MCD spectra for the bare core

transitions.
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Table 5-2. Calculated absorption and MCD spectral data for bare gold core Ag#* (Dan).
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The highenergy (highwavenumber) region of the abstign spectrum >2.5 em' !
consists of a series of closely spaced excited states. The overlap of these excited states when
expected vibrational broadening is considered yields the lbooath and fifth absorption peaks
IV and V (Figure 5i 4). The maxima of these broad peaks comwespto the wavenumbers of
the strongest excitations that dominate in the spectrum. To analyze this part of the absorption
spectrum, we will consider only excitations with oscillator strenfjthi¢her than 0.018. The
calculations show that the fourth bdbdand IV is composed primarily of two important
excitations at 2.6F € 0.018) and 2.7(f € 0.091)em’ ! The maximum of this peak is located at
2.70em' tand coincides with the position of the strongest excitafl@ble 5i 2 and Table Ci
2. This peak arises from HOMO Y LUMO+2, HOMO
and HOMOiT 13 Y LUMO transitions. Three relatiyv
em' Icontribute to form the fifth broad peak V, which has maximum absorption intensitybat 2.8
em! This peak has contributions from multipl
LUMO+ 4, HOMOT1 Y LUMO+1, HOMOT 1 Y LUMO+2,
HOMOT 12 Y LUMO+1, HOMOI1 14 Y LUMO+1, HOMOT 13
Y LUMO.

The magnetic circular dichroism spectrof Aug®* provides more detailed information
about the electronic structure of this system. The MCD and absorption spectra exhibit the same
transitions. However,ane of these excited states that were very weakiahdoticeablen the
absorption spectrn become more intense and observable with the application of a magnetic
field andvice versa The information about the wavenumbera nge o f MCH peaks
wavenumber of thenaximummagnitude (positive or negativ) C D p e a K,sand (halam
ellipticity [ ¢ {[deg L m! mol! G?) for the Aug®* cluster can be found ifiable 5 2 and Table
Ci 3. The MCD spectrum is more complicated for interpretation in comparison to the absorption
spectrum.For example, some of the MCD peake formed by excitations withery small
absolute valugof B, whereas other peaks are combinatiohvery strongexcited states.So,
each MCD peak will be considered individually and the determination of the most important
excited states will be performed for each specific peak.pFimeary excitations for each peak
are presented ihable Ci 3.

The MCD spectrum of the naked golden cores®Aexhibits six peaksHigure 5i 4,
Table 5 2 andTable Ci 3). The first peakL of the MCD spectimis located at 1.78 rit andis
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negative;its molar ellipticity [ ¢ ]s 71.65deg L m* mol! G. The next MCD peaR at 1.97
g mtis positive [ & ¥ +1.92deg L m! mol! G*). Thethird peak 3 is located at 2.38rt and
has the negative amplitude, withn@olar ellipticity of i 1.09 deg L m* mol! G. Thesefirst
three MCD peaksan be associated with the first three peaks from thevig\absorption
spectrum {Ill): they arise from the same electronic transitions and are located at the same
positions Table 5 2). The next two MCDpeals (4 and 5) at 2band 2.74 it are related to
the fourth broad absorption peak IV centered at 2.78. The last MCD peak 6 considered at
2.89¢ mtis positive and formed by relatively strong excitations at 2.85, 2.89, 2.90 angl 94
1 This peak is related to the alpstion peak V. These last three MCD peaks appear because of
electronic transitions between HOMZ8 and LUMO+4 orbitals.

Complex Au(PHs)s>". The electronic structurand optical propertiesf the PHs-ligand
protectedAug>" complex were also investigated by TDDFT calculatidfigure 5i 5, Table 5i
3 andTable Ci 4). As shown inFigure 5i 3, the absorption and MCD spectra below 8.0t
are essentially independent of thd atbms orientation in the RHgroups of structures
Aug(PHs)s>" (28) and Aug(PHs)s*'(2b). Therefore, in this part we present data for the structure
Aug(PHs)g** (2b), upon which theAug(PPh)s®* system is based.

Figure 5i5. Kohn-Sham orbitals, optical absorption and MCD spectra for ligand
protected cluster Aw(PH3)s®* (2b).
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The optical absorption spectrum of thesfRHs)s** complex exhibits five strong pesk
(17V) i n t h20em’e Bachoohthebeepbaksws related to one strong excited state.
These fivesharp peaks are found at 1.56-(0.033), 2.07f(= 0.081), 2.31f(= 0.185), 2.82f(=
0.253) and 2.97f(= 0.327)em™. The transitions that are responsible for these peaks occur
between HOMGG and LUMO+5. The first absorption band | arises from the KDMY L UMO
and HOMO Y LUMO+5 &electronic transitions. Th
same as for the bare gold cluster, whereas the LUMO orbital now exhibits D character for the
ligand-protected clusterAug(PHs)s®*. This fact makes the HOMO
possible, whereas this transition was forbidden for the dvag¥ (Figure 5i 5, Table 5i 3).

Table 5-3. Calculated absorption and MCD spectral data for the Ad(PHz3)s** (2b)
complex.

Absorption MCD
# | Wavenumber Oscillator # | Wavenumber [ ]
( e strength ( e deg L m* mol* G*
| 1.50 0.033 1 1.50 10.34
1] 2.07 0.081 2 2.07 +1.35
1 2.31 0.185 3 2.31 11.00
T T T 4 2.58 +0.06
AV 2.82 0.253 5 2.80 10.76
V 2.97 0.582 6 2.97 +1.15
Band Il arises from the-IHOMQ UMMOL UMQ@+2s iatni do

lll appears due to the same transitions as the second peak, although with the addition of a
transition from the HOM@ Y L UMO. Abs or p tombimatioh af slettrohicv i s
transitions including HOMO Y LUMO¥2LUMOMOawd
HOMO-2 Y LUMO. The | ast absorption peak V app
LUMO+5, HOMO-1 Y LUMO+ 2, -2an¥ LHOWD+ 2 .

Comparison of the absorption dathAus(PHs)s>" and Aw®* shows that the spectra of
the phosphindigand-protected gold cluster reshift with respect to the bare system. The first
peak of Ay(PHs)s®" is shifted by 0.27%m™ into the lowerenergy (i.e., lowewavenumber)
region of the spectrum with respect to the first peak of Aucluster Figures 5 4 and 5i 5,
Tables 52 and5i 3). The intensity of the absorption spectrum of the liggmdtected system is
stronger in comparison to the bare gold core. Also, the addition of eigHtgahids to the gold
Aug®* core changed the symmetry of orbitals and made some electronic transitions that were
forbidden in the bare cluster possible inHs)s** (Figures 5 4 and5i 5, Tables Q2 and O
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4). An examination of the orbital energies for the sWigand protected gold cluster
Aug(PHg)s®" shows that the band gap is 1.70 eV, which is slightly larger than the band gap for
the pure gold core (1.66 eV).

The MCD spectra of thAug(PHs)s** complex is presented fFigure 5i 5. It exhibits six
peaks (denetd 171 6) . The primary exci t alablecCibsThed or e a
peak positions in the MCD spectrum for this complex match the locations of the related peaks in
the absorption spectrunigble 5 3). Moreover, the MCD spectrum also reveals dditzonal
peak 4 at 2.58m!. The excited states that contribute to this peak are barely noticeable in the
absorption spectrunt{gure 5/ 5). Although it is also weak in the MCD spectrum, the change
in sign compared to peaks 3 and 5 means that it is ltkebhe more observable. The electronic
transitions that are responsible for these MCD peaks are similar to those for the absorption
spectrum and the only differences occur because of the appearance of additional states in the
MCD spectrum, such as the stait 2.7&m* arising from the HOMO to the LUMO+6 which is
present in the MCD spectrum but not noticeable in the absorption spedtalney O 4 and
Ci5).

The considered peaks from the MCD spectrum of the IRjdnd-protected species
redshift from 0.06 t®.28sm* with respect to the corresponding MCD peaks of the pure gold
core Aw®". However, the shapes of these MCD curves are very close: all peaks in both MCD
spectra have the same sighgy(res 54 and5i 5, Tables 52 and5i 3), which can mean that,
in the considered region of the spectrum (with wavenumbers beloan8l)) the PH ligands
produce a minimal effect on this part of the spectra, and the observed excited states essentially

arise due to electronic transitions inside the*Agold framework orbitals.

Complex Au(PPhs)s®*. Analysis of the orbitals of th&us(PPR)s®* (3) complex shows
that te first three lowest unoccupied molecular orbitals LUMO, LUMO+1 and LUMO+2
exhibit similar significant superatom character as in the f&bilized complex:hte LUMO and
LUMO+2 orbitals have superatom D character, whetbasLUMO+1 is P. However, the
LUMO+3 and LUMO+4 orbitals, which were considered to be superatom D orbitals in the
small ligandprotected gold clusteAug(PHs)s®", are” * rbitals on the PP ligandsin the
triphenylphosphingrotected gold compleXFigure 5i6). Also, in Aug(PPh)s®*, the other

| owe st unoccupied molecul ar orbitals between
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orbitals on the ligands. The HOMO orbitals in bath(PH3)s®" and Aug(PPh)s®* clusters also
exhibit similar superatom P character. The H
and D character i\us(PH3)s*, can be considered to be a superatom P orditdlan orbital
arising from ° 3ligands, réspettisely,annthe ttriphenylph&sphpretected

gold cluster system. Also, for th@ug(PPh)s®* system, the three occupied orbitals below
HOMOT 2 with orbital energaessérpmi mdbi BBOf t @n
the PPl i gands, whereas the HOMDiIi gaondbitatdhi sahs
orbitals. Therefore, comparison of the orbitals of ghesphineprotected gold clster complex

and the triphenylhosphinéprotected gold cluster system shows that, in the considered part of

the spectra, the PPhgand has a larger effect on the electronic structure and optical properties

of the gold core Agt* than PH. In the Aug(PH3)s®* cluster, the molecular orbitals (MOs) that
participate in the most important electron transitions are primarily located on metal atoms of the

gold core, whereas results fBus(PPh)s** show t hat el ectrons Hn the
ligands are also ilved in transitions. The band gap for tAes(PPh)s®* (3) structure is
approximately equivalent to 1.53 eV, it should be noted that this is an approximation because a
geometry optimization was not performed for this cluster.

Figure 5i 6 gives the calculad optical absorption spectrum for the triphenylphosphine
protected gold complexaus(PPh)s®*. The spectrum of thé\ug(PPh)s®>" complex is more
complicated with respect to the spectra of the*Aand Aug(PHs)s>" systems. The absorption
and MCD spectra for this structure consist of a number of weak and closely spaced excited
states, particularly at higher energies. Therefore, we considered excitations with oscillator
strengths > 0.010. The combination of small &atmns from the calculations form seven strong
broad peaks in the wavenumber region below &@! Electronic transitions that are
responsible for these peaks oclableCi6bhefwse en HO
band is located at 1.33n with oscllator strength of 0.035. Our obtained results show that this
first absorption band of theus(PPR)s®* cluster reeshifts by 0.17 and 0.44m™* with respect to
band | for theAus(PH3)s* and Aug®* systems, respectivelfigure 5i 7). This peak arises from
the HOMO Y LUMO tr an slighndmatectedsnalog. | ar t o t he PH
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Figure 5i6. Kohn-Sham orbitals, optical absorption and MCD spectra for ligand
protected cluster Aw(PPhs)s** (3) with golden core symmetryDan.
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Table 5-4. Calculated absorption and MCD spectral data for Ay(PPhs)s®* (3). Spectral
data were consideredf or energies up to 3.0 ¢

Theoretically calculated spectra

Absorption MCD
" Wavenumber 4 Wavenumber [ &h]

( e ( e deg Lm!mol! G?
I 1.33 1 1.33 10.53
[l 1.78 2 1.78 +1.62
3 2.00 i1.47
. 1.99 4 2.10 10.84
5 2.27 10.27
v 2.31 6 2.35 +0.17
7 2.44 10.69
v 2.52 8 2.55 +1.67
VI 2.71 .

Vi > 81 9 2.80 i 2.46

Band Il of the absorption spectraat 1si8*(f= 0. 100) appears becau
LUMO+2 and HOMOT 2 Y LUMO transitions. The el ¢
LUMO+2 orbital, which is a transition from a superatom P gold orbital to a D orbital, is also
responsible for the appearance of banid the absorption spectrum of theig(PH3)s* cluster.

The transition out of the HOMOT2 to the LUMO
superatom orbitals, as well. However, this type of transition is symmetry forbidden for the
cluster with PH ligands. Also, band Il in the absorption spectrum of the triphenylphosphine
protected gold comple@us(PPh)s®" is redshifted by 0.29em™ with respect to band Il of
Aug(PH3)s®" (Tables 5 3 and5i 4).

The third peak (band Ill) is a combination of two é&distates that are close in energy,
where the strongest excitation is located at 1f39 §.060)em™ and arises due to the same
transitions as the second peak, although with the addition of a transition from the HOMO to the
LUMO+4. The fourth broad band formed by five small excitations at 2.31, 2.34, 2.35, 2.37,
and 2.3&m%, where the first one dominates in this region of spette(070) and determines
the maxi mum of the broad peak. This stronges"
Y  LMD+2 transition. Essential contributions to the fifth broad absorption peak (band V) are
given by ten excitations iamltTheenaxmam ef bamdnber r &

of the absorption spectrum is located at Z62%. This arises from the stngest excitation of
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this series with an oscillator strength of 0.068; this excited state is due in part to transitions from
the HOMO into the LUMO+25. UMO+ 2 8 , and LUMO+31 (which are
rings on the phenyl gheupb9dMO+2 roand her 6l @MOR &
LUMO+2. Next, the sixth peak (band VI) is constructed by eleven main excitations with
energies from 2.61 to 2.72nl. The maximum of this peak is determined by the leading
excitation at 2. 71 emi 1l (f = 0.074), whi ch
transitions. The last seventh broad band of the absorption spectra in the wavenumber region
below 3.0em? is formed byeight narrowly spaced excitation states with a maximum at 2.81
emt(f= 0.064), which arises from transitions
LUMO+12 (Figure 5i 6, Table 514, andTable Ci 6). The last three peaks (V, VI, and VII)
arise primarily from electromrtansi ti ons from Au P orshgatdsal s Y
(Figure 5i6). More detailed information about electronic transitions can be found in the
Appendix C.

MCD spectral data for the A(PPR)s®>" (3) complex is presented Figure 5i 6, Table
514, and Table Ci 7. The MCD spectrum is more complicated in comparison to the absorption
spectrum for the same structure and exhibits more pdakde( 5 4). The first two theoretical
MCD peaks at 1.33 and 1.28n'have mol ar el |l i pti c@2tegLm'al ues
molt G, respectively. These peaks correspond to the first two peaks from the absorption
spectra and arise from the same transitions. For all three comple2es &nd3) examined in
detail in this work, the first MCD peak is negative @nel second peak is positive. However, the
peaks for the triphenylphosphiséabilized cluster are predicted to lie at lower energy than
those of the bare gold core or the simple phospstiakilized clusterRigure 5i 7). The MCD
spectrum of AwPHk)s®" is shifted to the red with respect to the MCD of the®Awluster;
additionally, a further red shift is observed when the hydrogen atoms iAU§(@Hs)s>
complex were replaced with phenyl groupseH§ ) yi el di ngphosphime trip
| i gandTi plusters AgPPhsd.
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Table 5-5. Experimental electronic absorption and MCD spectral data for
[Auo(PPhg)s](NO3)3in CH3CN and PPM.
Experimental data in GIEN 3! Experimental data in PMM thin film¥
295 K 295 K 10K
Abs MCD Abs MCD Abs MCD
Wave | Wave Peak Wave | Wave Peak Wave | Wave Peak
Band| number| number| . Band | number| number| . Band | number| number| .
. . sign . . sign ) ) sign
(etn| (et (etn| (et (etn| (et
| 1.83 | neg T 187 | neg| Ila 1.92 1.88 | neg
T 2.10 | pos I 2.06 208 | pos| Ib 2.11 2.08 | pos
2.21 | pos
I 2.26 237 | neg Il 2.25 233 | neg| |l 2.25 2.22 | pos
2.34 | neg
Il 2.64 2.60 | neg | Il 2.40 258 | neg| Il 241 261 | neg
1 2.90 286 | neg| IV 291 286 | neg| IV 2.89 2.85 | neg
VI 3.19 3.25 | neg| V 3.18 3.21 | neg| V 3.18 3.22 | neg

Figure 5i 8.Experimental electronic absorption (lower curve) and MCD (upper curve)
spectra for [Aus(PPhs)s](NO3)s in a PMM thin film at 295 and 10 K. (Figure reproduced
with permission from Reference®. Copyright 2000 American Chemical Society).
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attributed to additional transitions such as
These transi t ionthesphenyhrings wére not@avaitable fa tomplekaad?2b,

and this peak was not observed for these systems. The fifth and sixth MCD peaks are located at
2.27 and 2.38m™ and are related to the fourth absorption peak (band IV), which is located at

2.31 emt. Numerous excited states are responsible for these two MCD peaKBalaledsi 4

reports the molar ellipticity values of the fitted curves. The strongest excited states in these two
MCD peaks arise out of transiti omdsfronftheom t he
HOMOi 6 to the LUMO. Whereas band IV in the a
contributions to it are unlikely to be resolved, peaks 5 and 6 in the MCD spectrum have
different signs and may be resolvable.

The next MCD peaks (7 and 8) 244 and 2.58m™ are related to the fifth absorption
peak at 2.52m™. Again, numerous excited states make up these two MCD peaks, so we report
the most negative and most positive molar ellipticity values. The strongest excited states that are
responsible for these two MCD peaks arise from transitions out of the HOMO to the
LUMO+ 25, LUMO+28, LUMO+29 and LUMO+31, and ou
t he LUMOT 2.

The last negative MCD peak 9 at 2.8@7 is formed by the overlapping of multiple
excited states and includes peaks that are responsible for the appearance of two last peaks on the
absorption spectrum. To describe this MCD peak, we considered ten relatively strong excited
states with waven u mber s 2m6 that Zrisé® Bom electron maitions between
HOMOT 39 and LUMOT 44. The o0bglgandgedtly n@easedthes s ho
number of electronic transitions and orbitals involved with respect to tb@K)s>* cluster;
the MO levels in the gold ligargdrotected cluster lmeme more dense when simple phosphines
are substituted by PRhigands in the Ap(PHs)s®* complex.

In order to see how our theoretical calculationscompare tothe experimental
triphenylphosphingrotected goldcluster Aug(PPhs)s®* we compared previously reported
spectroscopic data to our results. The experimental measurement of optical absorption and
MCD spectra in the vid&JV range 1.66 3.60em™ for [Aus(PPh)s](NOs)s was performed by
Jaw and Mason in acetonitrile solution at oo temperaturé as well as in poly(methyl
methacrylate) (PMM) thin film¥ at 295 and 10K (Table 55, Figure 5i8). Since the

theoretically calculated spectra are obtained only for wavenumbers up tm3.@nd are
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redshifted with respect to experimental datakles 5i 4 and5i 5), in this article we will focus
on empirically measured absorption and MCD spectra for the wavenumber region up to 3.25
em?,

In these articles the authors proposed thaAtingPPh)s ion hasD2n skeletal symmetry.

The absorption and MCD spectra in PMM are similar to the acetonitrile solution sedita (

5i5). The experimental absorption spectrum [@fus(PPhs)s](NO3)s in CH:CN at room
temperature exhibits four main peaks (I, Il, dnd 1V) with wavenumbers up to 3.25n7,

These peaks are located at 2.26, 2.64, 2.90, andeB119The absorption spectrum in PMM

thin film at 295 K exhibits five bands: peak | is located in the-émergy region of the spectrum
at2.06emlandisun esol ved in the acetonitrile solutio
bands I 1T1V of 4CN&heahsaptdnrspectrum imthe@®MM thin film at 10 K

is better resolved and allows observation of the important transitions on trenéogy &le

(Table 5i 5, Figure 5i 8). At a temperature of 10 K, the optical spectrunjfafo(PPhs)s](NO3)3

in PMM has five main absorption bands. The first two peaks (la and Ib) are located in-the low
energy region at 1.92 and 2.8 Bands labsorption sgectramhae 10 K in PMM

are the same as peaks 1171V and 1117V of the at
temperature, respectively.

The MCD spectra are very similar in terms of band position and relative band intensities
(Table 5 5).3% %*All considered MCD spectra demonstrate the presence of excited states below
2.10em™. For MCD spectra in the GBN solution and PMM thin film at room temperature,
these states are lower in energy thanstia¢es associated with the first absorption gdalble
51 5).

A comparative analysis of the theoretically simulated absorption and MCD spectra of
the Aug(PPhs)s®* (3) cluster in gas phase was performed with the experimental results for
[Aug(PPh)g](NO3)z in PMM thin filml at 10 K because the best experimental spectral
resolution was obtained for this system. Results showed that calculated absorption and MCD
spectra redshift with respect to the experimental data. The calculated absorption spectrum has a
ressonable agreement with experimental ddiab(es 5 4 and5i 5). The first absorption peak |
at 1.33em in our calculated spectrum of theus(PPhs)s®" (3) is located in the lovenergy
region and can be associated with band | in the experimental abs@p&icinum, which is a
combination of two peaks la and Ib at 1.92 and 2t (Figures 56,57 a n d Tablds 8
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5i 4 and5i 5). The second TDDFT peakt 1.78sm ™! can be related to peak Il at 2.8%™ in the
experimental absorption curve. Therefdhes theoretical peak Il is retifted by 0.4&m™* with
respect to the analogous peak in the empirical absorption spectrum. Peak Il in the theoretical
absorption spectrum, which is located at 1£89', is assigned to the empirical peak Il at 2.41
em™; the wavenumber difference tageen the calculated and exjpeental energies of these
peaks is 0.42m%. The next two simulated absorption peaks IV and V at 2.31 and@b2an
be assigned with the empirical peak at 288" and its shoulder (band nunTd¥ in Figure 5i
8). The last measured absorption band V at 2m8 can be associated with the two last
theoretical peaks VI and VIl at 2.71 and 28t . In general, the theoretical spectra exhibit a
red shi ft of a pgmrt chroughoatt e Ispectrubn. id tompafison to the
experimental data.

According to our comparative analysis of the theoretical and empirical absorption
spectra forAug(PPhs)s®* and Aus(PPR)s](NOs)s in PMM, a relationship between calculated
and experimental MCD data can be obtained. The first theoretically obtained MCD peak at 1.33
em? is negative and can be associated with the first MCD peaks la and Ib in the experimental
spectrum at 1.88 and 2.8&1. The positive peak Il from the empirical MCD curve at 282
1 can be assigned to the theoretical peak at 4078 which also has a positive sign. The next
band in the experimental MCD spectrum is the broad negative band Ill, which is a combination
of two peaks at 2.34 and 2.6in™%. This band can be related to two negative peaks at 2.00 and
2.10em? in the theoretical spectrum. The next experimental band (IV) of the MCD spectrum
for [Aug(PPh)s](NO3)s in PMM at 2.85¢m™ can be associated with teet of theoretical peaks
at 2.27, 2.35, 2.44, and 2.3&1. The experimental and theoretical spectra vary somewhat in
this wavenumber range, which may be due in part to the complexity and number of excitations
involved in this region of the spectrum. Tlast peak on the theoretical spectrum at 218¢ is
a strong negative peak, which can be assigned to the last peak atr8.2#h the empirical
curve. Comparison of the calculated MCD spectrum shows that the theoretical spectrum is red
shifted by up td®.5em™ with respect to the experimental one.

We can see from the data that the theoretical spectrum exhibits soreadayy peaks
that are unresolved in experiment. However, the positions of the other simulated peaks are in
good agreement with experimal data, given the wavenumber differences between related

theoretical and experimental peaks of up tosd&. Also, some of the theoretical peaks exhibit
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different signs with respect to the peaks in the empirical spectrum. It is possible that défferenc
could be caused by the presence of environmental (PMM thin film or solvent ahchans),
configurational, and vibrational effects, as well as by limitations in the level of theory.
However, overall the comparison of the theoretically simulated MCD spectrulugPhs)s>"

in the gas phase with the experimental resultsAos(PPh)s](NOs)3 in PMM showed that the

calculated spectra are in reasonable agreement with experimental results.

Conclusions

In the present paper, thieeoretical investigatioof electronicand optical propertiesfo
phosphineprotected gold clusterwere calcuhted with TDDFT. Simulations of theptical
absorption and magnetic circular dichroispectra were performe@he bare Aug®* core and
ligand protectedAug(PHs)s>" andAug(PPh)s®* clusters were chosen for investigation

The geometry optimization procedure was performed only for bar@aBHs)s>* gold
clusters, whereas large triphenylphospkpnetected gold systems were obtained by substituting
hydrogen atoms in the optimized BRprotected gold clusters with PPigands without further
geometry optimization. The influence of different types of ligands on the optical and electronic
properties of the gold core was investigated. Calculations showed that the nature of the ligand
noticeably affects the electronic structuiethe gold core: both optical absorption and MCD
spectra redshift when ligands are added to the bare gold cluster. Furthermore, the
triphenylphosphingrotected gold systems are more redshifted in comparison to the system
with PHs ligands. However, the abes of these MCD curves are very close, and the peaks in the
MCD spectra have the same signs. For the phosynotected systems, the PHgands
produce a minimal effect on this part of the spectra, and the observed excited states essentially
arise dudo electronic transitions inside the &tigold framework orbitals.

The comparative analysis of theoretical and experimental data was also performed. Our
results showed that the positions of the main peaks in the simulated spectra are in a good
agreement wh experimental data, given a wavenumber difference between related theoretical
and experimental peaks of up to 6rft. The lowest energy peaks have the same signs in MCD
for both the calculated and experimental spectra. In the more congested rap@séctrum,
some of the theoretical peaks exhibit different signs with respect to the peaks in the empirical
spectrum. It is possible that differences could be caused by the presence of the environmental,
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configurational, and vibrational effects or bsnitations in the level of theory. Nonetheless, the
theoretically simulated MCD spectrum faug(PPh)s®" in the gas phase is in good agreement
with the experimental results foh{is(PPh)s](NO3)s.
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