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Abstract 

Gold and silver particles with dimensions less than a nanometer possess unique 

characteristics and properties that are different from the properties of the bulk. They demonstrate 

a nonïzero HOMOïLUMO gap that can reach up to 3.0 eV. These differences arise from size 

quantization effects in the metal core due to the small number of atoms. These nanoparticles 

have attracted great interest for decades both in fundamental and applied research. Small gold 

clusters protected by various types of ligands are of interest because ligands allow obtaining gold 

nanoclusters with given sizes, shapes and properties. Three main families of organic ligands are 

usually used for stabilization of gold nanoclusters: 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 different complexes. In these cases, circular dichroism (CD) and 

magnetic circular dichroism (MCD) spectroscopy can be applied. However, the interpretation of 

experimental CD and MCD spectra is a complicated process.  

In this thesis, theoretically simulated CD and MCD spectra were combined with optical 

absorption spectra to study optical activity for octaï and nonaï and undecanuclear gold clusters 

protected by monoï and bidentate phosphine ligands. Additionally, optical properties of bare and 

DNA protected silver NPs were studied.  Theoretical CD spectra were examined to learn more 

about the origin of chirality in chiral organometallic complexes, and to contribute to the 

understanding of the difference in chiroptical activity of gold clusters stabilized by different 

phosphine ligands and DNAïstabilized silver clusters. Furthermore, optical properties of the 

small centered gold clusters Au8(PPh3)8
2+ and Au9(PPh3)8

3+ were examined by 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 MCD spectroscopy yield more detailed information 

about optical properties and electronic structure of the different chemical systems than optical 

absorption spectroscopy alone. Theoretical simulation of the CD and MCD spectra together with 

optical absorption spectra can be used to assist in the understanding of empirically measured CD 

and MCD and provide useful information about optical properties and electronic structure. 
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Abstract 

Gold and silver particles with dimensions less than a nanometer possess unique 

characteristics and properties that are different from the properties of the bulk. They demonstrate 

a nonïzero HOMOïLUMO gap that can reach up to 3.0 eV. These differences arise from size 

quantization effects in the metal core due to the small number of atoms. These nanoparticles 

have attracted great interest for decades both in fundamental and applied research. Small gold 

clusters protected by various types of ligands are of interest because ligands allow obtaining gold 

nanoclusters with given sizes, shapes and properties. Three main families of organic ligands are 

usually used for stabilization of gold nanoclusters: 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 different complexes. In these cases, circular dichroism (CD) and 

magnetic circular dichroism (MCD) spectroscopy can be applied. However, the interpretation of 

experimental CD and MCD spectra is a complicated process.  

In this thesis, theoretically simulated CD and MCD spectra were combined with optical 

absorption spectra to study optical activity for octaï and nonaï and undecanuclear gold clusters 

protected by monoï and bidentate phosphine ligands. Additionally, optical properties of bare and 

DNA protected silver NPs were studied.  Theoretical CD spectra were examined to learn more 

about the origin of chirality in chiral organometallic complexes, and to contribute to the 

understanding of the difference in chiroptical activity of gold clusters stabilized by different 

phosphine ligands and DNAïstabilized silver clusters. Furthermore, optical properties of the 

small centered gold clusters Au8(PPh3)8
2+ and Au9(PPh3)8

3+ were examined by 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 MCD spectroscopy yield more detailed information 

about optical properties and electronic structure of the different chemical systems than optical 

absorption spectroscopy alone. Theoretical simulation of the CD and MCD spectra together with 

optical absorption spectra can be used to assist in the understanding of empirically measured CD 

and MCD and provide useful information about optical properties and electronic structure. 
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Chapter 1 - Introduction 

 

In this Introduction some abbreviations are used: 

NPs Nanoparticles 

(P^P) Bidentate phosphine ligands 

(PP3) Tridentate phosphine ligands 

dppm Ph2P ïCH2ïPPh2 

dppe Ph2P ï(CH2)2ïPPh2 

dppp Ph2P ï(CH2)3ïPPh2 

dppb Ph2P ï(CH2)4ïPPh2 

dpppe Ph2P ï(CH2)5ïPPh2 

dpph Ph2P ï(CH2)6ïPPh2 

dppo Ph2P ï(CH2)8ïPPh2 

 

 Small L igandïProtected Gold NPs 

Small gold and silver nanoparticles have attracted great interest for decades both in 

fundamental and applied research, especially in the fields of heterogeneous medicine, 

luminescence, catalysis, nanoelectronics, drug delivery, bioanalysis, etc.1-3 These applications 

play an important role in our modern life. Therefore, scientists are always keeping trying to 

develop and synthesize novel gold nanostructures with improved characteristics or new 

properties. Small gold clusters protected by various types of ligands have held great attention 

for the few last decades. Ligands allow obtaining the gold nanoclusters with given size, shape 

and properties. Three main families of organic ligands are usually used for stabilization of the 

gold nanoclusters: phosphine, thiolate ligands and DNA. These ligands enable the creation of 

highly stable gold nanoparticles and nanoclusters.4, 5  

Stability of small gold nanoclusters protected by thiolate (SR) or phosphine (PR3) and 

halide ligands can be predicted in the terms of ñsuperatom electronic theoryò.6 According to this 

theory, valence electrons of the metal core can be transferred to suitable ligands, opening the 

possibility to achieve a noble-gas-like electronic configuration in the formation of stable 

complexes. The most stable species is associated with a total shellïclosing electron count of n* 
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= 2, 8, 18, 20, 34, 58, 92, 138, é . For a complex with the stoichiometric formula (LsANXM)z  

(where A ï gold core, L ï weak Lewis base ligands, X ï electronïwithdrawing ligands, and z ï 

total charge of cluster), the number of core electrons can be calculated with the formula n* = Nï

Mïz.6 The frontier orbitals of these nanoparticles are commonly named ñsuperatom orbitalsò. 

These orbitals look like the s, p, d orbitals of the hydrogen atom but are delocalized over the 

metallic core. They are labeled 1S, 1P, 1D, é 

 

 ThiolateïProtected Gold Nanoparticles 

Thiolateïstabilized gold NPs are a very interesting class in gold chemistry. In these 

structures the small gold core is protected by monoï and dimeric protecting units called ñstaple 

motifsò such as linear RS-Au(I)-SR and V-shaped RS-Au(I)-SR-Au(I)-SR. Many distinct 

thiolateïstabilized gold nanoclusters have been synthesized and identified, including the 

smallest stable thiolated gold Au15(SR)13,
7 Au18(SR)14,

8 Au25(SR)18,
9-12 Au28(SR)20,

13 

Au30(SR)18,
14 Au36(SR)24,

15 two clusters of Au38(SR)24 with a totally different core structure,16, 

17 Au40(SR)24,
18 Au68(SR)34,

19 Au102(SR)44,
20 Au104(SR)45,

21 etc. 

One the most experimentally and theoretically studied clusters is Au25(SR)18
9-12 The 

symmetry of the entire molecule is approximately Th.
22 This cluster can exist in three charge 

states ï1, 0 and +1. Ackerson and coïworkers considered the structure of the Au25(PET)18 

cluster (PET=phenylethylthiol) in a ñshellïbyïshellò representation where the cluster can 

considered as a composition of four (I ï IV) shells of symmetrically related atoms (Figure 1ï

1).9  

Figure 1ï1. A) Structures of the inorganic core and semirings of Au25(PET)18, B) is a gold 

icosahedron, C) a distorted sulfur icosahedron, D) a dodecahedron missing 8 vertices that 

form the vertices of an inscribed cube and E) is a sulfur octahedron.  

 

*Reprinted with permission from Ref.9 (Copyright 2016 The Royal Society of Chemistry). 
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Figure 1ï2. The crystal structures of Au25(PET)18 in the +1 A), 0 B), and +1 C) charge 

states are shown above. Gold is in yellow, and sulfur is in orange.  

 

*Reprinted with permission from Ref.9 (Copyright 2016 The Royal Society of Chemistry 2016). 

 

 PhosphineïProtected Gold Nanoparticles 

A large group of this class is centered gold species such as Au8(PPh3)7
2+,23, 24 

Au8(PPh3)8
2+,25-28 Au9(PPh3)8

3+,24, 28-32 Au11(PPh3)8X2
+ (X = Cl, SCN),33, 34 Au11(PPh3)7Cl3,

34 

etc. Among the phosphine-stabilized gold NPs, the monodentate (TPP ï triphenylphosphine and 

its derivatives)27, 29, 34-39, bidentate = bisphosphine = (P^P) (dppp ï 1,3ï

bis(diphenylphosphino)propane; BINAP ï 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl; DIOP ï 

o-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane; etc.)40-46 and tridentate 

phosphines (PP3 ï tris(2ï( diphenylphosphino)ethyl)ïphosphine)47, 48 can be used to stabilize 

small gold nanoclusters. 

According to the literature data, phosphine-protected gold clusters with a nuclearity of 

3ï14, 20, 22, 24, 25, 39 and 55 have been synthesized.44, 49, 50 The geometrical structures of 

some of them were determined by Xïray crystallography. These results showed that phosphineï

protected gold NPs can have different types of gold core structures such as centered polyhedral, 

nonïcentered polyhedral and ñcore + exoò type.49 The obtained results showed that the shape 

and charge of the gold core are dependent on the nature of the phosphine ligand used. In this 

part only small gold NPs with 8, 9 and 11 gold atoms in the inorganic core, with determined Xï

ray crystal structure, were considered. 

 Ligandïstabilized gold nanoclusters with eight metal atoms in the core were 

synthesized using monoï and bidentate phosphine ligands. Three types of octanuclear gold 

clusters protected by eight, seven and six arylphosphine ligands can be obtained: 

[Au8(PPh3)8]
2+,25, 51, 52  [Au8(PPh3)7]

2+,23, 53 and [Au8(PMes3)6]
2+.54 In these structures the 
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octagold core exists in three different shapes (Figure 1ï3). The charge of the Au8 core in these 

structures is +2. 

Figure 1ï3. Geometrical structure of Au8 core: coordinates from crystal structures of A) 

cluster [Au8(PPh3)8]2+;25 B) cluster [Au8(PPh3)7]2+;53 C) cluster [Au8(PMes3)6]2+;54 D) 

cluster [Au8(dppp)4]2+;55 E) cluster [Au8(BINAP)4X2]2+;40 and F) cluster 

[Au 8(dppp)4X2]2+.55 (X = halide or acetylideïion)  

 

Cluster [Au8(PPh3)8]
2+ can be prepared in two different ways: by addition of 

triphenylphosphine to the [Au8(PPh3)6]
2+ cluster or through a dissociative mechanism of the 

[Au9(PPh3)8]
3+ complex.51, 53, 56 

[Au9(PPh3)8]
3+ + 2PPh3  ­ [Au8(PPh3)8]

2+ + [Au(PPh3)2]
+  

Four crystal structures with different anions (NO3, alazarinsulfonate, PF6 and SiMo12O40) have 

been determined.23, 51, 53, 57 All these structures display a core of gold atoms in capped centered 

chair arrangement (Figure 1ï3a). Each gold atom is bound to a triphenylphosphine ligand. The 

AuïAu bond distances lie between 2.634 and 2.938 Å.  

In the [Au8(PPh3)8]
2+ cluster, one of the AuïP distances is approximately 0.1 Å longer 

than the others and can be easily removed by phosphine scavenger [RhCl(C8H14)2]2.
23 As a 

result, complex [Au8(PPh3)7]
2+ is formed. The structure of this cluster can be described as a 

butterfly shape where four gold atoms create a rectangular plane, another three gold atoms 
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bridge the opposite atoms of the butterfly part, and an eighth gold atom lies in the center of the 

cluster (Figure 1ï3b). The shape of gold core in [Au8(PPh3)7]
2+ is close to the gold core 

structure from the [Au9(PPh3)8]
3+ complex with D2h symmetry. Seven phosphine ligands are 

linked to the peripheral gold atoms.  The AuïAu bond distances in the [Au8(PPh3)7]
2+ cluster lie 

between 2.629 and 2.942 Å.23, 53 

A dicationic octagold cluster protected by six phosphine ligands can be synthesized by 

reduction of the oxonium salt [(AuPMes3)3O)]BF4 in THF in the presence of CO (P = 3 atm).54 

The product of this reaction is the [Au8(PMes3)6]
2+ complex. The Xïray crystal structure shows 

that the octagold core has a tetrahedron + 4 exo gold atoms (Figure 1ï3c). Six phosphine 

ligands are bound to the gold atoms of the unshared vertexes.54 

Diphosphines (P^P) ligands have also been used for stabilization of octanuclear gold 

clusters. The [Au8(dppp)4]
2+ cluster has a metal skeleton of an edgeïsharing tritetrahedron 

(Figure 1ï3d).55, 58 This cluster was obtained as an intermediate cluster species in the etching 

reaction:58  

[Au9(PPh3)8]
3+ + dppp  ­ [Au8(dppp)4]

2+ ­ [Au6(dppp)4]
2+ 

[Au8(dppp)4]
2+ was isolated and identified by mass spectrometry and Xïray diffraction 

studies.55 The AuïAu distances in the cluster are in range 2.616ï2.752 Å.  

Another octagold cluster was obtained with BINAP ligands [Au8(BINAP)3(PPh3)2]
2+.40 

[Au8(BINAP)3(PPh3)2]
2+ clusters were obtained by adding an excess amount of the borane 

tertbutylamine complex to a chloroform solution containing equal amounts of Au(PPh3)(NO3) 

and BINAP. In this complex, the geometry of the metal skeleton is a bicapped chair: the gold 

core does not depart very much from C3v symmetry: six Auïatoms form a ñchairïcyclohexaneò 

structure with one gold atom added above and one below the ring (Figure 1ï3e).40 The 

measured AuïAu bond distances are typical for gold systems and are in the range 2.523 to 

3.109 Å. 

Interaction of the octagold clusters protected by monodentate phosphine ligands with 

halide or acetilydeïions promotes the aggregationïinduced growth of the cluster core.55, 59 

During interaction of the [Au8(dppp)4]
2+ with halide or acetylideïion, the [Au8(dppp)4X2]

2+ (X = 

Cl, PhCC) cluster can be prepared.55 The gold cores in these type of clusters have an edgeï

sharing bitetrahedron + 2 exo structure (Figure 1ï3f). The measured AuïAu bond distances are 

in the range 2.607 to 3.072 Å. 
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The Au9 nanoclusters are protected by eight monoï or by four bidentate phosphine 

ligands. The gold core in these complexes is less flexible than the octagold core. There are just 

two possible structures of the Au9 core that were experimentally detected: bicapped centered 

chair (also known as butterfly) and centered crown.60 The core charge in all these complexes is 

+3 (Figure 1ï4). The synthesis of these gold clusters is carried out mainly through two 

reactions: the reduction of a mononuclear gold(I) complex or by an aggregation reaction of the 

octanuclear cluster with mononuclear gold(I) complex. For example, cluster [Au9(PPh3)8]
3+ can 

be prepared in these two ways: 

Au(NO3)(PPh3) + NaBH4 ­ [Au9(PPh3)8]
3+ 

[Au8(PPh3)8]
2+ + Au(NO3)(PPh3) ­ [Au9(PPh3)8]

3+ 

Figure 1ï4. Shape of the Au9 core: coordinates from crystal structures A) [Au9(PPh3)8]3+ 

(D2h); and B) [Au9(PPh3)8]3+ (D4d).60 

 

Similar clusters with different ligands and counter anions can be obtained in the same way.29, 52, 

60, 61 Depending on the types of solvents and the concentration, two types of crystals (butterfly 

and crown) can be prepared with these methods.60 In some solvent combinations simultaneous 

growth of both compounds was observed, but they can be obtained selectively, for example, in 

DMF-acetonitrile and DMF-acetone, respectively.60 

Small gold clusters with the bicapped centered chair (butterfly) geometry were obtained 

only with monodentate ligands such as PPh3, P(pTol)3, P(pMeOC6H4)3 and counter anions NO3, 

PW12O40 and BF6.
29, 52, 60, 61 The structure of this cluster can be described as a butterfly shape 

where four gold atoms create a rectangular plane, another four gold atoms bridge the opposite 

atoms of the butterfly part, and a ninth gold atom lies in the center of the cluster. The symmetry 

of this Au9 core is near D2h symmetry (Figure 1ï4a). Bond distances between gold atoms in the 

core are in a range of 2.686ï2.926 Å. 
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The centered crown shape of the nonagold core was observed in clusters protected by 

monodentate phosphine ligands such as [Au9(PPh3)8](NO3)3, [Au9(PPh3)8](PW12O40), 

[Au9(P(pMeOC6H4)3)8]X3 (X = NO3 and BF4), and also protected by bidentate ligands 

[Au9(dpph)4](PW12O40). The symmetry of this gold core is D4d (Figure 1ï4b). The measured 

AuïAu bond distances lie in the range 2.651 to 3.249 Å.60-63 

Also, for the [Au9(PPh3)8]
3+ bicapped centered chair complex an electrochemical twoï

electron redox process has been reported.64 This process accompanies a skeletal arrangement 

from toroidal to spherical shape with the formation of the [Au9(PPh3)8]
+ cluster.  

Undecagold clusters can exhibit three main geometrical structures: tetracapped centered 

chair, capped centered square antiprism and butterfly Au9 + 2 exo gold atoms. The charge of the 

metal core is +3 in all these systems (Figure 1ï5).  

The Au11 core can be protected by seven, eight and ten molecules of monodentate 

arylphosphine ligands to form clusters such as the neutral Au11L7X3 complex and charged 

[Au11L8X2]
+ and [Au11L10]

3+ clusters (where L = PPh3, P(pFC6H4)3, P(mCF3C6H4)3, PMePh2 

and PMe2Ph; X = Cl, Br, I, SCN or SNC6H4).
34, 37, 63, 65-68 In Au11L7X3 and [Au11L8X2]

+ clusters, 

the undecagold core is stabilized by phosphine ligands and strong coordinating ions such as 

halide ions. The shape of the gold skeleton is a tetracapped centered chair (Figure 1ï5a). The 

original recipe for preparation of the Au11L7X3 clusters is the borohydride reduction of 

monophosphine gold(I) complex AuLX in ethanol using NaBH4 as the reducing agent.34, 37 

Aggregation of strong coordinating ions such as halideï or SCNï ions to the cluster [Au9L8]
3+ 

gives rise to the cluster [Au11L8X2]
+.63 

Figure 1ï5. Figure 1ï5. Shape of the Au11 core: coordinates from crystal structures A) 

Au11(PPh3)7Cl3;37 B) [Au11(PMePh2)10]3+;68  and C) [Au11(dppe)6]3+.46  
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In clusters [Au11L10]
3+ (L = PMePh2 and PMe2Ph), the undecagold core is protected only 

with monodentate phosphine ligands and no strong coordinating ions are used. In these clusters, 

the metal core has a shape of a capped centered square antiprism (Figure 1ï5b). The 

[Au11L10]
3+ complexes can be prepared via reduction reactions of AuLCl gold complexes with 

zeroïvalent titanium reagent.68 

Also, undecagold clusters can be protected by bidentate phosphine ligands. In this case 

three types of clusters can be formed: [Au11(P^P)5]
3+,69 [Au11(P^P)6]

3+,46 and [Au11(P^P)4X2]
+.40 

The [Au11(dppp)5]
3+ cluster can be obtained via a ligand exchange reaction: the reaction of 

Au11[P(p-ClC6H4)3]7(SCN)3 with 1,3-bis(diphenylphosphino)propane (dppp) in methylene 

chloride leads to the formation of [Au11(dppp)5](SCN)3 by a total substitution of the ligands.69 

In this cluster the gold core has a tetracapped centered chair structure. The undecagold cluster 

[Au11(dppe)6]
3+ was prepared from the gold complex Au2(dppe)Cl2 when the gold salt was 

reduced by NaBH4 in ethanol solution.46 This undecagold cluster has a bicapped centered chair 

(butterfly) shape of Au9 gold core plus two exo-attached gold atoms (Figure 1ï5c). The gold 

cluster [Au11(DIOP)4X2]
+ was prepared by the reduction reaction of Au2(DIOP)Cl2 in an ethanol 

solution with NaBH4.
40 The gold core structure is a tetracapped centered chair. In all considered 

undecagold clusters with monoï and bidentate ligands, the AuïAu distances are in the range of 

2.608 ï 3.216 Å. 

 

 DNA Protected Gold and Silver Nanoparticles 

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 DNA molecules. These 

assemblies have potential applications in photonics and as optical polarizers, sensors, catalysts, 

etc.70-73 During the interaction 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 assemblies (Figure 1ï6),70, 72, 74, 75 and (ii) a 

few to tens of metals atoms are located inside the DNA molecule, between two polynucleotide 

strands.76-86  
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Figure 1ï6. Surfaceïbound chiral plasmonic nanostructure.  

 

*Reprinted with permission from Ref.74 (Copyright 2013 Macmillan Publishers Limited). 

The second type of noble metal ï biomolecule clusters (M:DNA, where M = Au and 

Ag), where metals atoms are located inside the DNA molecule, are a very interesting class. In 

particular, Ag:DNA nanoclusters have an extremely wide range of emission colors.81-84 They 

exhibit a strong circular dichroism (CD) signal in the visible or near infrared (IR) region, 

whereas natural helical molecules such as peptides and DNA show CD response in the 

ultraviolet (UV); this feature makes DNAīmetal nanoparticle hybrids very useful for the 

creation of systems with useful properties.76, 87 Experimental studies81, 83-85 have shown that the 

fluorescent Ag:DNA clusters contain less than 20 silver atoms. However, despite progress in the 

synthesis and characterization of the optical activity, the structures of these clusters (M:DNA, 

where M = Au and Ag) remain unclear.  

According to some experimental data a few possible structures for Ag:DNA have been 

proposed.81, 88 For example, Fygenson and co-workers88 investigated size, charge and 

conformation of fluorescent clusters Ag:DNAs using calibrated electrokinetic microfluidics and 

fluorescence correlation spectroscopy. Two spectrally distinct Ag:DNA emitters stabilized by 

the same DNA were considered: green emitting Ag11:DNA and red emitting Ag13:DNA. The 

differential pH dependence of electrophoretic mobility of Ag11:DNA and Ag13:DNA indicated 

that these two clusters have significant differences in structure. The absence of Ag13:DNA 

fluorescence at high pH suggests that the emissive Ag13 core is more negatively charged with 

respect to Ag11 and has a less compact conformation. Additionally, the nearly 30% difference in 

diffusivities of the Ag11:DNA and Ag13:DNA clusters was explained by the suggestion that 

Ag11:DNA is a compact structure, while Ag13:DNA is not. Also, their results showed that 

Ag11:DNA and Ag13:DNA exhibit similar electrophoretic mobilities at neutral pH, which 

indicate their nearly identical composition. However, Ag13:DNA is more negative and has 30% 



 10 

lower diffusivity with respect to Ag11:DNA. To explain this, the authors proposed that the 

Ag13:DNA cluster can have an extended structure. It can be obtained if the phosphate backbone 

of both the stem and loop regions are approximately coplanar, in a lollipop- or cigar-like 

conformation, and in this case the structure could sustain more charge. Also, this cluster could 

become oriented under electroosmotic flow so as to present less hydrodynamic resistance than 

when freely diffusing. Finally, two possible structures were proposed for green and red emitting 

Ag:DNA clusters. The red emitter Ag13:DNA is extended, diffusing more slowly than a 

disrupted hairpin but migrating more quickly when subject to an electric field (Figure 1-7).  

Figure 1ï7. Schematic and steric illustrations of extremely compact Au11:DNA (top) and 

extended Au13:DNA (bottom) suggested configurations. 

 

*Reprinted with permission from Ref. 88 (Copyright 2011 American Chemical Society) 

However, Shultz and co-workers81 suggested that silver nanoparticles in the DNA - 

stabilized clusters have a rod-like shape (not spherical or planar). They used negative ion, high 

resolution mass spectrometry of compositionally pure solutions to identify the silver cluster 

charge (Qcl) and total number of silver atoms (NAg) in fluorescent Ag:DNAs. According to their 

results, Ag:DNA clusters exhibit charges from Qcl = 6e to 13e with NAg = 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 that the cluster structure of Ag:DNA complexes is a 

rod-shape: a neutral, rod-like chain of silver atoms surrounded by a base-bonded Ag frame, such 

as the pictures shown in Figure 1ï8. The length of the neutral, rod-like chain in the system 

appears to be the major control for the color of Ag:DNA. This work was extended by Gwinn 

and co-workers.86 They found that the color combinations of Ag:DNA clusters with even 

numbers of neutral silver atoms are different from magic numbers for spherical clusters: for 

DNA-stabilized silver clusters, the magic numbers of neutral Ag atoms are 4 and 6, not 2 and 8 
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as predicted by the spherical ñsuperatomò model. In addition, the peak fluorescence wavelength 

is dependent on the neutral silver atom number. Molecular dynamics simulations showed that 

Ag:DNA complexes may exhibit curved shapes due to Coulomb interactions and that addition 

or subtraction of silver ions near the neutral silver chain can modify the cluster shape.86 

Figure 1ï8. Examples of the Ag:DNA structures. Rod-like, neutral clusters (gray) are 

shown attached to DNA bases via peripheral Ag (blue) in tetramer B) and trimer C) 

arrangements. 

 

*Reprinted with permission from Ref.81 (Copyright 2013 Wiley Online Library) 

A number of theoretical calculations were performed to help with understanding of 

structure for small Ag clusters bound to DNA.89, 90 Theoretical studies of the binding of silver 

clusters to the DNA bases were performed using DFT.89-91 Gwinn and co-workers89 investigated 

binding of neutral planar Agn clusters (n = 1 - 6) with adenine, cytosine, guanine and thymine. 

Also, the absorption spectra of these Ag:DNA complexes were calculated. These results showed 

that for clusters of a fixed size, the N-sites of a given base bind more strongly to silver clusters 

than the O-sites: silver clusters have the strongest binding with cytosine base and weakest with 

thymine. Binding of clusters to multiple bases results in significant energetic stabilization. 

Time-dependent DFT calculations show that different base-cluster isomers may have very 

different absorption spectra. In 2017, Aikens and co-workers90 studied geometries and binding 

motifs of bare and guanine-complexed silver clusters Agn
z (n=2 ï 6; z = 0 ï 2). These results 

showed that neutral systems 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 base. 

Additionally, the idea about rodïshape structure of Ag:DNA clusters was supported by a 

combination of experimental and theoretical techniques.91 Fluorescent, DNA-stabilized silver 

clusters exhibit ubiquitous features in circular dichroism spectra. As discussed in Chapter 4, 

TDDFT calculations of CD spectra for bare chains of silver atoms with a helical structure also 
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exhibit these striking features, indicating electron flow along a chiral, filamentary metallic path 

as the origin for low-energy Agn-DNA transitions (Figure 1ï9).91, 92  

Figure 1ï9. 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. 

 

*Reprinted with permission from Ref.92 (Copyright 2015 MDPI AG) 

Berdakin and co-workers studied the electronic and optical properties of Ag:DNA 

clusters using Molecular Dynamics and DFTB methods.93 Two model structures of neutral Ag6 

stabilized by DNA were considered: (i) (dpC6)2Ag6 where two strings of deoxypolycytosine 

with six bases protect a rod of six Ag atoms and (ii) (C2Ag)6 structure without the phosphate 

and ribose backbone (metal-mediated base pair only) (Figure 1-10). The simulation of the 

absorption spectra of both structures reproduces the main features observed in experimental 

reports such as a band in the UV spectral region near the absorption band of the DNA moiety 

and bands in the visible region. The UV absorption band of the (dpC6)2Ag6 structure is 

broadened and blue-shifted, which can be related to the lack of a complete environment and 

charge description of the system. 

Figure 1ï10. TDïDFTB optical absorption spectra of A) (C2Ag)6 and B) (dpC6)2Ag6 

strauctures.93 

 

*Adapted with permission from Ref.93 (Copyright 2017 the Owner Societies) 
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present in each well [26]. Of the 684 random 10-base strands, ~25% produced fluorescence with just 

one emission peak and a narrow enough peak width to indicate a single dominant type of fluorescent 

AgN-DNA [26]. 

These peak wavelengths exhibited a bimodal color distribution with enhanced (ñmagicò) abundances 

of green-emitting AgN-DNA near 540 nm and red emitting AgN-DNA near 630 nm (Figure 6a; the 

plate readerôs detector sensitivity at near-IR wavelengths was too poor to examine the possibility of 

magic color bands beyond ~750 nm) [26]. 

 

Figure 6. Magic colors and magic number neutral cluster sizes in (a,b) AgN-DNA  

and chiroptical properties of pure (c,d) AgN-DNA. (Adapted with permission from 

references [26,42]). (a) Fluorescence colors measured for AgN-DNA formed on many 

different DNA templates exhibit ñmagic colorsò: high green abundances near 540 nm and 

high red abundances near 630 nm [26]; (b) N0 = 4 and 6 are magic (highly abundant) 

cluster sizes across all AgN-DNA with composition determined by ESI-MS [26]. Dashed 

lines: spherical ñsuperatomò magic numbers 2 and 8 are not magic for AgN-DNA, 

indicating non-spherical (rod) shapes for the silver clusters; (c) Calculated circular 

dichroism spectra for bare, chiral Ag cluster rods show a consistent pattern of positive and 

negative peaks for different curvatures [42]; (d) CD data on pure AgN-DNA show the same 

peak pattern as theory [42]. 

To investigate the origin for these magic color bands, we used the system in Figure 2a to identify 

AgN-DNA products formed on many different strands. We found high abundances at ñmagicò N0 = 4 

(Figure 6b), which correspond predominantly to green magic colors, and also high abundances at 

magic N0 = 6, which correspond predominantly to red magic colors. In contrast, numbers of silver 

cations, Ag+, spread widely; e.g., N0 = 6 clusters had N+ = 6ï10. Thus, neutral silver content, N0, is 

magic, and cationic silver content, N+, is not. 

The known structures of ligand-stabilized Au clusters provide insight into why N0 is magic, but total 

N = N+ + N0 is not [48,59]. In globular AuN-SR, total gold content, N, is not magic because ligands 

incorporate some Au atoms, leaving cluster cores with smaller, magic number sizes that are predicted 

by the spherical ñsuperatomò model. We infer that base-Ag+ complexes act as ligands, analogous to the 

Au in SR units. 

A crucial difference is that DNA presents multiple base ligands along a line-like backbone, which 

apparently enforces rod cluster shapes. This suggests that a perimeter of base-attached Ag+ surrounds 

A	 B	
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 MCD Spectroscopy for 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 complexes.94-96 In these cases, MCD and CD 

spectroscopy can be applied. In general, MCD and CD spectra yield more detailed information 

than the corresponding optical absorption spectrum. 

It is well known that the interpretation of experimental MCD spectra is a complicated 

process, especially for lowïsymmetry systems. Therefore, theoretical 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 structures of porphyrins (M = Ca, Ni and Zn),97 phthalocyanine 

(M = Mg and Zn),98 tetraazaporphyrin (M = Mg, Zn and Ni),98 axially pyridine coordinated 

metallocorroles,99 buckybowls,100 etc. All simulated MCD spectra are in good agreement with 

available experimental findings for considered systems.  

 

 Application of MCD Spectroscopy 

MCD spectroscopy is an important technique for investigation of the electronic structure 

and optical properties of different chemical systems. This type of spectroscopy yields more 

detailed information than a UV-Vis absorption spectrum, which is usually poorly resolved and 

often tends to appear very similar for different complexes.94-96 It 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 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 spectroscopy widely 

applicable to different groups of organic and inorganic molecules, metal complexes, and 

biological systems for characterization of metal sites in biological molecules.26, 30, 31, 94-96, 101-103 

For example, MCD spectroscopy in conjunction with in situ potentiometric control is ideally 

suited for deduction of the spin and oxidation state.104 Haemoproteins have been extensively 

studied by MCD, which has a capacity to define haem oxidation, state, spin, geometry and axial 

ligands (number and type) in solution.105  
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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 ligands.26, 30, 31, 94 Mason 

and coïworkers96 applied MCD spectroscopy to investigate the electronic structure of noble 

metal nanoparticles (Figure 1ï11). Moreover, metal complexes with inorganic ligands that have 

been studied include square complexes (symmetry D4h) PtX4
2ï and AuX4

ï (X = Cl, Br, I),106, 107 

Pt(CN)4
2ï,108 Pt(NH3)4

2+,109 linear complexes (symmetry DÐh) HgX2 and AuX2
ï (X = Cl, Br, 

I),110, 111 etc. Metal cluster complexes with organic ligands that have been studied include 

Pt3(CO)3(P(tïBu)3)3, Hg3(dppm)3
4+, Pt(AuPPh3)8

2+, Au9(PPh3)8
3+, Au8(PPh3)8

2+, etc.26, 30, 31, 94 

For some of these complexes, a Hückel molecular orbital treatment was applied to aid in 

interpretation of MCD spectra. The obtained results evidence that MCD adds important details 

during consideration of the absorption spectrum and provides significant additional information 

about the electronic structure for the considered systems.   

Figure 1ï11. MCD (top) spectra and optical absorption (bottom) spectra for 

[Au 9(PPh3)8]3+  

 

*Reprinted with permission from Ref.112 (Copyright 2001 American Chemical Society). 

  

 MCD Spectra of Plasmonic Silver and Gold NPs 

CD spectroscopy is a very useful technique for determination of the plasmon band for 

colloidal gold and silver NPs.112, 113 Considerable magnetoïoptical activity has been observed in 

aqueous solutions of colloidal noble metal nanoparticles with diameters up to 50 nm when a 

magnetic field was applied (Figure 1ï12). The absorption and MCD spectra of gold and silver 

NPs both exhibit 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 

derivativeïlike.  

Figure 1ï12. MCD (top) and absorption (bottom) spectra of the surface plasmon band at 

523 nm for colloidal gold nanoparticles in water. (A) H = 7.0 T and (B) H = 0.0 T.  

 

*Reprinted with permission from Ref.112 (Copyright 2001 American Chemical Society). 

Unfortunately, in the literature there are no theoretical studies of properties for small 

ligandïprotected gold nanoclusters using MCD, which would help to get new important 

information about optical and electronic properties of gold clusters and better understand their 

behavior. 

 

 CD Spectroscopy for Studying Chiral Noble NPs 

Chirality is a unique property of some molecules, complexes or clusters that plays an 

important role in different branches of science such as chemistry, biology, medicine and 

pharmacology. Some gold nanoclusters can exhibit chiral behavior, and CD signals have been 

measured in ligandïprotected metal clusters and NPs. The first observation of this phenomenon 

was obtained by Schaaff and Whetten in 2000.114 In this research, the optical activity of a series 

of giant metal-cluster compounds, each composed of a gold core and glutathione (GSH) ligands, 

was investigated. Gold NPs were prepared from Au(I)SG polymers and separated by gel 
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electrophoresis. Systems with metal core nuclearity in the range of 20 ï 80 gold atoms were 

obtained. Their results showed that the mixture, as obtained simply from the reduction of the 

precursor Au(I)SG polymer, did not show strong quantum size effects in the optical absorption 

spectra, nor strong chiroptical effects in the CD. Chiroptical effects in the CD were only 

revealed when the various cluster compounds were separated (Figure 1ï13).114 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 1ï13. Optical absorption spectrum (lower, left axis) and CD spectrum (upper, right 

axis) of gold-glutathione (Au:SG) clusters in aqueous solution.  

 

*Reprinted with permission from Ref.114 (Copyright 2000 American Chemical Society). 

The induction of the chirality on a gold cluster surface is important, especially for the 

development of enantioselective nanocatalysis.115 Chiral gold NPs can be obtained in a few 

different ways: (i) via using an intrinsically chiral inorganic core; (ii) via protection of an achiral 

metal core by chiral ligands; and (iii) via chiral arrangement of the ligands around an achiral 

core.114, 116-122 

 

 Chiral ThiolateïStabilized Gold NPs 

Chiral thiolateïstabilized gold NPs have gained significant interest over recent years. 

Strong Cotton effects of gold nanoclusters protected by chiral ligands have been observed in 

numerous studies.13, 18, 114, 120, 123-128 For example, gold NPs (with mean diameters of 0.57, 1.18, 

and 1.75 nm) protected by D- and L-penicillamine act as a chiral structures, and exhibit mirror 
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images in their CD spectra.120 Another example is the Au25(SR)18 structure, which shows no 

chiroptical activity if protected with achiral SR ligands. However, when achiral ligands are 

exchanged by chiral thiols, Cotton effects are observed (Figure 1ï14).129, 130 Chiral thiolate 

ligands that have been used include BINAS (R/S-1,1ô-binaphthyl-2,2ô-dithiol), NILC/NIDC (N-

isobutyryl-L/D-cysteine), Capt (captopril), SG (glutathione), chirally modified 

phenylethanethiol (PET*), etc.129, 130  

Figure 1ï14. CD spectra (left) and optical absorption spectra (right) of A) achiral 

Au25(PET)18 cluster; B) chiral Au25(RïBINAS)18 cluster, and C) chiral Au 25(SïBINAS)18 

cluster  

 

*Reprinted with permission from Ref.129 (Copyright 2009 American Chemical Society). 

Intrinsically chiral gold clusters include Au28(SR)20, Au38(SR)24, Au40(SR)24 and 

Au102(SR)44 systems.13, 16, 125, 126 The CD spectra of their enantiomers are perfect mirror images. 

The chirality of the nanoclusters arises from the chiral arrangement of the thiolates on its 

surface, forming ñstaple motifsò.123 In these clusters gold cores can be protected either by 

achiral or chiral ligands, and in both cases they will yield chiroptically active systems.  

The crystal structure of Au28(TBBT)20 (where TBBT = 4-tert-butylbenzenethiolate) 

cluster exhibits a rodïlike Au20 kernel consisting of two interpenetrating cuboctahedra.13 The 

gold core is protected by four dimeric Au2(SR)3 units and eight bridging (ïSRï) thiolates.13 The 

unit cell of Au28(TBBT)20 single crystals contains a pair of enantiomers. Theoretical 

investigations of the optical properties of the Au28(TBBT)20 cluster were performed by 

Häkkinen and coïworkers.124 They optimized the structure of a model cluster Au28(SMe)20 and 

calculated both absorption and circular dichroism spectra of the right-handed enantiomer using 

TDDFT. A theoretical analysis of the optimized structure shows that trimeric units Au3(SR)4 are 

present (in addition to the known dimers) instead of direct binding of thiolates to the kernel of 

the cluster. This was the first observation of trimeric units in a cluster of known structure. The 
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cluster can be reformulated as Au14(Au2(SR)3)4(Au3(SR)4)2 (Figure 1ï15).13 Experimental and 

theoretical results showed strong CD signals for Au28(TBBT)20 enantiomers. Moreover, the 

obtained CD spectrum resolved a series of electronic transitions that is not found in the 

absorption spectrum.13, 124 Therefore, CD spectroscopy is able to provide more detailed 

information with respect to optical absorption spectroscopy.  

Figure 1ï15. A) The two enantiomers of Au28(TBBT)20; B) CD spectra of enantiomers; and 

C) normal optical absorption spectrum.  

 

*Adapted with permission from Ref. 13 (Copyright 2013 American Chemical Society). 

Figure 1ï16. A) Crystal structure of the leftïhanded enantiomer of Au38(2ïPET)24 and B) 

CD spectra of leftï and rightïhanded enantiomers and the racemate of Au38(2ïPET)24. 

 

*Adapted with permission from Ref.123 (Copyright 2012 Macmillan Publishers Limited). 

The crystal structure of the Au38(2ïPET)24 cluster was solved by Qian and coïworkers 

in 2010.16 However, prior to this work, theoretical studies enabled elucidation of the basic 

structural features of this cluster.131 The structure of this cluster consists of a faceïfused biï

icosahedral Au23 core, which is protected by six dimeric and three monomeric units. The 

intrinsic chirality of this cluster was studied by Aikens and coïworkers.132 In this study, 

theoretical and experimental approaches were combined. Geometrical and electronic structures 

as well as optical properties of Au38(SR)24 were investigated by theory for R = CH3 and C6H13 

and by powder Xïray crystallography for R = C12H25 clusters. Computationally, two types of 
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isomers were analyzed: an achiral cluster with symmetry C3h and a chiral cluster with D3 

symmetry. The lowestïenergy D3 isomer has an intrinsically chiral structure due to a special 

arrangement of the protective SR(AuSR)x units on the surface of the Au23 core. Theoretical 

absorption and CD spectra of Au38(SR)24 are in good agreement with those measured 

experimentally for Au38(SG)24 in the lowïenergy excitation (NIRïvisible light) range.132 This 

study showed that chiroptical activity of Au38(SR)24 clusters is related to the chiral arrangement 

of the goldïthiolate ligands around Au23 core.  Experimentally measured CD spectra for 

separated enantiomers of the Au38(2ïPET)24 cluster show perfect mirror image signals (Figure 

1ï16).123  

Figure 1ï17. A) Structures of four low-energy structures A1, A2, B1 and B2 of 

Au40(SCH3)24, and B) calculated CD spectra of structures A1, A2, B1, and B2 as compared 

to the experimental CD spectrum (black curve) of Au40(2-PET)24. 

 

*Adapted with permission from Ref.18 (Copyright 2012 American Chemical Society). 

The next intrinsically chiral gold cluster is Au40(2ïPET)24.
125, 126 Enantiomers of this 

cluster were separated via high-performance liquid chromatography (HPLC). The collected 

fractions exhibit strong chiroptical activity with a mirrorïimage relationship. Unfortunately, the 

crystal structure of this cluster is not solved yet. The geometrical structure of the Au40(SR)24 

cluster is still under debate. A few possible structures were proposed using DFT methods.18, 133 

According to the study of Häkkinen and coïworkers,18 the cluster contains an Au26 core that is 

composed by two icosahedra in edgeïtoïedge contact with a relative rotation of 90o. This metal 

core is protected by six monomeric and four dimeric units. In the paper, four low-energy 

structures A1, A2, B1 and B2 of Au40(SCH3)24 were considered (Figure 1ï17). The structure 

with the lowest energy also gives the best match with the measured linear absorption and CD 

spectra (Figure 1ï17).18 One year later, Jiang suggested a different low-symmetry structure for 
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the Au40(SR)24 nanoparticle with two extra Au atoms at the ñwaistò of a 23-atom biicosahedral 

core, which is covered by 3 monomer and 6 dimer units.133 

Bidentate ligands have demonstrated their ability to induce chiroptical activity of 

thiolateïprotected gold nanoclusters.127 Ligand exchange reactions on Au38(2ïPET)24 and 

Au40(2ïPET)24 clusters with monoï and bidentate chiral thiols such as BINAS and CamSH 

were performed by Knoppe and coïworkers.127, 128 Their results showed that bidentate ligands 

lead to slow exchange. Also, even at very low BINAS coverage of the clusters, strong optical 

activity is induced (Figure 1ï18). Nonïlinear behavior between chiroptical activity and the 

number of chiral ligands is found in the BINAS case for Au38 and Au40 clusters (Figure 1ï

18).127, 128 In contrast to BINAP, the CamSH ligands yield weaker optical activity, which 

demonstrates that the nature of the ligand affects the chiral activity of the gold clusters.  

Figure 1ï18. Anisotropy factors after 6, 24 and 72 h for A) Au38(2ïPET)24ï2x(BINAS)x, and 

B) Au40(2ïPET)24ï2x(BINAS)x. 

 

*Reprinted with permission from Ref.128 (Copyright 2012 The Royal Society of Chemistry) 

The influential Au102(SR)44 nanoparticle also exhibits intrinsic chirality.127 Its Xïray 

crystal structure was successfully determined by Kornberg and coïworkers in 2007.20 Chiral C5 

symmetry was found for the core of the cluster. 

 

 Chiral PhosphineïStabilized Gold NPs 

Small gold clusters protected by biï and tridentate phosphine ligands can also exhibit 

chiroptical properties. A great number of ultrasmall gold clusters (up to 22 gold core atoms) 

stabilized by bidentate phosphines have been synthesized and characterized by crystallography 

and electrospray ionization mass spectrometry, such as [Au6(P^P)4]
2+, [Au8(dppp)4]

2+, 

[Au8(dppa)4Cl2]
2+, [Au8(dppp)4Cl2]

2+, [Au8(BINAP)3(PPh3)2]
2+, [Au9(dpph)4]

3+, 
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[Au11(DIOP)4Cl2]
+, [Au11(BINAP)4Cl2]

+, [Au11(dppp)5]
3+, [Au11(dppe)6]

3+, [Au13(dppe)5Cl2]
3+, 

[Au22(dppo)6]
0, and [Au20(PP3)4]

4+.44, 58, 69, 134-137 Unfortunately, the optical 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 experimental40-44 and theoretical45, 47 papers found in the 

literature. All these 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 studies, the origin of 

the chiroptical activity of metal clusters protected by optically active organic molecules is still 

unclear. 

Figure 1ï19. Optical absorption and CD spectra of [Au11(S/RïDIOP)4Cl2]+ (1S/1R) and 

[Au 8(S/RïBINAP)3(PPh3)2]2+ (2S/2R). 

 

*Reprinted with permission from Ref.40 (Copyright 2016 American Chemical Society). 

Chiroptical activity of undecagold [Au11(L)8X2]
+ and [Au11(P^P)4X2]

+ (X = Cl and Br) 

clusters stabilized by the achiral monodentate (L = 4,4ô,4ôô ï phosphinidyne-tris(N-

methylbenzamide) (PTMB) and triphenylphosphine (TPP)), and bidentate (P^P = BINAP) 

phosphine ligands were performed by Tsukuda and co-workers.41 In that study, the CD spectra 

of enantiomers [Au11(R-BINAP)4X2]
+ and [Au11(S-BINAP)4X2]

+ exhibited intense and mirror 

image Cotton effects in the 250ï500 nm spectral range. However, undecagold clusters stabilized 

by achiral phosphine ligands did not show chiroptical activity, with CD signals near zero.41 In 

this study, these authors initially explained the optical activity in chiral ligandïprotected 

nanoclusters by structural deformation of the metallic core during ligation. It was mentioned 

that in single crystal X-ray diffraction studies on various phosphine-stabilized Au11 clusters, the 
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Au11
3+ core geometries (AuïAu distances in gold core) vary significantly with the phosphine 

ligands used.41 The flexible nature of the core may be due to the fact that ten out of the eleven 

atoms are located on the core surface, and are highly unsaturated. Also, the distances of 

peripheral Au atoms in the undecagold clusters protected by BINAP (2.8ï3.3 Å) are much 

smaller than in the Au2X2(BINAP) precursor (initially thought to be ~6.0 Å), which can cause 

core deformation and generate optical activity associated with the electronic transitions within 

the core.41 

Additional interesting and important features of the chiral gold complexes were recently 

observed by Tsukuda and coïworkers (Figure 1ï19).40 They found that the gold clusters exhibit 

CD signals with different intensities when stabilized by BINAP (2,2'-bis(diphenylphosphino)-

1,1'-binaphthyl) and DIOP (o-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane) 

ligands: BINAPïprotected gold clusters have larger anisotropy factors than DIOPïprotected 

species.40, 41 Single crystal Xïray analysis of the enantiopure samples of [Au11(S/RïDIOP)4Cl2]
+ 

(1S/1R) and [Au8(S/RïBINAP)3(PPh3)2]
2+ (2S/2R) revealed that both the Au11 and Au8 cores 

are intrinsically chiral and that the ligand shells are arranged in a chiral geometry. They 

proposed that the difference in the optical response of gold clusters protected by DIOP and 

BINAP ligands is enhanced by a chiral arrangement of the ˊ-electron system of BINAP in close 

vicinity to the Au core. To better understand this phenomenon, application of theoretical 

methods and approaches are necessary. This work will be described more detailed in Chapter 3. 

 

 Theoretical Models of the Origin of Chiropt ical Activity in L igand-Stabilized Gold 

NPs 

There are at least three essential mechanisms for explanation of the origin of chirality in 

ligand-protected metal NPs that are mentioned in the literature: (i) a chiral core model, (ii) a 

dissymmetric field model, and (iii) a ñchiral footprintò model.  

Chiral core model114, 120 ï chirality of the metal clusters is generated by an intrinsic 

chiral core or as a result of a structural distortion due to interaction with chiral ligands. Initially, 

Schaaff and Whetten proposed an inherently chiral structure for the metal cluster cores with 20ï

40 atoms as their main explanation for the intense optical activity observed in L-glutathione-

protected gold cluster compounds.114 However, investigation of the structural fluctuations in the 
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metal core due to the ligation process using experimental measurement techniques is a very 

sophisticated 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 theoretical calculations and 

methodologies were required. In 2003, Garzon et al.138-140 performed systematic cluster 

structure optimizations of bare (in the size range of 12ï212 atoms) and methylthiol-passivated 

gold nanoclusters Au28(SCH3)16 and Au38(SCH3)24 using DFT methods. It was shown that low-

symmetry disordered structures are energetically preferably for various clusters. For example, 

chiral structures were obtained as the lowest energy isomers of bare Au28 and Au55 clusters, 

whereas the bare Au38 cluster was found to prefer the achiral Oh geometry.  

Figure 1ï20. Structures of bare and methylthiol-passivated chiral gold nanoclusters. 

 

*Reprinted with permission from Ref.139 (Copyright 2009 The Royal Society of Chemistry) 

For determination of chirality in the clusters, the Hausdorff chirality measure (HCM) for bare 

and ligandïprotected gold clusters was used. These results showed that the interaction of the 

gold core with the thiol ligands could increase the chirality of an intrinsically chiral cluster or 

induce chirality in an originally achiral cluster (Figure 1ï20). For small gold clusters, it has 

been shown both theoretically and experimentally that low-symmetry disordered structures. 

Hakkinen and coïworkers141, 142 studied geometrical and electronic structures of the bare 

anions Cun
ï, Agn

ï and Aun
ï with n=53ï58 using UVïphotoelectron spectroscopy and ab initio 

calculations. They showed that Cun
ï and Agn

ï exhibit highly degenerate states, which is a direct 

consequence of their icosahedral symmetry. However, gold clusters in the 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 demonstrated by ab initio calculations. 
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Dissymmetric field model120, 143 ï chirality originates when an achiral metal core is surrounded 

by chiral ligands in an achiral absorption patterns or stabilized by achiral ligands in chiral 

absorption patterns. According to this model, the induced optical activity in a chiral monolayer-

protected cluster could arise from an achiral metal core perturbed by a chiral field originating 

from the ligands. In other word, the chiral ligands or achiral ligands in chiral absorption patterns 

induce a chiral perturbation on the core, making it chiroptically active.143 The dissymmetric 

environment acts as a perturbing electrostatic field to break down the symmetry of the 

electronic state of nanoclusters as is observed for chiral d-metal complexes.120  

A dissymmetrically-perturbed particle-in-a-box model was used to study the origin of 

chirality in Au28(R-methylthiirane)6 and Au28(glutathione)6 NPs.143 In this model the Aun core 

was modeled with non-interacting electrons confined to a cubic box, and the surrounding 

adsorbates were described using point charges (Figure 1ï21). The first-order response of the 

cluster electronic states in a perturbation theory framework can be calculated. Electric and 

magnetic transition moments could be determined. The obtained transition moments are then 

used for calculation of the rotational strength and CD spectrum. Their results demonstrated that 

the induced optical activity of chiral monolayer-protected clusters could arise from symmetric 

metal cores perturbed by a dissymmetric or chiral field originating from the adsorbates.143 

Figure 1ï21. A) schematic representation of (a) a single molecular adsorbate and 

adsorbate-Au cluster (i.e. Au14(R-methylthiirane) represented by (b) a system of point 

charges; and B) optical absorption and CD spectra of Au14 and Au28 clusters. 

 

*Adapted with permission from Ref.143 (Copyright 2006 the Owner Societies) 

In addition, the origin of chiroptical activity in gold nanocluster enantiomers protected 

by a pair of optically active penicillamine (D-Pen or L-Pen) ligands was explained in terms of 

the dissymmetric field model. These ligands contain chiral centers, so optical activity 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 chromophore.120 

 The ñchiral footprintò modelò144 ï the chirality of metal NPs is 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 molecules on a metal surface create a local 

chiral environment.145 In 2001, Hamblot and co-workers145 studied the absorption process of 

chiral (R,R)-tartaric acid on the Ni-surface with formation of highly stereoselective catalysts 

(Figure 1ï22). A combination of experimental and theoretical methods145 provided detailed 

information about chiral induction of the metal surface. The most stable adsorption structure of 

(R,R)-tartaric acid on the Ni-surface was achieved by a chiral relaxation of atoms in the bulk-

truncation Ni(110) surface. The most stable adsorption structure is one in which the adsorption 

induced stress is alleviated by significant relaxation of surface metal atoms so that a long 

distance of 7.47 Å between pairs of Ni atoms can be accommodated at the surface. Also, the 

adsorbed complex destroys all the local mirror planes associated with the clean surface locally. 

DFT calculations show that only one chiral footprint is favored by the (R,R)-tartaric acid, which 

mean that, at room temperature, the same local chiral motif is expected to be repeated across 

over 90% of the metal surface, leading to an overall chiral and very enantiospecific system.145 

Figure 1ï22. Chiral footprint imparted by bitartrate on Ni(100) surface. 

 

*Reprinted with permission from Ref.145 (Copyright 2006 the Owner Societies) 

This ñchiral footprintò model has been employed to explain the origin of chiroptical 

activity in chiral ligand-protected gold NPs.144, 146 Optical activity of small gold particles 

protected with N-isobutyryl-D-cysteine and N-isobutyryl-L-cysteine were investigated with 

optical absorption and vibrational circular dichroism (VCD) spectroscopy as well as DFT 

methods.144 The origin of the chirality of these clusters was explained with ñchiral footprintò 

theory. The results indicate that the carboxylic acid group interacts with the gold particle, and it 

is proposed that this ñtwo point interactionò leads to a ñchiral footprintò on the particle surface, 

which is the origin of the observed optical activity.  
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In reality, the origin of chiroptical activity in the gold NPs is a complex problem and 

cannot be explained in terms of only one of the proposed mechanism such as the chiral metallic 

core, the dissymmetric field effect, or the chiral footprint model. 

 

 Origin of Chiroptical Activity in L igand-Protected Gold NPs: First Principles 

Calculation 

Understanding the origin of chirality and the impact of the ligand nature on the 

chiroptical activity of metal clusters protected by optically active organic molecules is very 

important, in part because it will help to design novel chiral metallic nanostructures with 

specific properties. One of the main applications for chiral gold nanoparticles is that they can be 

used as enantioselective nanocatalysts in the pharmaceutical industry and produce chiral 

molecules on an industrial scale.147, 148 

The mechanism for the origin of chiral response of thiolate-protected gold clusters with 

achiral metal cores and ligands was proposed by Aikens and coïworkers.132 Structural, 

electronic, and optical properties of the thiolate-protected Au38(SR)24 cluster were studied by 

density-functional theory computations (R = CH3 and R = C6H13) and by powder X-ray 

crystallography (R = C12H25). Although the alkane thiolate ligands are achiral, the chiral 

arrangement of the binding motifs yields strong CD signals. Two types of arrangements of Auï

S atoms around the Au23 gold core were considered: (i) chiral D3 symmetric structures; and (ii) 

achiral C3h structures (Figure 1ï23). Computations showed that Au38(SR)24 clusters with a D3 

symmetric structure exhibit strong CD signals, whereas the C3h systems have weak optical 

response in their CD spectra (Figure 1ï24).132. This study demonstrated that the chiral response 

for low excitation energies is related to the chiral arrangement of the gold-thiolate ligand shell 

around the bi-icosahedral Au23 core. This mechanism is qualitatively different from the one 

reported from a theoretical study of [Au25(SR)18]
ï clusters.149 
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Figure 1ï23. A) Structure of Au23 core; B) chiral D3 arrangement of the Au-S atoms; C) 

C3h arrangement of the AuïS atoms; and D) Optimal SCH3 distribution on the lowïenergy 

D3 symmetry structure. 

 

*Reprinted with permission from Ref.132 (Copyright 2010 American Chemical Society). 

Figure 1ï24. A) CD spectrum of lowïenergy Au38(SCH3)24 (D3 symmetry structure) and B) 

CD spectrum of lowïenergy Au38(SCH3)24 (C3h symmetry structure). (Note: folded means 

convoluted spectrum). 

 

*Reprinted with permission from Ref.132 (Copyright 2010 American Chemical Society). 

Provorse and Aikens45 applied TDDFT calculations to examine the optical and 

chiroptical properties of phosphineïprotected undecagold [Au11BINAP4X2]
+ complexes and 

their Au2X2BINAP precursors, where X = Cl, Br. To simulate BINAP ligands in 

[Au11BINAP4X2]
+ complexes, the simple model ligand 1,4-diphosphino-1,3-butadiene (dpb) 

was used. Optical absorption and CD spectra were calculated. The results showed that 

experimental peak positions are well reproduced in the calculations (Figure 1ï25). The 

theoretical CD spectrum of the [Au11(dpb)4X2]
+ complex has two negative peaks around 480-

530 nm and 390-410 nm, which closely match experiment. The third peak in the spectrum at 

300-350 nm has the opposite sign from experiment, which can be due to substitution of BINAP 

by the model ligand dpb. Structural analysis of these systems exhibited that the lowest energy 

structure of [Au11BINAP4X2]
+ has a chiral C2 geometry, whereas monodentate phosphine 

ligands lead to a C1 structure. Reduction of the core chiral symmetry from C2 to C1 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 approximately 5-10 for this system. It was clearly shown that the optical activity of 

the gold core is very sensitive to the existence and chiral arrangement of the surrounding 

ligands, and bidentate phosphine ligands have both a structural and electronic impact on the 

system.45 

Figure 1ï25. Theoretical (red) and experimental (blue) A) optical absorption and B) CD 

spectra of [Au11L4Br2]+. 

 

*Reprinted with permission from Ref.45 (Copyright 2010 American Chemical Society). 

Figure 1ï26. (Left) Structure of the bare Au20 core of the cluster. The triblade 7ïatom 

motif is highlighted in blue. (Center) Structure of the ligand-protected right-handed 

enantiomer. (Right) Structure of the PP3 ligand. 

 

*Reprinted with permission from Ref.47 (Copyright 2014 American Chemical Society). 

Figure 1ï27. CD spectra of A) isolated cores (Au20)4+ (black) and (Au23)9+ (red). B) clusters 

[Au 20(PP3)4]4+ (black) and Au38(SMe)24 (red). 

 

*Reprinted with permission from Ref.47 (Copyright 2014 American Chemical Society). 
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Häkkinen and coïworkers47 investigated electronic structure and optical properties of 

the intrinsically chiral complex [Au20(PP3)4]
4+ where PP3 is tridentate phosphine ligand = tris(2-

(diphenylphophino)ethyl)-phosphine) using DFT and TDDFT methods. Single-crystal structural 

analysis shows that the Au20 core is intrinsically chiral and has C3 symmetry.150 The Au20 core 

can be considered as a combination of an icosahedral Au13 and a helical Y-shaped Au7 motif 

(Figure 1ï26). This core is stabilized by four peripheral tetraphosphines. Comparison of the 

computed circular dichroism spectra of ligandïprotected clusters [Au20(PP3)4]
4+ vs. 

Au38(SMe)24, and their bare gold cores (Au20)
4+ vs. (Au23)

9+ was performed (Figure 1ï27). The 

results showed that the intensity of optical activity in the bare clusters is dictated by the 

asymmetry of the clusters. However, in the case of Au38(SMe)24, the chiral arrangement of the 

protecting (SR-Au)2-SR units dominates the CD spectra and the phosphine protection has little 

influence. 

Despite all these empirical 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 ligandïprotected gold NPs. Therefore, theoretical 

approaches (for example, DFT and TDDFT methods) can be very useful to help better 

understand this important question. 

 

 Overview of This Thesis 

This thesis contains eight chapters in 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 2. The results from the studies undertaken in this thesis are presented in 

Chapters 3 ï 7. Application of CD spectroscopy to study chiral systems is demonstrated in 

Chapters 3 and 4. In Chapter 3, the origin of chiral activity in octaï and undecagold clusters is 

studied. Chapter 4 examines optical properties of bare and DNA protected silver NPs. Chapters 

5, 6 and 7 are related to the application of MCD spectroscopy for the study of optical and 

electronic properties of phosphineïprotected AuNPs (Chapter 5 and 6), and for determination of 

the plasmonic behavior of bare AgNPs (Chapter 7). Finally, Chapter 8 outlines the main 

conclusions of this study. 
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Chapter 2 - Theory and Computational Methods 

 Quantum Chemistry 

 The Wave Function and Schrödinger Equation 

Quantum chemistry applies quantum mechanics to solve different problems in chemistry 

such as thermodynamic property 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 etc. 

Laws of quantum mechanics can successfully describe the behavior of microscopic systems like 

electrons, atoms and molecules.151, 152  To describe the state of a system in quantum mechanics, 

the existence of a function of the particle coordinates called the wave function or state function 

Ɋ was postulated. Due to the fact that the state will change with time, the wave function is also 

a function of time t. The wave function contains all possible information about the system it 

describes.  However, Ɋ itself does not have a physical meaning. Born postulated that |Ɋ(x,t)|2dx 

gives the probability at time t of finding the particle in the region of the x axis lying between x 

and x+dx. In other words, |Ɋ(x,t)|2dx is the probability for finding the particle at various places 

on the x axis.151, 152 

To find the future state of a quantumïmechanical system from knowledge of its present 

state, the timeïdependent Schrödinger equation (TDSE) is used: 

Ὥ
Ћɰὼȟὸ

‬ὸ
Ὄὼȟὸɰὼȟὸ (2.1) 

where Ὥ Ѝ ρ and Ὄ is the Hamiltonian operator. The Hamiltonian operator contains five 

terms: the kinetic energy of the electrons and nuclei, the attraction of the electrons to the nuclei, 

the interelectronic repulsion and internuclear repulsions. 

Many applications of quantum chemistry do not experience any time-dependent external 

forces, and the time-dependence in the Hamiltonian disappears. In these cases, the timeï

independent Schrödinger equation (TISE) should be used: 

Ὄɰὼ Ὁɰὼ (2.2) 

The TISE and TDSE cannot be solved exactly for most systems. However, numerous 

approximation methods are applied to solve the Schrödinger equation that can predict the 

desirable properties of molecular systems with reasonable accuracy.152 
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 The Born-Oppenheimer Approximation  

According to the non-relativistic approximation, the full Hamiltonian has the following 

form:151 
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where a and b refer to nuclei, and i and j refer to electrons; Rab is the distance between nuclei a 

and b with atomic numbers Za and Zb; ria is the distance between electron i and nucleus a; and 

rij is the distance between electrons i and j.  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 Schrödinger equation for a molecule may be separated into an 

electronic and a nuclear equation. This approximation allows us to solve the equation 

efficiently: considering the nuclei as fixed, we omit the nuclear kinetic-energy terms from the 

equation (2.3) to obtain the Schrödinger equation for electronic motion.151, 152  
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(2.7) 

 

(2.8) 

where  Ὄ  is the pure electronic Hamiltonian, and VNN is the nuclear repulsion term.  

So, to get the total internal energy of a system (U), we need to solve the electronic 

Schrödinger equation and then add the electronic energy to the internuclear repulsion, as shown 

in equation (2.8).  
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 Basis Set 

The molecular orbitals are usually expanded as linear combinations of atomic orbitals: 

ɰ ὧ• (2.9) 

where Yi is a molecular orbital, jr are atomic orbitals, cri are coefficients representing the 

weights of the contributions of the n atomic orbitals to the molecular orbital, and r is an integer 

number that represents which atomic orbital is combined in the term. These atomic orbitals are 

referred to as basis functions which are mathematical functions that are convenient to 

manipulate and in linear combination give useful representations of MOs.152 

Several types of basis functions can be used to describe the electron distribution around 

an atom and in the molecule as whole, including hydrogen-like functions based on solutions of 

the Schrödinger equation for the hydrogen atom, as well as Gaussian and Slater functions.152  

Gaussian-type orbitals (GTO) can be considered as basis functions. A Cartesian GTO is 

defined by the equation:151 

• ὼȟώȟᾀ ὔὼώ ᾀὩ  (2.11) 

where N is a normalization constant; lx,ly,lz determine the type of orbital; ɕ is a positive orbital 

exponent; and x,y,z are Cartesian coordinates. The reason Gaussian orbitals are often used is 

that the four-index integrals can be expressed analytically which significantly speeds up integral 

evaluation. However, a Gaussian functions do not have the desired cusp at the nucleus and 

hence gives a poor representation of an AO for small values of r.151 

Another type of basis function is Slater-type orbitals (STO). STOôs are good 

approximations 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 short- and long-range behavior. An STO is defined by the equation  

• ὶȟ—ȟ‰ ὔὣ —ȟ‰ὶ Ὡ  (2.10) 

where N is a normalization constant, Ylm(q,f) are real or complex spherical harmonics, r is the 

distance of the electron from the atomic nucleus, and the ɕ exponent controls the width of the 

orbitals. A large ɕ gives a tight function, and a small ɕ gives a diffuse function. Also, these 

functions are not mutually orthogonal, and their usage can be very time consuming for large 

molecules due to the calculation of three- and fourïcenter integrals which cannot be performed 
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analytically and should be performed numerically. 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 one is a 

minimal basis set (SZ) that consists of one orbital (STO or GTO) for each atomic orbital (inner- 

and valence shell) of each atom. A double-zeta basis set (DZ) is obtained by replacing each 

orbital (STO or GTO) of a minimal basis set by two basis functions for each AO that differ in 

their orbital exponents. A triple-zeta basis set (TZ) replaces each orbital (STO or GTO) of a 

minimal basis set by three basis functions. A large basis set such as quadruple-zeta (QZ), 5Z, 

6Z, etc., is obtained by replacing each basis function of a minimal basis set by four, five, six, 

etc. (STO or GTO) functions of different orbital exponents.151 A split-valence basis uses only 

one (STO or GTO) basis function for each core AO, and a two (or more) for each valence AO. 

Also, the quality of the basis set can be improved by addition of diffuse and polarization 

functions.151, 152 Diffuse functions have small ɕ exponents; this means the electron is held far 

away from the nucleus. These functions are necessary for anions, Rydberg states, and very 

electronegative atoms with a lot of electron density. Polarization functions are very important 

for modeling chemical bonding, because the bonds are often polarized. To polarize a basis 

function with angular momentum l, it is mixed with basis functions of angular momentum l + 1. 

  

 Density Functional Theory (DFT) 

Density functional theory is based on the electron density function, designated by 

ɟ(x,y,z), instead of the wavefunction. A wavefunction for an N election system contains 4N 

variables (three spatial and one spin coordinate) for each electron, whereas the electron density 

function is a function of only the three spatial coordinates x, y and z.152 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 volume.152 DFT calculates all the properties of atoms and molecules 

(geometries, energies, optical properties, etc.) from the electron density. The main problem of 

DFT is that although each different density yields a different ground state energy, the functional 

connecting these two quantities is not known.153 To use DFT methods, functionals connecting 

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

KohnïSham approach. 

  

 The Hohenberg-Kohn Theorems 

The first HohenbergïKohn theorem says that all properties of molecule in a ground 

electronic state are determined by the ground state electron density function ɟ0(x,y,z). So, if we 

know ɟ0(x,y,z) we can calculate any ground state property. In other words, any ground state 

properties of a molecule are functions of the ground state electron density function. For 

example, for the energy:152 

Ὁ Ὁ”  (2.12) 

where E0 is the ground state energy and E is 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 HohenbergïKohn theorem says that any trial electron density function will 

give an energy higher than or equal to (if exact, it is the true electron density function) the true 

ground state energy (this theorem is analogous to the wavefunction variation theorem):152 

Ὁ ”  Ὁ ”  (2.13) 

where ʍt is the trial electronic density, ɟ0 is the true electronic state, E0[ʍ0] is the true ground 

state energy, and Ev[ʍt] is the electronic energy from the trial electron density (it is an energy of 

the electrons moving under the potential of the 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-Sham Method 

The HohenbergïKohn theorem states that we can calculate any molecular properties 

from the electron density. But, it does not tell us how to find electron density and calculate the 

functional. Kohn and Sham (KS) suggested a practical method to find ɟ0 and E0. In order to 

evaluate the density of the interacting system, Kohn and Sham considered a fictitious system of 

N nonïinteracting electrons that move under the potential of the atomic nuclei. This nuclear 

potential is called the  ñexternal potentialò v(r).152 Since the electrons are not interacting, the 

electronic Hamiltonian can be expressed as a sum of oneïelectron operators, has eigenfunctions 
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that are Slater determinants of the individual oneïelectron eigenfunctions, and has eigenvalues 

that arise from the sum of the oneïelectron eigenvalues.154 

There are two basic ideas behind the KS approach: (i) the molecular energy can be 

expressed as a sum of terms and only one term is relatively small and involves the unknown 

functional; and (ii) the initial guess of the electron density ɟ is used in the KS equations to 

calculate an initial guess of the KS orbitals, which is then used to refine the orbitals in a Selfï

ConsistentïField (SCF) manner. The final KS orbitals are used to calculate an electron density 

that in turn is used to calculate energy. 

The ground state electronic energy of a molecule is a sum of expectation values of:151, 152 

Ὁ Ὁ” ộὝ” Ớ ộὠ ” Ớ ộὠ ” Ớ (2.14) 

where Ὕ”  is the electron kinetic energy, ὠ ”  is the nucleusïelectron attraction potential 

energy, and ὠ ”  is the electronïelectron 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 nonïinteracting system and the kinetic energy difference between the real and nonï

interacting system (note: the subscript s denotes the non-interacting system):151, 152 

ộὝ” Ớ ộὝ” Ớ ЎộὝ” Ớ (2.15) 

The second term of equation (2.14) is known and can be calculated by:  

ộὠ ” Ớ  ɰ ’► ɰὨὸ ” ►’►Ὠ► (2.16) 

The third term of (2.14) is electronïelectron repulsion: 
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where the first part of equation (2.17) represents the chargeïcloud Coulomb repulsion energy, 

and r12 is the distance between coordinates r1 and r2. The term ɝộὠ ” Ớ is all nonïclassical 

corrections to the electronïelectron repulsion energy between the real system and the non-

interacting system. 

Using equations (2.15) ï (2.17), equation (2.14) can be written as:151, 152 
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The last two terms of the equation (2.18) are unknown correction terms. Their sum is called the 

exchange correlation energy functional or the exchangeïcorrelation energy, EXC: 
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Ὁ ЎộὝ” Ớ ɝộὠ ” Ớ (2.19) 

Since the functional EXC is unknown, different types of approximations have been 

developed. These approximations vary from very simple to very complex. The accuracy of DFT 

calculations strongly depends on the approximation of the exchangeïcorrelation functional. 

There is no single universal functional. The functional to choose depends on the system and 

properties investigated. The DFT functionals are classified as follows:  

¶ Local Density Approximation (LDA) ï is the lowest rung of approximation for the 

exchangeïcorrelation part. In the LDA, the exchangeïcorrelation energy density 

depends only on the density at a given point and it applies well to a uniform electron 

gas. This is the simplest density functional. For example, the XŬ method is a special 

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

neglected and the exchange functional depends on an empirical parameter Ŭ. This XŬ 

method gives reasonable bond distances. The Local Spin Density Approximation 

(LSDA) is obtained by an elaboration of the LDA: electrons of Ŭ and ɓ spin in the 

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

functions ɟŬ and ɟɓ are used. This method can be used for systems with one or more 

unpaired electrons.  

¶ Generalized Gradient Approximation (GGA) ï 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 position Ðɟ) at each point. GGA functionals are more 

accurate than LDA. They significantly reduce the bond dissociation energy errors and 

generally improve transition barriers.  

¶ metaïGGA ï additionally depends on higher order derivatives of the electron density, 

with the Laplacian (Ð2ɟ) being the secondïorder term.  

¶ Hybrid functionals ï this type of functional mixes exact HartreeïFock exchange energy 

with GGA or meta-GGA. Inclusion of exact HartreeïFock 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 electrons of elements 

with high atomic numbers. The effective mass of an electron is given by:155  
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where m0 is the rest mass of the electron, c is the speed of light, and v is the velocity of the 

electron.  

For a nonrelativistic hydrogenlike atom, the average orbital velocity of a 1s electron is 

approximately Z a.u.: 

‡
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where Z is the nuclear charge, and c = 137 is the speed of light in atomic units (a.u.). However, 

for an electron in Au atom with Z = 79, the ratio v/c å 79/137 or 0.58. Therefore, the 1s electron 

in a gold atom moving with this speed has a mass of 1.23m0. This increased mass of the electron 

has a considerable effect on the radial distribution of the electron. For example, the ratio 

between the relativistic 1s radius to its nonrelativistic counterpart is approximately (1.23 m0)
-

1/m0
-1, or 0.81. This implies that relativistic effects have decreased the 1s orbital size in Au by 

about 20%. The result is a lowering of the energies of all s orbitals. Additionally, due to this 

higher shielding of the inner s electrons, the more diffuse d 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 take these effects into account.  

The ADF program used in this research uses the zeroth order regular approximation 

(ZORA). The ZORA equation is the zeroth order regular approximation to the Dirac 

Hamiltonian. The relativistic and nonrelativistic Kohn-Sham DFT equations can be written 

as:156 

Ὕ ὠ ɰ ‐ɰ (2.22) 

where VKS is the effective molecular Kohn-Sham 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 SR-ZORA.156 
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where p is the momentum (p = ïiÐ), c is the velocity of the light, and s are Pauli spin matrices: 
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The ZORA kinetic energy operator TZORA depends on the molecular KohnïSham potential. The 

scalar relativistic SR-ZORA kinetic energy operator TSR-ZORA is the ZORA kinetic energy 

operator without spinïorbit coupling. This operator can be used in cases where spinïorbit 

coupling is not important. ZORA is a computationally efficient method for relativistic 

calculations.  

 

 TimeïDependent Density Functional Theory (TDDFT) 

 The Runge-Gross Theorem 

This theorem is a timeïdependent analogue of the first HohenbergïKohn theorem. It 

states that the exact timeïdependent (TD) electron density ɟ(r,t) determines the timeïdependent 

external potential v(r,t), up to a spatially constant, timeïdependent function C(t) and thus timeï

dependent wavefunction Ɋ(r,t), up to a timeïdependent phase factor.157 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-dependent Kohn-Sham (TDKS) Equations 

Similar to ground state DFT, it is assumed that a TD nonïinteracting reference system 

exists with an external oneïparticle potential ὺ►ȟὸ of which the electron density ” ►ȟὸ is 
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equal to the exact electron density ”►ȟὸ of the real interacting system.157 This potential is not 

known and approximations must be used.157, 158  The nonïinteracting system is represented by a 

single Slater determinant Ɋ(r,t) consisting of the TD singleïelectron orbitals ‪ ►ȟὸ. The 

timeïdependent electron density is given by a sum over these occupied orbitals:157, 158 

”ὶȟὸ ” ►ȟὸ ȿ‪ ►ȟὸȿ (2.28) 

These TD singleïelectron orbitals are then given as a solution of the TDKS equation, 

which is similar to the timeïindependent one:157, 158 
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The TD external potential ὺ” ►ȟὸ of the nonïinteracting system consists of the Hartree 

potential (Coulomb), the external potential, and an effective exchangeïcorrelation potential, all 

of which are timeïdependent:158 

ὺ” ►ȟὸ ὺ ” ►ȟὸ ὺ ” ►ȟὸ ὺ ” ►ȟὸ (2.31) 

The first term of the equation (2.31) is ὺ ” ►ȟὸ, which includes the nuclear and any other 

external potentials. The second term is the Hartree potential, which is written as:157, 158 
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The exchangeïcorrelation part ὺ ” ►ȟὸ can be expressed as: 

ὺ ” ►ȟὸ
‬ὃ ”

‬”►ȟὸ
 (2.33) 

The ὃ ” is the soïcalled exchangeïcorrelation part of the action integral A[ɟ]. The quantum 

mechanical action integral A[ɟ] is a functional of the density. This action integral is a 

prescription of how the exact density can be obtained. The exact electron density ”►ȟὸ can be 

found from the Euler equation:157, 158 
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when appropriate boundary conditions are applied. 

The final TDKS equation can be written as:157, 158 
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This TDKS equation is a singleïparticle equation in which each electron is treated individually 

in the field of all others.158 The TD exchangeïcorrelation action functional (called the XC 

kernel, fXC) is not known and approximations to this functional have to be applied. The first 

approximation for the action functional is the adiabatic approximation, where the TD exchangeï

correlation functional is replaced by a timeïindependent equation. This is a good approximation 

if the probability density changes slowly with time. 

To obtain excitation energies and oscillator strengths using the TDKS equation, different 

strategies can be applied. One of them is linear response TDDFT or LRïTDDFT. In the LRï 

TDDFT, the change of the density is described by first order perturbation theory under the 

assumption that the perturbation is turned on slowly (adiabatic approximation) and that the 

system initially resides in the ground state with the corresponding density ɟ0. The non-

Hermitian LRïTDDFT equation should be used:158 
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 (2.36) 

where A and B are matrix elements with dimensions of number of occupied orbitals. They can 

be defined as:157, 158 
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where the two-electron integrals are given in Mulliken notation, i and j denote occupied orbitals, 

and a and b are virtual KS orbitals. The solution of equation (2.36) yields the transition energies 

Ů and eigenvectors |X> and |Y>. Oscillator strengths, which determine the magnitude of the 

absorption peaks, are calculated from the solution vectors |X> and |Y>.157, 158 

 

 CD Spectroscopy 

CD spectroscopy is based on the measurement of the difference in absorption between 

left and right circularly polarized light: 

Ўὃ ὃ ὃ ὃ ὃ  (2.39) 

The CD signal can be either positive or negative. The CD sign is positive when absorption of 

the left circularly polarized light is greater than absorption of the right circularly polarized light. 
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The simulation of the CD spectra is based on the relations:159, 160 
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where CD is the circular dichroism signal in arbitrary units (a.u.), a is a set of constants, NA is 

Avogadroôs number in units of mole-1, h is the Planck constant in units of JÖs, c is the speed of 

light in units of cm/s, Rm is rotatory strength in units of esu
2Öcm2, E is the energy of the incident 

light in eV, and Em is the excitation energy to state M in eV. CD spectra were fitted with a 

Gaussian function, where sm(E) is the Gaussian band shape factor and s is the exponential half-

width. 

 

 MCD Spectroscopy 

MCD spectroscopy is based on the measurement of the difference in absorption between 

left and right circularly polarized light, which is induced in the sample by a strong magnetic 

field oriented parallel to the direction of light propagation.161, 162 

Ўὃ ὃ ὃ ὃ ὃ Ë‐ὧὰ" (2.44) 

where ȹŮM is the differential molar absorptivity per Tesla of field, analogous to the Ů molar 

absorptivity in the CD case, c is the molar concentration of the absorbing species, and l is the 

path length (in centimeters), B is the magnetic field. MCD data can be plotted in a few different 

ways: as the absorption difference (ȹA), as the absorption coefficient difference (ȹk), as molar 

absorptivity (ȹŮM) and as molar ellipticity ([ɗ]M).
162-165 Molar absorptivity (ȹŮM) is related to 

molar ellipticity ([ɗ]M) by the following equation:163 
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where molar ellipticity is expressed in deg L m-1 mol-1 G-1. 

There are three main sources of MCD intensity, which are referred to as the A, B and C 

terms.162, 165, 166 Which term will be dominant depends on the type of investigated molecule: the 
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A term is found only for molecules with degenerate excited states, and it has a derivative shape 

in the MCD spectrum; the B term arises in MCD spectra for systems with excited states close 

enough in energy to allow mixing; and the C term is present for paramagnetic molecules whose 

ground state is degenerate, and this term is temperature dependent.163 MCD intensity is often 

interpreted in terms of the equation:162, 165 
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where ǩɤ is the energy of incident light, ǩɤJ is the excitation energy to state J, B is the 

amplitude of the applied magnetic field, T is the temperature, ə is Boltzmannôs constant, ɢ is a 

collection of constants and experimental parameters that depend on what quantity is measured 

and units, fJ is a bandshape function and AJ, BJ and CJ  are magnetic circular dichroism terms.163 

In this research, the theoretical simulation of MCD spectra is based on the 

implementation in the Amsterdam Density Functional (ADF) program in which a magnetic 

perturbation of the TDDFT was applied for calculation of the MCD terms.158  

Using our calculated AJ, BJ and CJ parameters and the MCD intensity equation (2.46) we 

can calculate MCD spectra in terms of molar ellipticity [ɗ]M, which is independent of the major 

experimental parameters such as the concentration of absorption species (c), the path length (l) 

and magnetic field (B):162, 165 
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where c is the collection of constants which is approximately equal to 0.0014803.165 To get 

molar ellipticity [ɗ]M in the units (deg L m-1 mol-1 G-1), the energy of incident light (ǩɤ) and 

excitation energy to state J (ǩɤJ) should be in a.u. 

The bandshape functions chosen are normalized Gaussian functions and their 

derivatives:162 
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The bandwidth parameters WJ were chosen to reproduce the observed bandwidths. 
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Chapter 3 - Chiroptical Activity in BINAPï and DIOPï Stabilized 

Octaï and Undecagold Clusters 

 

 Abstract 

In order to 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 of the undecagold 

(Au11
3+) and octagold (Au8

2+) clusters protected by bisphosphine ligands of different natures. 

The chirality of pairs of clusters [Au11(BINAP)4Cl2]
+, [Au11(DIOP)4Cl2]

+ and 

[Au8(BINAP)3(PPh3)2]
2+, [Au8(DIOP)3(PPh3)2]

2+ were investigated with density functional 

theory (DFT) and timeïdependent density functional theory (TDDFT). To simulate BINAP and 

DIOP ligands, which possess a great number of atoms, small model ligands are used. The 

obtained results showed that the shapes of the octaï and 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. Three main 

hypotheses to explain the different chiroptical activity of the clusters were suggested: (i) the CD 

activity originates from core deformation due to ligation; (ii) the nature of the chiral ligands can 

play a crucial role in the optical activity of the achiral core and (iii) Cl atoms positions can 

affect the CD intensity. It was shown that 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 ligands determines a gold core structural deformation 

and mainly affects the high-energy region of the CD spectra, whereas the gold core exhibits a 

significant effect on the shape and sign of the CD spectra in the low energy region above ~350 

nm. 

 

 Introduction  

Gold nanoclusters with dimensions less than a nanometer possess unique characteristics 

and properties, which enable applications in luminescence, sensing, catalysis, etc.55, 167-169 

Therefore, scientists continue to try to develop and synthesize novel gold nanostructures with 

improved characteristics or new properties. Small gold clusters protected by various types of 
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ligands have received great attention for the few last decades. Ligands allow researchers to 

obtain gold nanoclusters with given sizes, shapes and properties. 

A very interesting and promising class of gold nanoclusters is chiroptically active gold 

nanostructures. Chirality is an 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 pharmaceutical industry and 

produce chiral molecules on an industrial scale.147, 148 Metal surfaces with chiral characteristics 

have been successfully obtained with many different approaches: (i) by adsorbing chiral organic 

molecules (such as DNA, glutathione, penicillamine, cysteine, etc.) onto an achiral metal core; 

(ii) by adsorbing achiral ligands in a ñchiral patternò onto an achiral metal core or (iii) by 

synthesis of left and right handed symmetries of metal nanoparticles.114, 116-122 In this project, we 

focus on chiroptically active gold nanoparticles that are obtained by combination of an 

essentially achiral metal core with chiral organic molecules.  

In gold nanocluster chemistry, phosphines are one of the most common types of 

ligands.26, 34, 40, 43, 45, 94, 170 There are two categories of phosphineïligands: monodentate 

phosphines (including triphenylphosphine and its derivatives)34, 35, 171 and bidentate phosphines 

(bisphosphine (P^P)ïligands).40, 41, 45, 172 Bidentate phosphines are a very interesting class of 

ligands. These organic molecules are chiral and their combination with gold clusters can yield 

chiral gold nanostructures. A great number of ultra-small gold clusters (up to 13 core gold 

atoms) stabilized by bidentate phosphines have been synthesized and characterized by 

crystallography and electrospray ionization mass spectrometry.44, 58, 69, 134, 135 Unfortunately, the 

optical 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 experimental40-44 and theoretical45 

papers found in the literature. These results suggest that the bisphosphine ligands affect the core 

structure and the chiroptical activity of the ultra-small gold clusters. However, despite all these 

empirical and theoretical studies, the origin of the chiroptical activity of metal clusters protected 

by optically active organic molecules is still unclear. 

One of the interesting and important features of chiral gold complexes was observed by 

Tsukuda and coïworkers.40 They found that the gold clusters exhibit circular dichroism (CD) 

signals with different intensities when stabilized by BINAP (2,2'-bis(diphenylphosphino)-1,1'-
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binaphthyl) and DIOP (o-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane) 

ligands; they also ascertained that BINAPïprotected gold clusters have larger anisotropy factors 

than DIOPïprotected species (Figure 3ï1).40, 41 Investigation of this phenomenon will help to 

better understand the origin of cluster chirality and the impact of the nature of the ligand on the 

chiroptical activity of metal clusters protected by optically active organic molecules, which is 

very important to design novel chiral metallic nanostructures with specific properties.  

Figure 3ï1. UVïvis spectra of A) [Au 11(DIOP)4Cl2]+, B) [Au11(BINAP)4Cl2]+ and C) 

[Au 8(BINAP)3(PPh3)2]2+ and CD spectra of D) [Au11(DIOP)4Cl2]+, E) [Au11(BINAP)4Cl2]+ 

and F) [Au8(BINAP)3(PPh3)2]2+ clusters in CH3CN at room temperature.  

 

* Figures A, D, C and F were adapted with permission from Ref. 40. (Direct link: 

<http://pubs.acs.org/doi/abs/10.1021%2Facs.jpclett.6b02294>, Note: further permissions related 

to the material excerpted should be directed to the ACS). Figures B and F were plotted using 

empirical data from Dr. Tsukuda and coïworkers. 

In order to 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 of the undecagold 

http://pubs.acs.org/doi/abs/10.1021%2Facs.jpclett.6b02294
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(Au11
3+) and octagold (Au8

2+) clusters protected by bisphosphine ligands of different nature. The 

chirality of pairs of clusters [Au11(BINAP)4Cl2]
+, [Au11(DIOP)4Cl2]

+ and 

[Au8(BINAP)3(PPh3)2]
2+, [Au8(DIOP)3(PPh3)2]

2+ were investigated with density functional 

theory (DFT) and timeïdependent density functional theory (TDDFT). To simulate BINAP and 

DIOP ligands, which possess a great number of atoms, small model ligands are used. These 

model ligands cut computational costs while preserving essential features of the systems of 

interest, which are necessary to get the answers to our questions. Three main hypotheses to 

explain the different chiroptical activity (more intense CD signal of BINAPïprotected gold 

nanoparticles with respect to the DIOPïstabilized clusters) of the [Au11(BINAP)4Cl2]
+, 

[Au11(DIOP)4Cl2]
+ and [Au8(BINAP)3(PPh3)2]

2+, [Au8(DIOP)3(PPh3)2]
2+ clusters were 

suggested: (i) the flexible nature of the Au11
3+ gold core means that deformation inside the gold 

core due to ligation can be a source of the CD activity; (ii) the nature of the ligands suggests 

that the presence of the double bonds could be a reason for the dramatic difference in the 

chiroptical activity of the organometallic clusters; and (iii) in the case of the undecagold 

clusters, the chlorine atom positions could also affect the CD intensity. 

  

 Computational Details 

The Amsterdam Density Functional (ADF) program was employed for performing DFT 

and TDDFT calculations.158 Scalar relativistic effects were included by utilizing the zeroïorder 

regular approximation (ZORA).173 The geometries used in the TDDFT calculations were 

obtained with Becke-Perdew (BP86) functional.174, 175 For calculation of the optical absorption 

and CD spectra, TDDFT was employed with the asymptotically correct van LeeuwenïBaerends 

(LB94) functional.176 For both DFT and TDDFT calculations, the double-ɕ (DZ) Slaterïtype 

basis set with frozen core (up to 4f for gold, 2p for phosphorus and 1s for carbon atoms) was 

used. Implicit solvation effects on the geometry and optical spectra were considered by 

employing the COSMO model177 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 (equations 2.40 ï 2.42). Optical absorption and CD spectra were 

convoluted with an exponential halfïwidth of ů = 35 nm. 
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 Results and Discussion 

 Model L igands 

In order to theoretically investigate the cause of the dramatic difference in chiroptical 

activity of the undecagold clusters protected by DIOP and BINAP ligands, calculation of the 

most stable geometrical structures and simulation of the optical absorption and CD spectra are 

necessary for [Au11(BINAP)4Cl2]
+, [Au11(DIOP)4Cl2]

+ and [Au8(BINAP)3(PPh3)2]
2+, 

[Au8(DIOP)3(PPh3)2]
2+ clusters. Unfortunately, these systems contain a large number of atoms 

and calculations with the full ligands will be very time consuming. Furthermore, single crystal 

structures are known only for [Au11(DIOP)4Cl2]
+ and [Au8(DIOP)3(PPh3)2]

2+ clusters, which 

means that we need to find the most energetically preferable structures for the 

[Au11(BINAP)4Cl2]
+ and [Au8(BINAP)3(PPh3)2]

2+ systems by performing geometry 

optimizations for every possible isomer, which are difficult to perform for systems of this size. 

Therefore, simplifications of the original systems [Au11(BINAP)4Cl2]
+, [Au11(DIOP)4Cl2]

+, 

[Au8(BINAP)3(PPh3)2]
2+ and [Au8(DIOP)3(PPh3)2]

2+  are necessary.  

Provorse and Aikens45 used simple model ligands to simulate BINAP molecules for 

investigation of the chiroptical effects in the undecagold particles protected by 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 model ligands for S-DIOP and S-BINAP were used. For modeling S-

DIOP the 1,4ïbis(diphosphino)butan ligand (L1) was applied, whereas for simulation of S-

BINAP the 1,4ïbis(diphosphino)butaï1,3ïdien ligand (L2) was used (Figure 3ï2). The 

triphenylphosphine ligands in [Au8(BINAP)3(PPh3)2]
2+ and [Au8(DIOP)3(PPh3)2]

2+ clusters 

were substituted with PH3 groups. 
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Figure 3ï2. A) S-DIOP ligand is modeled by L1 = Sï1,4ïbis(diphosphino)butan; B) S-

BINAP ligand is modeled by L2 = Sï1,4ïbis(diphosphino)butaï1,3ïdien. 

 

 

 Geometrical Structure of [Au11X4Cl2]+ and [Au8X3(PH3)2]2+ (X = L1, L2)  

Xïray crystal structures are known only for [Au11(DIOP)4Cl2]
+ and 

[Au8(BINAP)3(PPh3)2]
2+ clusters, which means that we need to determine structures of 

[Au11(BINAP)4Cl2]
+ and [Au8(DIOP)3(PPh3)2]

2+ to calculate the optical properties of these 

systems. For simulation of these structures, the [Au11X4Cl2]
+ and [Au8X3(PH3)2]

2+ (X = L1, L2) 

systems with small model ligands were used. The most stable isomers of the model systems 

were found in gas phase and in chloroform; comparison of the geometrical structure of the gold 

core fragment, chlorine atoms positions and bridging ligand arrangement was performed for the 

known experimental structures and their theoretical models such as [Au11(DIOP)4Cl2]
+ vs. 

[Au11(L1)4Cl2]
+, [Au11(BINAP)4Cl2]

+ vs. [Au11(L2)4Cl2]
+ and [Au8(BINAP)3(PPh3)2]

2+ vs. 

[Au8(L2)3(PH3)2]
2+.  

[Au11X4Cl2]
+ (X = L1, L2) clusters: chlorine atoms positions. To identify the most stable 

isomers of [Au11X4Cl2]
+ (X = L1, L2) clusters we need to find a preferable arrangement of the 

four bridging ligands L1 and L2 around the Au11 gold core and the position of the two chlorine 

atoms, each of which is attached to one gold atom.  

The geometrical structure of some undecagold clusters has previously been investigated 

experimentally34, 40 and theoretically.45 Crystal structures were determined for undecagold 

clusters protected by achiral19 and chiral14 ligands: [Au11(PPh3)8Cl2]
+ and [Au11(DIOP)4Cl2]

+.  

The obtained results showed that the structure of the Au11 fragment in both types of clusters 

L2	SςBINAP	

SςDIOP	 L1	

(a)	

(b)	
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(with monoï and bidentate ligands) is an incomplete icosahedral structure: a central gold atom 

(yellow color) is located between a pentagonal pyramid (6 gold atoms in dark purple color) and 

a rectangular gold ring (4 gold atoms in blue) (Figure 3ï3). The distances between the central 

gold atom and the gold atoms of the shell are 2.639ï2.700 Å for the cluster stabilized by PPh3 

ligands, and 2.641ï2.695 Å in the case of chiral DIOP ligands. Average distances between gold 

atoms and phosphine groups are ~2.280 and 2.282 Å for [Au11(PPh3)8Cl2]
+ and 

[Au11(DIOP)4Cl2]
+, correspondingly (Table Aï1). The position of the two chlorine atoms near 

the Au11 core is different for clusters protected by PPh3 and DIOP ligands (Figure 3ï3). For the 

monodentate phosphine system [Au11(PPh3)8Cl2]
+, the two chlorine atoms are attached to two 

opposite gold atoms on a 5-fold ring of the pentagonal pyramid base (denoted as the 5,5ï

position) (Figure 3ï3b),19 whereas in the case of [Au11(DIOP)4Cl2]
+ one chlorine atom is 

attached to gold atom on the pentagonal ring and the second one is connected to the opposite 

gold atom from the 4ïfold ring (denoted as the 4,5ïposition), so that they are located on the 

same axis (Figure 3ï3a).14  

Figure 3ï3. A), B) Structures of the Au11Cl2 fragment of clusters [Au11(DIOP)4Cl2]+ and 

[Au 11(PPh3)8Cl2]+ from the corresponding x-ray crystal structures34, 40; C) structure of the 

Au8(PH3)2 fragment (with H substituted for Ph rings) from the crystal structure40 of 

[Au 8(BINAP)3(PPh3)2]2+. Gold atoms ï yellow, blue and dark purple; chlorine atom ï 

green; phosphorous ï light purple; hydrogen ï white. 

 

A previous theoretical investigation45 of the geometrical structure was performed for 

[Au11(PH3)8Cl2]
+ and [Au11(L2)4X2]

+ (where X = Cl, Br) using the XŬ local density 

approximation (LDA) functional with a TZP frozen core basis set. For the cluster protected by 

monodentate ligands, the obtained theoretical results are very close to the experimental data for 

the [Au11(PPh3)8Cl2]
+ cluster: the geometrical structure of the gold core and the chlorine atoms 

positions are similar (5,5ïposition) for experiment and theory. For the simulation of 

[Au11(BINAP)4X2]
+ clusters, only systems with chlorine atoms positions near opposite gold 

top	view	side	view	 top	view	side	view	

(a)	 (b)	

[Au11(DIOP)4Cl2]
+		 [Au11(PPh3)8Cl2]

+		

top	view	side	view	
[Au8(BINAP)3(PH3)2]

2+		

(c)	
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atoms on a 5-fold ring were reported (5,5ïposition). In order to determine the position of the 

chlorine atoms in the [Au11X4Cl2]
+ (X = L1, L2) model clusters, all possible positions of the 

chlorine atoms should be considered. 

To identify preferable chlorine locations in the [Au11X4Cl2]
+ (X = L1, L2) model 

clusters, all possible positions of the two Cl atoms were first considered for the undecagold 

cluster protected by simple phosphine ligands [Au11(PH3)8Cl2]
+. During the geometry 

optimization procedure, three main geometrical structures of [Au11(PH3)8Cl2]
+ were obtained 

with energy differences up to 1.6 kcal/mol in the gas phase (Figure 3ï4). The results showed 

that the most stable isomer is [Au11(PH3)8Cl2]
+ (1) where the Cl atoms are attached in the 4,5ï

position, and the next most stable structure is [Au11(PH3)8Cl2]
+ (2) with the 5,5ïposition for 

chlorine atoms. The geometries of the undecagold cores in the [Au11(PH3)8Cl2]
+ structures (1) 

and (2) are similar to each other and to the crystal structure of [Au11(PPh3)8Cl2]
+ system. The 

least stable isomer (3) is obtained when one chlorine atom is attached to a gold atom of the 

pentagonal pyramid base and a second one to the top gold atom of this pyramid (denoted the 

5,5ôïposition). During the geometry optimization procedure for [Au11(PH3)8Cl2]
+ (3), the Au11 

fragment was significantly deformed, and exhibits a very different structure with respect to the 

experimental core. The energy difference between [Au11(PH3)8Cl2]
+ (1) and (2) is small (~1.0 

kcal/mol in the gas phase) and the gold core fragments are similar in both isomers, which makes 

it very difficult to say which chlorine ion positions will be preferred in real clusters with various 

ligands. Therefore, two types of chlorine atom positions (4,5ï and 5,5ïpositions) will be tested 

during geometry optimizations of the [Au11X4Cl2]
+ (X = L1, L2) clusters. 

Figure 3ï4. Structures and relative energies of Au11(PH3)8Cl2+ isomers. Method: 

BP86/DZ.fc (gas phase). 

 

[Au11X4Cl2]
+ (X = L1, L2): ligand arrangement. In order to find the geometries of 

[Au11X4Cl2]
+ (X = L1, L2) clusters, the eight achiral PH3 groups in [Au11(PH3)8Cl2]

+ (1) and (2) 

0.0	kcal/mol	 1.0	kcal/mol	 1.6	kcal/mol	
(1)	 (2)	 (3)	
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clusters were substituted by four model bridging ligands L1 and L2 (Figure 3ï4) in different 

ways. The possible structures were limited by the bond lengths and angles in the bisphosphine 

ligands. The geometries of all considered isomers were 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 their relative energies in the gas 

phase can be found in Appendix A (Figures Aï1 and Aï2). The most energetically stable gas 

phase isomers of [Au11X4Cl2]
+ (X = L1, L2) are [Au11(L1)4Cl2]

+ (4), [Au11(L2)4Cl2]
+ (5), 

[Au11(L1)4Cl2]
+ (6) and [Au11(L2)4Cl2]

+ (7) (shown in Figure 3ï5a). In the gas phase, these 

clusters exhibit bond distances between the central gold atom and the shell atoms of the 

undecagold core in the range of 2.663ï2.802 Å, chlorine atoms are attached to the Au atoms 

with bonds of 2.450ï2.458 Å, and phosphine atoms are coordinated around the gold core with 

distances of 2.440ï2.449 Å (Table Aï1). In complexes [Au11(L1)4Cl2]
+ (4) and [Au11(L2)4Cl2]

+ 

(5) the chlorine atoms are in the 4,5ïposition, whereas in [Au11(L1)4Cl2]
+ (6) and 

[Au11(L2)4Cl2]
+ (7) the Cl atoms are attached to the gold core in the 5,5ïposition. The 

theoretically calculated relative energies in the gas phase for these isomers show that structures 

with chlorine atoms in the 4,5ïposition are more preferable energetically in both cases (L1 and 

L2 ligands) (Figure 3ï5a).  

In the next step, the geometries of these most energetically stable (in the gas phase) 

isomers of [Au11X4Cl2]
+ (X = L1, L2) were reoptimized including solvent effects. Comparison 

of the geometries for the [Au11(L1)4Cl2]
+ (4), [Au11(L2)4Cl2]

+ (5), [Au11(L1)4Cl2]
+ (6) and 

[Au11(L2)4Cl2]
+ (7) clusters in the gas and liquid phases shows similarities and differences. For 

example, the shape of the Au11 gold core is very close in the gas phase and in chloroform. 

However, there are some differences in the bond lengths: distances between the central Au atom 

and the shell Au atoms (connected to the chlorine ions) became shorter in chloroform by ~0.04 

Å, whereas the distances between the central Au atom and shell Au atoms (connected to the 

phosphine ligands) and the AuïCl bonds became longer by ~0.05 Å (Table Aï1). The structure 

of the Au11 core, the positions of the two chlorine ions and the arrangement of the four bridging 

ligands in the experimental structure [Au11(DIOP)4Cl2]
+ and theoretically predicted model 

structure [Au11(L1)4Cl2]
+ (4) in chloroform are very similar. For example, overlay of the Au11 

fragments of theoretical and experimental clusters showed that the shape of these undecagold 

cores is very close (Figure 3ï6a). However, the AuïAu, AuïCl and AuïP bonds are longer in 
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the optimized cluster [Au11(L1)4Cl2]
+ (4) with respect to the experimental structure 

[Au11(DIOP)4Cl2]
+ by up to 0.091, 0.127 and 0.161 Å, correspondingly; these types of bond 

elongations are typical for the BP86 exchange-correlation functional used in the DFT 

optimizations.  

Figure 3ï5. A) Geometries of the most stable isomers of [Au11X4Cl2]+ (X = L1, L2) clusters 

with 4,5ï and 5,5ïposition of chlorineïions (in chloroform). Energy differences between 

isomers are calculated for systems in the gas phase (ȹEgas) and in chloroform solution 

(ȹEsolv) using their respective optimized geometries; B) geometrical structure of 

[Au 8X3(PH3)2]2+ (X = L1, L2) clusters (COSMO).  

 

Figure 3ï6. Superposition of experimental and theoretical gold cores (in chloroform): A) 

Au11 core and B) Au8 core. Color key: experiment ï blue and theory ï yellow. 

 

Theoretically calculated relative energies for gas phase structures of [Au11(L1)4Cl2]
+ (4), 

[Au11(L2)4Cl2]
+ (5), [Au11(L1)4Cl2]

+ (6) and [Au11(L2)4Cl2]
+ (7) clusters showed that structures 

[Au11(L1)4Cl2]
+	(4)	

ɲEgas	=	0.0	kcal/mol	

ɲEsolv	=	0.0	kcal/mol	

[Au8(L2)3(PH3)2]
2+	(9)		

[Au8(L1)3(PH3)2]
2+	(8)		

[Au11(L2)4Cl2]
+	(5)	

ɲEgas	=	0.0	kcal/mol	

ɲEsolv	=	0.0	kcal/mol	

[Au11(L2)4Cl2]
+	(7)	

ɲEgas	=	0.46	kcal/mol	

ɲEsolv	=	ς	0.18	kcal/mol	

[Au11(L1)4Cl2]
+	(6)	

ɲEgas	=	0.78	kcal/mol	

ɲEsolv	=	0.58	kcal/mol	

(a)	 (b)	
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with chlorine atoms in the 4,5ïposition are energetically more preferable for both L1 and L2 

ligands (Figure 3ï5a). However, solvent effects change this for systems protected by L2 

ligands: the [Au11(L2)4Cl2]
+ (7) cluster with the 5,5ïchlorine atom position is more 

energetically stable by 0.18 kcal/mol with respect to the [Au11(L2)4Cl2]
+ (5) cluster. Due to the 

small differences in the relative energies between the isomers, optical absorption and CD 

spectra were calculated for [Au11(L1)4Cl2]
+ (4), [Au11(L2)4Cl2]

+ (5), [Au11(L1)4Cl2]
+ (6) and 

[Au11(L2)4Cl2]
+ (7) clusters both in gas phase and in chloroform. 

 [Au8X3(PH3)2]
2+ (X = L1, L2). The xïray crystal structure of [Au8(BINAP)3(PPh3)2]

2+ 

was determined by Tsukuda and coïworkers.40 Their results showed that the Au8 gold core does 

not depart very much from C3v symmetry: six Au atoms (dark purple) form a ñchairï

cyclohexaneò structure with one gold atom added above and one below the ring (Figure 3ï3c). 

The measured AuïAu bond distances in the crystal structure are typical for gold systems and 

are in the range of 2.523 to 3.109 Å (Table Aï2). Two achiral triphenylphosphine ligands are 

attached to the top gold atoms above and below the 6ïfold ring with a distance of 2.303 Å and 

they create a central axis (Ph3PïAuïAuïPPh3) in the [Au8(BINAP)3(PPh3)2]
2+ cluster. Three 

BINAP ligands are bound to the octagold core through six equatorial surface atoms (atoms of 

the hexagonal ring) with an average distance of 2.305 Å (Table Aï2). 

To simulate [Au8(BINAP)3(PPh3)2]
2+ and [Au8(DIOP)3(PPh3)2]

2+ clusters, the theoretical 

models [Au8X3(PH3)2]
2+ (X = L1, L2) were used. The DIOP and BINAP ligands were 

substituted by the L1 and L2 model ligands and PPh3 groups were exchanged for simple PH3. In 

theoretical clusters [Au8X3(PH3)2]
2+ (X = L1, L2), positions of the PH3 groups and the model 

bridging ligands are similar to the known experimental structure [Au8(BINAP)3(PPh3)2]
2+: two 

monodentate phosphine ligands (PH3) are coordinated on the top and the bottom of the gold 

core, and bridging ligands L1 and L2 are bound to the octagold core through gold atoms of 

ñchairïcyclohexaneò ring (dark purple atoms in Figure 3ï3c). Therefore, model clusters 

[Au8(L1)3(PH3)2]
2+ (8) and [Au8(L2)3(PH3)2]

2+ (9) were considered (Figure 3ï5b).  

Comparison of the Au8 fragment geometry of the experimental structure 

[Au8(BINAP)3(PPh3)2]
2+ and the theoretically predicted model structure [Au8(L2)3(PH3)2]

2+ (9) 

are very close (Figure 3ï6b, Table Aï2). Goldïgold distances are longer in the theoretical 

structure by up to 0.16 Å with respect to experimental gold core in both gas phase and 

chloroform; again, this is typical of the BP86 functional employed in the optimizations. 
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Experimental DIOP and BINAP ligands have shorter Au-P bonds than the Au-P bonds present 

in optimized clusters containing the L1 and L2 model ligands, with differences of 0.127ï0.193 

Å. Full geometry optimization was performed only for the [Au8(L2)3(PH3)2]
2+ (9) structure 

because dramatic changes happened in the gold core during optimization of [Au8(L1)3(PH3)2]
2+. 

To obtain the [Au8(L1)3(PH3)2]
2+ (8) structure shown in Figure 3ï5b, the Au8 fragment was 

frozen during optimization (i.e. the gold core geometry was used from the optimized 

[Au8(L2)3(PH3)2]
2+ (9) cluster), and only optimization of the L1 shell was performed. 

 

 Optical Properties of Octaï and Undecagold Clusters  

Optical absorption and CD spectra were calculated for [Au11X4Cl2]
+ and 

[Au8X3(PH3)2]
2+ (X = L1, L2) clusters in the gas phase and in chloroform. Simulated CD 

spectra are presented in Figure 3ï7. The gas phase CD spectra are less intense and redshifted 

with respect to the spectra obtained in implicit chloroform solvent. More detailed information 

about the calculated optical spectra in gas phase can be found in Appendix A Figure A-5. In 

the main paper, we will primarily focus on discussion of the data obtained using implicit 

solvent.  

Figure 3ï7. CD spectra for [Au 11(L1)4Cl2]+ (4), [Au11(L2)4Cl2]+ (5), [Au11(L1)4Cl2]+ (6) and 

[Au 11(L2)4Cl2]+ (7) clusters in A) gas phase and B) chloroform; CD spectra for 

[Au 8(L1)3(PH3)2]2+ (8) and [Au8(L2)3(PH3)2]2+ (9) clusters in C) gas phase and D) 

chloroform. 
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UVïvis and CD spectra of [Au11X4Cl2]
+ (X = L1, L2). Optical absorption and CD 

spectra were calculated for [Au11(L1)4Cl2]
+ (4), [Au11(L2)4Cl2]

+ (5), [Au11(L1)4Cl2]
+ (6) and 

[Au11(L2)4Cl2]
+ (7) clusters in gas phase and chloroform (Figure Aï3 to Aï6, Figure 3ï8, 

Table 3ï1 and Table 3ï2). In this paper, we will focus only on excitations in the theoretical 

absorption and CD spectra with wavelengths between 280 and 700 nm. The absorption 

spectrum of the [Au11(L1)4Cl2]
+ (4) cluster in chloroform increases in intensity with decreasing 

wavelength and exhibits four peaks at 459, 412, 351 and 301 nm (Table 3ï1). The theoretical 

CD spectrum for this cluster has eight peaks. The first calculated CD band 1 with a peak 

minimum at 533 nm is a negative peak that arises primarily from a combination of three 

excitations at 539, 515 and 500 nm. This theoretical CD peak 1 does not have analog in the 

absorption spectra of the [Au11(L1)4Cl2]
+ (4) cluster in chloroform (Figure 3ï8, Table 3ï1). 

The next two predicted CD peaks 2 and 3 at 481 and 453 nm have negative and positive signs, 

respectively. These two peaks are formed by excitations with wavelength from 480 to 450 nm 

and correspond to shoulder peak I in the theoretical absorption spectrum at 459 nm. Calculated 

CD peaks 4 (at 423 nm) and 5 (at 385 nm) are related to the strong absorption peak II at 412 

nm. The next CD peak 6 is positive; it is located at 349 nm and arises due to excitations with 

wavelengths from 351ï340 nm. This peak can be compared with shoulder peak III 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 intensities of the CD signals in the region 280 ï 700 nm for 

[Au11(L1)4Cl2]
+ (4) are in the range from ï19.36 to 16.59 a.u. (Figure 3ï8, Table 3ï1). 

Calculated optical absorption and CD spectra were also calculated for the 

[Au11(L1)4Cl2]
+ (6) cluster. Due to the difference in the Cl atom positions, the optical absorption 

and CD spectra of the [Au11(L1)4Cl2]
+ (4) and (6) clusters are slightly different (Figure 3ï8, 

Table 3ï1). The absorption spectrum of structure (6) in chloroform exhibits four peaks IïIV in 

the range of 280 ï 700 nm: 480, 418, 348 and 301 nm (Table 3ï1). The CD spectrum has seven 

bands 1ï7: at 493, 460, 430, 400, 345, 316 and 284 nm. The first CD peak 1 of [Au11(L1)4Cl2]
+ 

(6) is blueshifted by 35 nm with respect to the peak 1 position obtained for complex (4). The 

correlation between the absorption and CD bands can be found in Table 3ï1. The intensities of 

the signals of this portion of the CD spectrum of the [Au11(L1)4Cl2]
+ (6) cluster are in the range 

from ï40.24 to 32.25 a.u. (Figure 3ï8, Table 3ï1). The intensities of the CD signals of 
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[Au11(L1)4Cl2]
+ clusters (4) and (6) 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 [Au11(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.) 

ï ï 1 533 ï0.80 
I ~480s 

1 493 ï13.82 

I ~459s 
2 481 ï12.01 2 460 31.31 

3 453 6.81 
II  418 

3 430 ï40.24 

II  412 
4 423 ï19.36 4 400 15.33 

5 385 4.6 
III  ~348s 

5 345 ï10.11 

III  ~351s 6 349 15.17 6 316 32.25 

IV  301 
7 316 ï3.8 

IV  301 7 284 ï13.48 
8 294 16.59 

s ï 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.   

 

Table 3-2. Optical absorption and CD spectra data for [Au11(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.) 

I ~552s 
1 568 ï11.98 I ~558s 1 540 ï12.45 

2 533 10.98 II  ~499s 2 490 ï131.28 

II  ~497s 3 495 ï262.4 III  457 3 450 ï137.54 

III  452 4 440 ï74.18 IV  ~413s 4 408 ï12.96 

IV  ~420s 5 405 ï31.61 V ~369s 5 369 20.82 

V 378s 6 373 47.86 VI  ~330s 6 333 ï88.83 

VI  300 7 333 ï97.86 VII  294 7 287 ï64.20 
s ï 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 3ï8. UVïvis and CD spectra of A) [Au11(L1)4Cl2]+ (4); B) [Au11(L1)4Cl2]+ (6); C) 

[Au 11(L2)4Cl2]+ (5); D) [Au11(L2)4Cl2]+ (7); E) [Au8(L1)3(PH3)2]2+ (8) and F) 

[Au 8(L2)3(PH3)2]2+ (9) structures. Method LB94/DZ.fc (in chloroform). 

 

The absorption spectrum of the [Au11(L2)4Cl2]
+ (5) cluster in chloroform increases in 

intensity with decreasing wavelength and exhibits six peaks at 552, 497, 452, 420, 378 and 300 

nm (Figure 3ï8, Table 3ï2). The calculated CD spectrum for this cluster has seven peaks. The 
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first two CD peaks 1 and 2 at 568 and 533 nm have negative and positive sign, respectively. 

These two peaks are formed by excitations with wavelength from 567 to 530 nm and 

correspond to shoulder peak I in the theoretical absorption spectrum at 552 nm. The next three 

CD peaks 3, 4 and 5 are negative with 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 peaks 3ï7 can be associated with absorption bands IIïVI, respectively 

(Table 3ï2). The intensity of the CD signal in the region 280 ï 700 nm for [Au11(L2)4Cl2]
+ (5) 

is in the range from ï262.4 to 47.86 a.u. (Table 3ï2). 

The optical and CD spectra of the [Au11(L2)4Cl2]
+ (7) cluster with the 5,5ïposition of 

chlorine atoms were also calculated. The optical absorption and CD spectra for this structure are 

redshifted with respect to [Au11(L2)4Cl2]
+ (5) (Table 3ï2). The first absorption peak I was 

detected at 558 nm. This peak is shifted to a lower wavelength by 67 nm with respect to 

structure (5). Absorption peaks IIïVII are located at 499, 457, 413, 369, 330 and 294 nm. The 

CD spectrum of [Au11(L2)4Cl2]
+ (7) also contains seven peaks. The first three CD peaks 1ï3 at 

540, 490 and 450 nm exhibit negatively signed amplitude with different intensity. For cluster 

(7), peak 1 is less intense than peaks 2 and 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 of [Au11(L2)4Cl2]
+ 

(7) are negative with minima at 333 and 287 nm, respectively. The intensities of the CD signals 

in the region 280 ï 700 nm for [Au11(L2)4Cl2]
+ (7) are in the range of ï137.54 ± 20.82 a.u. 

(Table 3ï2). 

A comparative analysis of theoretical and experimental spectral data was performed. 

Provorse and Aikens45 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 350 nm in the optical spectra will be analyzed. The 

experimental optical absorption and CD spectra of [Au11(SïDIOP)4Cl2]
+ and [Au11(Sï

BINAP)4Cl2]
+ clusters are presented in Figure 3ï1a and Figure 3ï1b. In Figure 3ï9, these 

experimental optical absorption and CD data are compared with theoretical results of the most 

stable isomers of the model systems: [Au11(SïDIOP)4Cl2]
+ vs. [Au11(L1)4Cl2]

+ (4) and [Au11(Sï

BINAP)4Cl2]
+ vs. [Au11(L2)4Cl2]

+ (7). 
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Figure 3ï9. Comparison of the theoretical and experimental spectral data. Optical 

absorption spectra of A) [Au11(SïDIOP)4Cl2]+ vs. [Au11(L1)4Cl2]+ (4); B) [Au11(Sï

BINAP)4Cl2]+ vs. [Au11(L2)4Cl2]+ (7); and C) [Au8(SïBINAP)3(PPh3)2]2+ vs. 

[Au 8(L2)3(PH3)2]2+ (9). CD spectra of D) [Au11(SïDIOP)4Cl2]+ vs. [Au11(L1)4Cl2]+ (4); E) 

[Au 11(SïBINAP)4Cl2]+ vs. [Au11(L2)4Cl2]+ (7); and F) [Au8(SïBINAP)3(PPh3)2]2+ vs. 

[Au 8(L2)3(PH3)2]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. 

 

The experimental optical absorption spectrum of the [Au11(SïDIOP)4Cl2]
+ cluster above 

350 nm has three peaks: one strong maximum at 417 nm and two shoulder peaks about 550ï475 

nm and 380ï350 nm (Figure 3ï9a). The theoretically predicted optical absorption spectrum of 

the model cluster [Au11(L1)4Cl2]
+ (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 (from 650ï350 nm) is located at 412 nm (Figure 3ï9a). 

The difference in the position of first maximum in the theoretical and experimental absorption 

spectra is just 5 nm. Therefore, offsetting the theoretically predicted CD peaks is not necessary 

during comparison of the theoretical data of [Au11(L1)4Cl2]
+ (4) with the empirical results of 

[Au11(SïDIOP)4Cl2]
+. The experimental CD spectrum of [Au11(SïDIOP)4Cl2]

+ exhibits two 
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positive peaks at 411 and 364 nm in the considered spectral region above 350 nm (Figure 3ï

9d).40 The calculated CD spectrum of [Au11(L1)4Cl2]
+ (4) in the region 300 ï 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 region (430ï700 nm): the empirical CD 

spectrum do not exhibit any strong peaks in this area, whereas the theoretical results predicted 

peaks at 533, 481, 453 and 423 nm. However, the high-energy parts (300ï430 nm) of the 

theoretical and experimental CD spectra look very similar to each other: the theoretical CD 

exhibits two positive 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 BINAP-stabilized undecagold cluster [Au11(SïBINAP)4Cl2]
+, the 

experimental CD spectrum shows two negative peaks at 428 and 349 nm.40, 41 In the simulated 

CD spectrum of the [Au11(L2)4Cl2]
+ (7) cluster, the first strong negative peak occurs at 490 nm 

and the second appears at 450 nm. It is well known that metalïmetal transitions in gold 

nanoparticles are usually underestimated by about 0.15ï0.35 eV.45 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 shown in Figure 3ï9, offsetting the theoretically 

predicted peaks by 85 nm in the case of [Au11(L2)4Cl2]
+ (7) leads a very good agreement with 

the experimental data. 

KohnïSham orbitals involved in the excitations with wavelengths between 700ï280 nm 

for the [Au11(L1)4Cl2]
+ (4) and [Au11(L2)4Cl2]

+ (7) clusters are represented in Figure 3ï10. For 

the Au11
3+ gold core, we have 8 electrons with an expected occupation of 1S21P61D02S0é, 

where S, P, and D represent superatom orbitals that are formed from a linear combination of the 

valence 6s electrons of the gold atoms. Orbitals between HOMOï11 and LUMO+14 were 

considered. In the case of the [Au11(L1)4Cl2]
+ (4) cluster, the HOMO, HOMOï1 and HOMOï2 

orbitals are essentially P superatom orbitals (Figure 3ï10a). The highest occupied molecular 

orbitals from HOMOï3 through HOMOï11 are a mixture of Cl p and Au d orbitals. 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 phosphorous orbitals. 

LUMO+13 and LUMO+14 are composed primarily of atomic s and p 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 700ï350 nm for the undecagold core protected by DIOP or L1 model ligands occur due 

to electronic transitions within the Au11
3+ gold core framework only (from occupied superatom 

P orbitals to unoccupied superatom D orbitals) (Table Aï3). The bands in the highïenergy part 

of the spectra (wavelengths below 350 nm) for [Au11(L1)4Cl2]
+ (4) occur due to electron 

transitions primarily from the occupied Cl p and Au d orbitals orbitals to goldïphosphorous and 

atomic s and p orbitals on the L1 ligands. The HOMOïLUMO gap for [Au11(L1)4Cl2]
+ (4) is 

2.26 eV.  

Figure 3ï10. KohnïSham orbitals of (a) [Au11(L1)4Cl2]+ (4) and (b) [Au11(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)4Cl2]
+ (7)), the character of the orbitals from HOMOï2 through LUMO+4 are 

identical to those for the system protected by ligands with single bonds only (i.e. 

[Au11(L1)4Cl2]
+ (4)); HOMO, HOMOï1 and HOMOï2 are P superatom orbitals, and LUMO, 

LUMO+1, LUMO+2, LUMO+3 and LUMO+4 are D superatom orbitals (Figure 3ï10b). The 

highest occupied molecular orbitals from HOMOï3 through HOMOï7 are a mixture of Cl p 

and Au d orbitals, whereas the orbitals starting at HOMOï8 and below are a mixture of Cl p, Au 

d orbitals and ́  orbitals of the L2 model ligands. The LUMO+5, LUMO+6, LUMO+7 and 

LUMO+8 are a mixture of Au d orbitals and ́ * orbitals of the L2 model ligands. The LUMO+9 

through LUMO+12 orbitals are primarily ˊ* orbitals of the model ligands only. Orbitals above 

LUMO+13 are a 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 electronic transitions 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 undecagold core framework and from electronic 

transitions from P occupied orbitals to the ˊ* orbitals of the L2 model ligands (Table Aï6). The 

HOMOïLUMO gap for [Au11(L2)4Cl2]
+ (7) is 2.17 eV. Therefore, in the region of the spectrum 

above 350 nm for the undecagold core protected by ligands with double bonds (L2), the orbitals 

of the ligands are actively involved in the electronic transitions in addition to transitions within 

the gold core, whereas for undecagold clusters protected by ligands with single 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 bonds (Figure 3ï1a, 

Figure 3ï8a, and Figure 3ï8b) are more well-defined than the absorption spectra for systems 

with double bonds (Figure 3ï1b, Figure 3ï8c, and Figure 3ï8d). 

UVïvis and CD spectra of [Au8X3(PH3)2]
2+ (X = L1, L2). Optical absorption and CD 

spectra were calculated for [Au8(L1)3(PH3)2]
2+ (8) and [Au8(L2)3(PH3)2]

2+ (9) clusters in the gas 

phase and chloroform (Figure 3ï8ef, Table 3ï3). Both of these clusters have an identical Au8
2+ 

gold core because of the constrained optimization for [Au8(L1)3(PH3)2]
2+ (8). The results 

showed that the shapes of the optical absorption and CD spectra of [Au8(L1)3(PH3)2]
2+ (8) and 

[Au8(L2)3(PH3)2]
2+ (9) clusters are very similar (Figure 3ï8ef). However, the peak positions 
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and intensities of the CD signals are different. The optical absorption spectrum of the 

[Au8(L1)3(PH3)2]
2+ (8) complex exhibits three strong peaks (I-III) in the region above 280 nm at 

530, 425 and 353 nm (Table 3ï3). The CD spectrum of this complex has five peaks (1ï5). The 

first absorption band I at 530 nm can 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 (II and III) at 425 and 353 nm are correlated with two strong 

negative CD peaks (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 3ï3). 

Both optical absorption and CD spectra for [Au8(L2)3(PH3)2]
2+ (9) are shifted to longer 

wavelengths by about 40 nm with respect to [Au8(L1)3(PH3)2]
2+ (8). Moreover, the intensities of 

the CD signals of the octagold core protected by model ligands with double bonds (i.e. 

[Au8(L2)3(PH3)2]
2+ (9)) are much stronger than for the cluster with ligands that contain only 

single bonds ([Au8(L1)3(PH3)2]
2+ (8)) (Table 3ï3). The optical absorption spectrum of structure 

(9) exhibits five peaks (Figure 3ï8). The first absorption peak of [Au8(L2)3(PH3)2]
2+ (9) is 

located at 565 nm. The next two absorption peaks II and III of structure (9) can be associated 

with the second band in the absorption spectrum of cluster (8), which becomes split when L2 

ligands are used. Similar splitting is observed in the case of peaks IV and V in the absorption 

spectrum of structure (9). These two peaks can be associated with band III in the absorption 

spectrum for the cluster with L1 ligands (8). Overall, the optical absorption spectra of (8) and 

(9) exhibit three main peaks, albeit with some splitting for (9), which are in good agreement 

with the three peaks evident in the experimental optical absorption spectrum of 

[Au8(BINAP)3(PPh3)2]
2+ (Figure 3ï1c).  The CD spectrum of [Au8(L2)3(PH3)2]

2+ (9) has a 

shape very similar to the CD spectrum of structure (8). Four main peaks in the CD spectrum are 

observed at 587, 553, 470 and 372 nm. 

Comparison of the theoretical data with experiment is shown in Figure 3ï9c for [Au8(Sï

BINAP)3(PPh3)2]
2+ vs. [Au8(L2)3(PH3)2]

2+ (9) (theoretical data are shifted by 85 nm). For the 

experimental [Au8(SïBINAP)3(PPh3)2]
2+ complex, the CD spectrum above 350 nm has two 

strong negative bands at 490 and 407 nm.40 As shown in Figure 3ï9c, offsetting the 

theoretically predicted peaks of [Au8(L2)3(PH3)2]
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) can be assigned with experimental peaks at 

490 and 407 nm, respectively. However, the theoretical CD spectrum exhibits a strong positive 

band at 587 nm, whereas the experimental CD signal is negative above 350 nm. This theoretical 

positive band occurs due to an excited state at 548 nm, which is very weak in the absorption 

spectrum (oscillator strength f = 0.030) and became strong in CD (R = 157.52 10ï40 esu2 cm2). 

This excited state arises due to electron transitions out of the HOMO to LUMO and HOMO+1 

to LUMO+1, so it is not a charge transfer state. To check the method and basis set effect on the 

results, the CD spectrum of [Au8(L2)3(PH3)2]
2+ (9) was recalculated with the SAOP/TZP 

method. Moreover, the sensitivity of the CD spectrum to the hydrogen atom position in the PH3 

groups was also tested. However, all obtained CD spectra of [Au8(L2)3(PH3)2]
2+ (9) exhibit this 

positive band. Thus, it does not appear to be a charge transfer artifact or a model functional or 

basis set problem. It could be related to the replacement of BINAP by the model ligand, 

vibrational effects, or even to experimental instrument accuracy. 

Table 3-3. Optical absorption and CD spectra data for [Au8(L1)3(PH3)2]2+ (8) and 

[Au 8(L2)3(PH3)2]2+ (9) clusters. Method LB94/DZ.fc (in chloroform). 

[Au8(L1)3(PH3)2]
2+ (8) [Au8(L2)3(PH3)2]

2+ (9) 

Abs CD Abs CD 

no peak, nm no peak, nm CD (a.u.) no peak, nm no peak, nm CD (a.u.) 

I 530 
1 548 103.39 

I 565 
1 587 118.29 

2 495 ï17.18 2 553 ï28.88 

II  425 3 420 ï132.08 II  474 
3 470 ï217.72 

III  353 4 352 ï94.87 III  450 

IV  274 5 304 83.14 IV  371 
4 372 ï169.62 

     

V 346 

KohnïSham orbitals involved in the excitations with wavelength between 700ï280 nm 

for the [Au8(L1)3(PH3)2]
2+ (8) and [Au8(L2)3(PH3)2]

2+ (9) clusters are represented in Figure 3ï

11. For the Au8
2+ gold core, we have 6 electrons with an expected occupation of 

1S21P41D02S0é, where S, P, and D are superatom orbitals that are formed from a linear 

combination of the valence 6s electrons of the gold atoms. Orbitals between HOMOï9 and 

LUMO+17 were considered. In the case of [Au8(L1)3(PH3)2]
2+ (8), the HOMO and HOMOï1 

are essentially P superatom orbitals (Figure 3ï11a). The HOMOï2 is a mixture of H s, P s, and 

Au d orbitals. Molecular orbital HOMOï3 is formed by a contribution of H s, P s, and Au s and 

d orbitals. The highest occupied molecular orbitals from HOMOï4 to HOMOï9 are primarily 
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Au d orbitals with some contributions from 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 and LUMO+17) arise essentially from s and p atomic 

orbitals from the ligand atoms . The HOMOïLUMO gap for [Au8(L1)3(PH3)2]
2+ (8) is 2.06 eV.  

Figure 3ï11. KohnïSham orbitals of A) [Au8(L1)3(PH3)2]2+ (8) and B) [Au8(L2)3(PH3)2]2+ 

(9). Method LB94/DZ.fc (in chloroform). 

 

In the case of the octagold core protected by model ligands that contain double bonds 

(i.e. [Au8(L2)3(PH3)2]
2+ (9)), the HOMO and HOMOï1 are P superatom orbitals as well 
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(Figure 3ï11b). The other highest occupied molecular orbitals are similar to the same orbitals 

for [Au8(L1)3(PH3)2]
2+ (8), but include contributions from C p and ́  orbitals of the 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 of P s, Au s and/or d orbitals, and/or ́ * orbitals of the model 

ligands (Figure 3ï11b). The results showed that the first three bands (1ï3) of the CD spectrum 

of the [Au8(L2)3(PH3)2]
2+ (9) cluster occur because of electronic transitions within the octagold 

core framework and from electronic transitions from occupied P orbitals to the ́ * orbitals of the 

L2 model ligands (Table S8). Similar results were obtained for the [Au11(L2)4Cl2]
+ (7) system.  

The HOMOïLUMO gap for [Au11(L2)4Cl2]
+ (7) is 1.97 eV. 

 

Factors influencing chiroptical activity in gold clusters. The obtained results showed a 

reasonable agreement between the simulated absorption and CD spectra of octaï and 

undecagold clusters protected by model ligands L1 and L2 with experimental data for DIOP and 

BINAP stabilized clusters (Figure 3ï9). For both octaï and undecagold 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 and coïworkers observed similar 

differences in the intensities of their CD signals: BINAPïprotected gold clusters have larger 

anisotropy factors than DIOPïprotected species (Figure 3ï1).40, 41 In this article, three main 

hypotheses for explanation of the observed differences in the chiroptical activity of the gold 

cluster clusters are considered: (i) geometrical deformation of the gold core due to ligation; (ii ) 

nature of ligands; and (iii) chlorine atom positions in the undecagold clusters.  

Figure 3ï12. CD spectra of A) Au11
3+ core of clusters [Au11(L1)4Cl2]+ (4) and 

[Au 11(L2)4Cl2]+ (5); and B) isolated model ligands L1 and L2.  
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First, geometrical deformation of the gold 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, Au11
3+ fragments from [Au11X4Cl2]

+ (X = L1, L2) clusters were isolated and 

used for calculation of the CD spectra of the gold cores in chloroform (Figure 3ï12a). 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 with almost identical positions of chlorine atoms 

were chosen: [Au11(L1)4Cl2]
+ (4) and [Au11(L2)4Cl2]

+ (5). In these clusters, the chlorine atoms 

are located in the 4,5 position and the bond angle between these two atoms (ÏClAu(1)Cl, where 

Au(1) is the central gold atom) is 167° in both cases. For clusters with the 5,5 position of 

chlorine atoms structures (6) and (7), the difference in the angle is more significant: the 

ÏClAu(1)Cl angles are equivalent to 121° and 123°, respectively. 

The calculated CD spectra of the Au11
3+ fragment of [Au11(L1)4Cl2]

+ (4) and 

[Au11(L2)4Cl2]
+ (5) clusters are presented in Figure 3ï12a. 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 than the 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 chiral ligands 

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 signals (Figure 3ï12a). It is important to notice that the 

amplitude of the CD spectrum of an isolated gold core is in the range from ï10 to 5 a.u. This is 

~20 times weaker than the CD signals for [Au11(L2)4Cl2]
+ (6), which shows that ligands can 

contribute dramatically to the origin and intensity of the CD spectrum. 

Second, the nature of ligands themselves affects the CD spectrum. The theoretical 

results presented above showed that the presence of double bonds in a ligand could be a reason 

for dramatic differences in the chiroptical activity of organometallic clusters. For example, 

octagold clusters [Au8(L1)3(PH3)2]
2+ (8) and [Au8(L2)3(PH3)2]

2+ (9) have an identical Au8
2+ 

core. The calculated optical absorption and CD spectra for these structures exhibit very similar 

shapes (Figure 3ï8). However, both types of spectra for structure (9) stabilized by ligands with 

double bonds are redshifted and the intensities of the CD signals of this cluster are stronger with 

respect to [Au8(L1)3(PH3)2]
2+ (8) (Table 3ï3). Furthermore, analysis of the orbitals for octaï 
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and undecagold clusters showed that in the region of the spectra above 350 nm for the gold 

cores protected by ligands with double bonds (L2), ˊ* orbitals 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 gas phase are presented 

in Figure 3ï12b. The intensity of the CD signals for the L2 molecule is also 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, L2 ligands should have a stronger effect in the UVï

Vis part of the spectra for gold nanoparticles.  

The third factor to consider is whether the position of the chlorine atom in the 

undecagold clusters can potentially affect the CD spectra. In the results shown in this work, 

simulated CD spectra for [Au11(L1)4Cl2]
+ (4), [Au11(L2)4Cl2]

+ (5), [Au11(L1)4Cl2]
+ (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 circular dichroism signals dramatically either 

in the gas phase or in chloroform (Figure 3ï7a and 3ï7b).  The intensities of the CD signals are 

very close for the pairs [Au11(L1)4Cl2]
+ (4) ï [Au11(L1)4Cl2]

+ (6) and [Au11(L2)4Cl2]
+ (5) ï 

[Au11(L2)4Cl2]
+ (7).  

Figure 3ï13. A) SïL1 ligands arrangement in the clusters [Au11(SïL1)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 [Au11(SïL1)4Cl2]+ (4) and (10) clusters in gas 

phase. Method LB94/DZ.fc. 

 

Additionally, interesting results were observed regarding the connectivity of the 

bidentate ligands around the undecagold core. The geometry of the [Au11(SïL1)4Cl2]
+ (4) 

cluster was taken as a basis for a new structure [Au11(SïL1)4Cl2]
+ (10).  In creating this cluster, 

first the y Cartesian coordinates for gas phase structure (4) were multiplied by ï1, yielding a 
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[Au11(RïL1)4Cl2]
+ cluster. Then, the RïL1 ligands in this complex were substituted by SïL1 to 

form a new cluster [Au11(SïL1)4Cl2]
+ (10) (Figure 3ï13a). Subsequently, the geometry of this 

new structure (10) was optimized in the gas phase. The obtained structure (10) is 2.6 kcal/mol 

higher in energy than structure (4) in the gas phase. Thus, the undecagold core in the complex 

[Au11(SïL1)4Cl2]
+ (10) has a structure related to the core of the [Au11(RïL1)4Cl2]

+ enantiomer, 

but it is stabilized by SïL1 ligands. In consequence, the gold core of cluster [Au11(SïL1)4Cl2]
+ 

(10) is an approximate mirror image of the gold core of cluster [Au11(SïL1)4Cl2]
+ (4) (Figure 

3ï13a). It is well known that the CD spectra of enantiomeric pairs (R/Sïligands) are mirror 

images of each other. In our case we have two clusters (4) and (10) with Sïligands. However, 

the calculated CD spectrum of the [Au11(SïL1)4Cl2]
+ (10) cluster is an approximate mirror 

image of the [Au11(SïL1)4Cl2]
+ (4) cluster in the region with wavelengths above 350 nm 

(Figure 3ï13b). It was shown earlier that CD spectra in the 350ï700 nm region for the 

undecagold systems protected by DIOP or L1 model ligands occur due to electronic transitions 

within the Au11
3+ gold core framework only. So, the CD signals in this spectral region will be 

determined essentially by the structure of the metal core, and the mirror image CD signals can 

be correlated to the essentially mirror image cores present in clusters (4) and (10). We can thus 

conclude, that the ligand arrangement can determine the preferred structural deformations of the 

gold core, and then the gold core structure defines the intensity and sign of the CD spectrum in 

the region above ~350 nm. 

  

 Conclusion 

To contribute to an understanding of the origin of chirality and the differences in 

chiroptical activity of gold clusters stabilized by different phosphine ligands, we examined the 

optical properties of undecagold (Au11
3+) and octagold (Au8

2+) clusters protected by 

bisphosphineïligands of different nature. The chiroptical properties of [Au11(BINAP)4Cl2]
+, 

[Au11(DIOP)4Cl2]
+, [Au8(BINAP)3(PPh3)2]

2+, and [Au8(DIOP)3(PPh3)2]
2+ clusters were 

investigated with density functional theory (DFT) and timeïdependent density functional theory 

(TDDFT). To reduce the size of the calculated complexes, the ligands BINAP and DIOP were 

substituted with model ligands: BINAP was simulated by the L2 ligand (1,4-bisdiphosphino-

1,3-butadiene) and DIOP was modeled by the L1 ligand (1,4-bisdiphosphinobutane). Model 
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clusters [Au11X4Cl2]
+ and [Au8X3(PH3)2]

2+ (X = L1, L2) were considered for simulation of the 

experimental systems. 

The obtained results showed that the shapes of the octaï and 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 both octaï 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). Tsukuda and coï

workers observed similar phenomena for gold clusters protected by DIOP and BINAP 

ligands.40, 41 Moreover, the calculated spectra exhibit CD spectral shapes very close to 

experimental CD. However, the simulated spectra are redshifted by up to 85 nm with respect to 

the empirical data.  

Three main hypotheses to explain the different chiroptical activity of the 

[Au11(BINAP)4Cl2]
+, [Au11(DIOP)4Cl2]

+ and [Au8(BINAP)3(PPh3)2]
2+, [Au8(DIOP)3(PPh3)2]

2+ 

pairs of clusters were suggested: (i) the flexible nature of the Au11
3+ gold core can lead to 

deformation inside the gold core due to ligation that can be a source of the different CD activity; 

(ii) the nature of the ligands, specifically the presence of double bonds, can be a reason for the 

dramatic difference in the chiroptical activity of organometallic clusters; and (iii) in the case of 

the undecagold clusters, chlorine atom positions can also affect the CD intensity. The results 

showed that 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 considered in this work.  

Additionally, it was shown that connectivity of ligands determines the gold core 

structural geometries and the ligands themselves mainly affect the high-energy region of the CD 

spectra, whereas the gold core itself yields a significant effect on the shape and sign of the CD 

spectra in the low-energy region with wavelengths above ~350 nm. 
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 Abstract 

Timeïdependent density functional theory methods are employed to examine the 

evolution of the absorption and 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. In our model, the geometry of the helical silver chain is dependent on the AgīAgīAg 

bond angle and the AgīAgīAgīAg dihedral angle. The influence of different geometrical 

structures on the optical absorption and CD spectra were studied for helical and planar Ag8. 

Silver nanowires Agn (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 intensities of the CD peaks for these structures are 

strongly affected by the shape and length of the silver nanowires. The theoretically predicted 

CD spectra of the nonplanar Ag4 and Ag6 model systems show good agreement in spectral 

shapes and reasonable agreement in peak locations compared to experimental data for 

silverīDNA clusters. However, the theoretical and experimental results for the longer Ag12 wire 

show larger differences in the peak locations, which could potentially be caused by effects such 

as the presence of DNA and cationic silver atoms in the experimental system. 

 

 Introduction  

Metal nanoparticles with a chiral geometry exhibit unusual optical properties such as a 

strong circular dichroism (CD) signal in the visible or near infrared (IR) region, whereas natural 

helical molecules such as peptides and DNA show CD response in the (UV) or IR range; this 

feature makes DNA-metal nanoparticle hybrids very useful for the creation of new materials.71-

73 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 molecules.70 The interaction of biomolecules 

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 molecules.70, 72, 74, 75 Gold and silver nanoparticle structures with a 

helical arrangement are a very interesting area of research. These assemblies have potential 

applications in photonics and as optical polarizers, sensors, catalysts, etc. The CD spectra for 

these synthetic chiral plasmonic gold, silver, and gold/silver peptideï73 and DNAïbased72, 74, 75  

nanostructures show a bisignate shape. The theoretical investigation of these structures 

demonstrates that helix pitch, helix radius, nanoparticle size, interparticle distance, composition 

of a cluster, and the number of metal particles in a helix chain can have an effect on the optical 

properties of these structures.72, 73, 178-184 

Another very interesting type of metal ï biomolecule clusters are DNA-stabilized 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 polynucleotide strands.76-86 These DNA-templated 

noble metal clusters are a fluorescent species. In particular, Ag:DNAs nanoclusters have an 

extremely wide range of emission colors.81-84 Experimental studies81, 83-85 have shown that the 

fluorescent Ag:DNA clusters contain less than 20 silver atoms, but some metal clusters can 

produce both dark and fluorescent active DNA-stabilized complexes. Knowledge of what 

factors determine the colors of Ag:DNA complexes is significant for strategic development of 

sensing and signaling schemes. Schultz and co-workers81 used negative ion, high resolution 

mass spectrometry of compositionally pure solutions to identify the silver cluster charge (Qcl) 

and total number of silver atoms (NAg) in fluorescent Ag:DNAs. Furthermore, those authors 

showed that silver nanoparticles in the DNA - stabilized clusters have a rod-like shape (not 

spherical or planar). According to their results, Ag:DNA clusters exhibit charges from Qcl 

= 6e to 13e with NAg = 10 to 24 silver atoms in each cluster. In addition, the dependence of 

the excitation and emission wavelength on the number of neutral silver atoms provided 

evidence that the cluster structure of Ag:DNA complexes is rod-shape (a neutral, rod-like chain 

of silver atoms surrounded by a base-bonded Ag frame, such as the pictures shown in Figure 

1). The length of the neutral, rod-like chain in the system appears to be the major control for the 

color of Ag:DNA. 
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Figure 4ï1. Examples of the Ag:DNA structures. Rod-like, neutral clusters (gray) are 

shown attached to DNA bases via peripheral Ag (blue) in tetramer (b) and trimer (c) 

arrangements.   

 

*Adapted with permission from Ref. 81. (Copyright 2013 Wiley Online Library) 

Copp and co-workers then extended this work by focusing on how the determination of 

magic numbers in Ag:DNA fluorescent clusters leads to "magic colors".86 In addition, they 

performed molecular dynamics calculations to simulate the structure of these complexes. 

Figure 4ï2. Peak fluorescence wavelength histogram for Ag:DNAs.  

 

*Reproduced from Ref. 86. (Copyright 2014 American Chemical Society). 

They found that the color combinations of Ag:DNA clusters with even numbers of neutral silver 

atoms are different from magic numbers for spherical clusters: for DNA-stabilized silver 

clusters, the magic numbers of neutral Ag atoms are 4 and 6 (Figure 4ï2), not 2 and 8 as 

predicted by the spherical ñsuperatomò model. In addition, peak fluorescence wavelength is 

dependent on neutral silver atom number. The existence of such ñmagic colorsò has 

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

applications where transitions between green and red emissive clusters 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 modify the cluster shape.  
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The chiral structures of DNA-stabilized 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) approach.91 In this work, neutral and 

cationic structures Agn:DNAs (n = 4ï12) were considered. For all these structures the CD 

spectra exhibit a low-energy positive peak and a highly anisotropic negative dichroic peak. 

Experimental and theoretical results are in good agreement.  

In this work, we used time-dependent density functional 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 forms a helical 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 

spectra of neutral planar (curved) and nonplanar (helical) silver wires Agn (n = 4, 6, 8, 10, 12). 

The nonplanar silver chains complete a full turn around a cylindrical surface only with certain 

dihedral (AgīAgīAgīAg) and bond (AgīAgīAg) angle combinations. According to the 

definition of a helix,185 a curve is a cylindrical helix if and only if the ratio of torsion angle to 

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 dihedral (0ī70Á) and bond (180ī90Á) angles. Clusters 

Ag4, Ag6, Ag10, and Ag12 have been considered only with 170Á and 160Á AgīAgīAg bond 

angles and a dihedral AgīAgīAgīAg angle of 10°. In this paper, structures are denoted B-D, 

where B is the AgīAgīAg bond angle and D is the AgīAgīAgīAg dihedral angle. The AgīAg 

bond length is constant for all calculations and is set equal to 2.7 A↔. Geometries 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 presented in the Appendix 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 high-energy region is not significantly affected by changing the geometry 

of the systems. Thus, our investigation will be primarily focused on the first three peaks in the 

low energy region of spectra. 

The Amsterdam Density Functional (ADF) program158 was used for all calculations. 

Scalar relativistic effects were included by utilizing the zero-order regular approximation 

(ZORA).173 Time-dependent density functional theory (TDDFT) was employed to calculate 

excited states to determine optical absorption and circular dichroism (CD) spectra. For these 

calculations the asymptotically correct SAOP functional was used.186 This functional was 

combined with a triple-z plus polarization (TZP) Slater type basis set. The SCF convergence is 

tightened to 10ï8; the tolerance was set to 10ï8; and the orthonormality was set to 10ï10. The first 

200 dipole-allowed transitions were evaluated for each optical absorption and CD spectrum.  

The process of singleïphoton absorption is characterized by a transition dipole moment 

(Õij) and oscillator strength (fij).
151, 187 These two characteristics enable us to predict which 

excited state transitions are the most probable. The probability of absorption is proportional to 

the transition dipole moment, and the strength of an electronic transition (intensity of a 

transition) can be express in terms of the oscillator strength. 

The circular dichroism spectroscopy is used extensively to study chiral molecules of all 

types and sizes. These species show a difference in absorption of the left and right circularly 

polarized light. The simulation of the CD spectra is based on the relations:159, 160 

 
 

 
 

  

where De is molar circular dichroism or molar differential dichroic absorptivity in units of 

LÖmole-1Öcm-1, a is a set of constants, NA is Avogadroôs number in units of mole-1, h is the 

Planck constant in units of JÖs, c is the speed light in units of cm/s, E is the energy of the 

incident light in eV, Em is the excitation energy to state M in eV, sm(E) is the Gaussian band 

shape factor and s is the exponential half-width (we used s = 0.2 eV), Rm is rotatory strength in 

units of esu2Öcm2.  Rotatory strength is the important property that allows a quantitative 
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description of CD spectra.  

 In literature CD spectra can be expressed by two terms: molar circular dichroism (De) 

and molar ellipticity [Ū]. Molar circular dichroism is related to molar ellipticity by the 

following equation188 

 

where [Q] is molar ellipticity, expressed in degÖcm2Ödmole-1. 

 

 Results and Discussion 

 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 of eight silver atoms 

and compared results with data for other planar Ag8 structures. These structures are constructed 

by decreasing the AgīAgīAg bond angle in the linear chain from 180Á to 140Á, whereas the 

dihedral angle AgīAgīAgīAg was kept constant at 0Á (Figure 4ï3).  

Figure 4ï3. Structures of planar Ag8 with bond angles 180̄, 170̄ , 160̄ , 150̄  and 140̄  and 

their absorption spectra 

 

The excitation spectra of neutral and charged linear atomic silver and gold chains have 

been studied by Guidez and Aikens using the SAOP/DZ and BP86/DZ levels of theory.189 

These linear clusters exhibit two strong peaks: a longitudinal peak which is located in the low-

energy region of the spectrum and arises from the highest occupied molecular orbital to lowest 

unoccupied molecular orbital (HOMOīLUMO) transition, and a transverse peak which occurs 

in the high-energy region of the spectrum.189 In the current research, the calculated optical 

absorption spectrum for the linear Ag8 structure 180-0 shows the same characteristics as 

Q[ ] =3298.2De
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described in ref.189. In the low energy region, the extinction spectrum has one narrow and strong 

(longitudinal) peak at 1.45 eV with an oscillator strength of f=1.61. This peak arises primarily 

from the HOMO to LUMO electronic transition (Figure 4ï4), where the HOMOïLUMO gap is 

0.63 eV.  

Figure 4ï4. Kohn-Sham orbitals for linear structure 180-0 and planar structure 140-0 

 

Absorption spectra for planar structures with AgīAgīAg angles of 170Á, 160Á, and 150Á 

exhibit two peaks, whereas the spectrum for the system with 140° angles has three relatively 

strong peaks. The lowest-energy 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), 1.38 (f = 0.77), and 

0.99 (f = 0.14) eV for the structures with 170°, 160°, 150°, and 140°, respectively. The 

transition responsible for it corresponds to a HOMO Ÿ LUMO transition (Figure 4ï4), so this 

is the same as for the linear chain. For structures with angles 170°, 160°, and 150°, the 

HOMOīLUMO gaps are 0.54 eV, whereas the gap for the system with 140Á angles equals 0.43 

eV. 

A second peak appears for structures 170-0, 160-0, 150-0, and 140-0 and is located at 

2.41 (f = 0.13), 2.41 (f = 0.61), 2.40 (f = 1.09), and 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 angle. This peak arises from HOMO Ÿ LUMO+1 and 

HOMOī1Ÿ LUMO transitions, which are forbidden transitions for the linear 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 AgīAgīAg angles of 140Á. Electron transitions for this peak are HOMOī1 Ÿ 
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LUMO+1, HOMOŸ LUMO+2, and HOMOī2Ÿ LUMO. Overall, the absorption spectra 

exhibit 2ī3 strong peaks that are very sensitive (either in energy or in oscillator strength) to the 

changing of the bond angle. 

Circular dichroism spectra have been calculated for all planar structures. As expected, 

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 can be constructed 

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 the bond between silver atoms in the chain (2.7 

A↔). 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 of 170°, 160°, 

150°, 140°, and 130°, denoted 170-10, 160-10, 150-10, 140-10 and 130-10, respectively 

(Figure 4ï5). 

Figure 4ï5. Structures, absorption spectra, and CD spectra of helical Ag8 with a dihedral 

angle of 10̄ and bond angles from 170̄ to 130̄   

 

The calculated absorption spectra for 170-10, 160-10, 150-10, 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 peaks. Tables 4ï1 and 

Table 4ï1 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 Ag8 nanowires: peak energy (E, 

eV), oscillator strength (f), molar ellipticity  ([Q]Ö10-5, degÖcm2Ödmole-1), and rotatory 

strength (Rm, 10-40 esu2 Öcm2) 

 First peak Second peak Third peak 

 E, eV f [Q]Ö10-5 Rm E, eV f [Q]Ö10-5 Rm E, eV f [Q]Ö10-5 Rm 

170-10 1.44 1.88 0.35 84.4 2.41 0.12 -0.97 -92.53 3.00 0.007 0.2 15.2 

160-10 1.42 1.42 1.20 296.2 2.41 0.58 -3.28 -440.28 3.02 0.009 0.9 66.3 

150-10 1.38 0.82 2.07 525.5 2.40 1.02 -5.46 -803.28 3.04 0.07 1.7 146.8 

140-10 1.22 0.29 2.23 636.9 2.40 1.06 -6.14 -899.24 3.03 0.35 1.9 168.9 

For structure 170-10, 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 4ï1). 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 including HOMO Ÿ LUMO+1 and HOMOī1 Ÿ LUMO 

with contributions to the transition dipole moment of 1.000 and 0.657, respectively. 

When the AgīAgīAg angle is reduced to 160Á (160-10), the intensity of the two first 

peaks changes with respect to those of 170-10. We can observe a redshift of 0.02 eV for the first 

peak. The oscillator strength for the first peak decreased slightly, whereas the intensity of the 

second peak increased by Ḑ4 times. Transitions that are responsible for these peaks are the same 

as in 170-10, but contributions to the transition dipole moment changed. For the first peak, the 

contribution arising from HOMO Ÿ LUMO decreased and is now equal to 6.732. For the 

second peak, contributions of the HOMO Ÿ LUMO+1 and HOMOī1 Ÿ LUMO transitions 

increased and are equivalent to 2.263 and 1.436, respectively. 

The optical absorption spectrum of structure 150-10 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 respect to 160-10, 

and the oscillator strength decreased by Ḑ2 times (Table 4ï1). The contribution to the transition 

dipole moment from the HOMO Ÿ LUMO transition for this peak is 5.2721. The second peak 

continues to become stronger and the oscillator strength increases by Ḑ2 times with respect to 

160-10 (Figure 4ï5). The second peak is a composition of transitions HOMO Ÿ LUMO+1 and 

HOMOī1 Ÿ LUMO. Contributions to the transition dipole moment are 3.033 and 1.964, 

respectively. 
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For structure 140-10, the first peak is very weak, with an oscillator strength of only 0.29, 

which is decreased by Ḑ2 times with respect to 150-10. This peak also redshifts by 0.16 eV with 

respect to 150-10. The oscillator strength of the second peak has grown to 1.06, which is not 

greatly different than f for the 150-10 structure. The transitions that are responsible for these 

The transitions that are responsible for these peaks are the same as in the structure with a bond 

angle of 150̄ . The third peak at 3.00 eV, which was very weak in previous helical structures, 

becomes stronger (f=0.35) in 140-10 (Table 4ï1). This peak arises from the HOMO ­ 

LUMO+2, HOMO-2­ LUMO, and HOMO-1 ­ LUMO+1 transitions.  

Circular dichroism spectra were calculated for all 170-10, 160-10, 150-10, and 140-10 

structures by the TDDFT method (Figure 4ï5). The CD signals arise from the same transitions 

as those seen in the UVīvis absorption spectrum. For the first peak, the results show that the 

intensities of the CD signals increased with decreasing AgīAgīAg bond angle (170-10 > 160-

10 > 150-10 > 140-10) (Table 4ï1, Figure 4ï5). In contrast, the optical absorption spectra 

exhibit the opposite tendency, and the intensity of the first peak decreases as the AgīAgīAg 

bond angle decreases (170-10 > 160-10 > 150-10 > 140-10). The values of molar ellipticity [Ū] 

for the first peak are 0.35Ö105, 1.2Ö105, 2.1Ö105, and 2.2Ö105  deg·cm2·dmolī1 for 170-10, 160-10, 

150-10, and 140-10, respectively. Therefore, structure 170-10 shows the strongest first 

absorption peak and very weak response in the CD spectrum, whereas structure 140-10 has the 

smallest first absorption peak and the strongest peak in the CD spectrum. The first CD peak 

arises from the HOMO Ÿ LUMO transition and has a moderately positive rotatory strength, 

which increases with decreasing of the Agī AgīAg angles from 170Á to 140° (Table 4ï1). The 

second CD peak has a negative rotatory strength for all structures. The intensities of this peak in 

the optical absorption and CD spectra increased with decreasing AgīAgīAg bond angle (170-

10 < 160-10 < 150-10 < 140-10). The molar ellipticities [Ū] of the second peak are -0.9Ö105, -

3.3Ö105, -5.5Ö105, and -6.1Ö105 degÖcm2Ödmole-1 for 170-10, 160-10, 150-10, and 140-10, 

respectively. In addition, this peak is much stronger than the first (Table 4ï1). The third peak, 

which is not noticeable in the absorption spectrum, appears with strong positive rotatory 

strength in the CD spectrum for structures 150-10 and 140-10. The molar ellipticities [Q] of this 

peak are 1.7Ö105 and 1.9Ö105 degÖcm2Ödmole-1 for 150-10 and 140-10. The third peak appears 
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from the HOMO ­ LUMO+2, HOMO-2­ LUMO, and HOMO-1 ­ LUMO+1 transitions. 

Overall, the molar ellipticity and rotatory strength increase in the order 170̄ <160̄ <150̄ <140̄ . 

Table 4-2. Spectral data of structure 130-10 peak energy (eV), oscillator strength (f), 

molar ellipticity  ([Q]Ö10-5, degÖcm2Ödmole-1), and rotatory strength (Rm, 10-40 esu2 Öcm2). 

# Peak E, eV 
Absorption spectra Circular Dichroism spectra 

Intensity f [Q]Ö10-5 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 4ï6. Absorption and CD spectra of helical Ag8 (structure 130-10) 

 

Figure 4ï7. Kohn-Sham orbitals for helical structures 140-10 and 130-10 

 

The 130-10 spectrum appears qualitatively different than the others (Figure 4ï6). This 

spectrum is less intense and blueshifted, and a great number of transitions happen in the high-
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energy region (>4.5 eV). The HOMO Ÿ LUMO transition, which was responsible for the first 

peak in structures 170-10, 160-10, 150-10, and 140-10, disappeared. Instead, the absorption 

spectrum and CD spectrum show a weak peak at 1.60 eV, which is composed primarily of 

HOMOī2 Ÿ LUMO and HOMO Ÿ LUMO+2 transitions. The next two peaks are located at 

1.95 and 2.18 eV, and their oscillator strengths are 0.08 and 0.29, respectively (Table 4ï2). 

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

arise from the same transitions: HOMOī1 Ÿ LUMO, HOMO Ÿ LUMO+1, HOMOī2 Ÿ 

LUMO+1, and HOMO Ÿ LUMO +3. The next positive CD peak is a combination of three 

peaks at 2.76, 2.85, and 3.06 eV, which arise from HOMOī3 Ÿ LUMO+1, HOMO ­ 

LUMO+2, HOMO-1 ­ LUMO+1, and HOMO-2 ­ LUMO transitions. This dramatic 

difference in the optical properties of structure 130-10 and those of the corresponding structures 

with bond angles 140̄, 150̄ , 160̄  and 170̄ can be attributed to a different electronic structure. 

A helix with dihedral and bond angles of 10̄ and 130̄ has a very compact structure: the pitch is 

almost equivalent to a metal bond length of 2.7 Å, which leads to the overlap of some of the 

silver orbitals (Figure 4ï7). The HOMO-LUMO orbitals are very close to each other in the 

130-10 structure; the HOMO-LUMO gap is equivalent to 0.03 eV. 

 

Dihedral Angles 20Áī70Á. To understand how the value of the dihedral angle affects the 

optical properties of silver helices, we considered Ag8 nanowires with AgīAgīAgīAg dihedral 

angles from 20Á to 70Á and all possible AgīAgīAg bond angles. The minimal bond angles 

which we considered are Agī AgīAg = 130Á for structures with a dihedral angle of 20Á, Agī 

AgīAg = 120Á for structures with a dihedral angle of 30Á, and AgīAgīAg = 110Á for systems 

with dihedral angles of 40Áī 70Á. The structures with smaller bond angles are very compact and 

have different electronic structures; the absorption and CD spectra of these systems are weak 

and look qualitatively different from the spectra with larger bond angles (see Appendix B). 

The optical absorption spectra for the systems with dihedral angles of 20Áī70Á have a 

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 the strongest effect on the 

location and intensity of the first peak in the spectrum. As shown in Figure 4ï8, all considered 

structures with a bond angle of 170° exhibit a first peak with almost the same energy near 

1.44ī1.46 eV. The oscillator strengths of these structures increase as the dihedral angle 
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increases, and the difference between the excitation energy for structures 170-10 and 170-70 is 

0.14 eV. Further decreasing of the bond angle in our systems shifts the first peak to the red 

region, and the oscillator strength decreases significantly. The dihedral angle of the helix 

structure also has an effect on the first absorption peak: the low-energy peak shifts to the blue 

and increases intensity as the dihedral angle becomes larger (Figure 4ï8). 

Figure 4ï8. The effect of Ag-Ag-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° 

 

The energy of the second and third peaks is not significantly dependent on the dihedral 

angle of the silver helical structure, whereas the oscillator strength dramatically changes as this 

Agī AgīAgīAg angle increases. In contrast to the dihedral angle, the bond angle affects both 

location and intensity of these peaks. For structures with a bond angle of less than 150°, the 

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

the second peak as a function of the bond angle has a maximum around 140Áī150Á for all 

dihedral angles; after 150°, the intensity of the peak decreases substantially. The systems with 

the strongest third peak are structures 130-20, 130-30, and 130-40 with a bond angle of 130° 

and dihedral angles of 20Áī 40Á, and the oscillator strength is 0.58ī0.63 (see Appendix B). 

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

peak less intense. 
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Thus, calculated absorption spectra for all considered structures (Figure 4ï8) 

demonstrate interesting dependencies on the values of bond and dihedral angles. The first peak 

is the most sensitive to the 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. The intensity 

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 second peak intensity 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 the second 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 with dihedral angles 10Áī40Á; however, for systems 

with angles of 50°, 60°, and 70°, the intensity decreased (oscillator strength decreased as 10Á å 

20Á å 30Á å 40Á > 50Á > 60Á > 70Á). The influence of bond angle on the intensity of the third 

peak is also shown in Figure 4ï8. This peak becomes stronger with decreasing bond angles 

from 170° to 130°; after 130°, the absorption intensity decreased. 

Figure 4ï9. The effect of Ag-Ag-Ag bond angle on the first three peaks of the CD spectra 

for silver helixes with dihedral angles 10̄ - 70̄  

 

The dependence of the first three peaks of the CD spectra on the bond angle for helical 

structures with dihedral angles from 10° to 70° is presented in Figure 4ï9. 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 different 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 

structures 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 angle of 140°; the molar 

ellipticity for these structures is equivalent to Ḑ5.4 Ĭ 105 degĿcm2Ŀdmolī1 (Figure 4ï9). For all 

considered structures, this first peak arises from the HOMO Ÿ LUMO transition. 

Unlike the absorption spectra, which indicate the absence of the second peak for 

structures with a dihedral angle of 70° (the oscillator strength of this peak is around zero, see 

Appendix B and Figure 4ï8), the CD spectra detect the second peak for all calculated 

structures. The second CD peak has a negative rotatory strength for all calculated structures 

with dihedral angles of 10Áī50Á, whereas for systems with dihedral angles larger than 50Á and 

bond angles less than 130°, this peak has a positive sign. The CD spectra achieve a maximum 

absolute value of molar ellipticity as a function of the bond angle at 140° (Figure 4ï9); 

furthermore, the most intense second peak is obtained for structure 140-30, and the molar 

ellipticity for it is equivalent to 11.7Ā105 degĀcm2Ādmole-1. Electronic transitions for this peak are 

HOMOī1 Ÿ LUMO and HOMO Ÿ LUMO+1. 

The third peak arises from HOMO Ÿ LUMO+2, HOMOī 2Ÿ LUMO, and HOMOī1 

Ÿ LUMO+1 transitions. This peak changes from a positive sign to a negative sign with the 

decreasing of the bond angle for structures with dihedral angles of 10Áī40Á; for systems with 

larger values of the dihedral angle, the third peak has only negative amplitude. The strongest 

positive third peak is observed for structure 150-20, with the value of the molar ellipticity [Ū] 

for this structure corresponding to 2.6 degĀcm2Ādmole-1. The 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 structure 120-50 are equal to ī10.2Ā105 degĀcm2Ādmole-1, 

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 second and third peaks 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 cluster. 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 dihedral angles of 10° and 

70° have the weakest intensities with respect to systems with other dihedral angles, whereas the 

helices with AgīAgīAgīAg angles of 70Á show the strongest first peak in the optical 

absorption spectra. The oscillator strength of the first peak decreased evenly with decreasing 

values of bond and dihedral angles and has a maximum of intensity for structure 170-70, 

whereas the rotatory strength for this structure is the smallest; therefore, it has poor CD 

response. The second peak has a negative rotatory 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 bond angle for systems with dihedral angles less than 40°. Thus, experimentally 

measured CD spectra can provide information about the geometries of helical silver nanowires. 

Helical silver chains Agn (n = 4, 6, 8, 10 and 12). The number of silver atoms in a helix 

chain can significantly affect the optical properties of these nanoparticles. In order to study the 

length dependence of the optical absorption and CD of these nanowires, TDDFT calculations 

have also been performed on Agn (n = 4, 6, 8, 10, 12) clusters with 170° and 160° Ag-Ag-Ag 

bond angles, 2.7 Å bond length, and a dihedral Ag-Ag-Ag-Ag angle of 10°. Furthermore, the 

results of calculations for nonplanar helical systems were compared with experimental data for 

DNA-stabilized silver clusters in the several atom size range.91 

As shown in Figure 4ï10, absorption spectra for helical systems Ag4, Ag6, and Ag8 

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 of Ag10 and 1.09 and 1.89 eV for Ag12). 

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

Circular dichroism spectra (Figure 4ï10) also become stronger and redshift as the 

particle size increases. The strongest spectrum is observed for Ag12, and the weakest is observed 

for Ag4. All systems exhibit a strong positive first peak. As described above, this peak arises 

from the HOMOīLUMO orbital transition. The HOMOīLUMO gap decreases in the order Ag4 

> Ag6 > Ag8 > Ag10 > Ag12 and is equivalent to 1.01, 0.70, 0.54, 0.43, and 0.37 eV, 

respectively. The second peak has a negative sign and appears with strong rotatory strength in 
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the CD spectrum for structures Ag6, Ag8, Ag10 and Ag12. As discussed for Ag8, this peak arises 

from the HOMO Ÿ LUMO +1 and HOMOī1 Ÿ LUMO transitions that are forbidden for 

perfectly linear wires. For the smallest system Ag4, this 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 higher-energy region, has a negative rotatory strength for helices Ag4 

and Ag6, and arises from the same transitions as the second peak (HOMO Ÿ LUMO+1 and 

HOMOī1 Ÿ LUMO). At the same time, the largest nanowires (Ag8, Ag10 and Ag12) exhibit a 

third peak with positive sign. This peak arises from transitions HOMO Ÿ LUMO+2, HOMOī2 

Ÿ LUMO, and HOMOī1 Ÿ LUMO +1 for all these structures. As the bond angle decreases to 

160°, the first absorption peak for all considered structures loses intensity, whereas the second 

and the third peaks become stronger (Figure 4ï10). 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 peak locations as 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) shows that as 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 comparative analysis with experimental data. 

Swasey and co-workers investigated chiral electronic transitions in fluorescent silver clusters 

stabilized by DNA by absorption and CD spectroscopy.91 They considered four different species 

(S1īS4) of pure AgN-DNA with between 4 and 12 neutral silver atoms in the system (Table 4ï

3, Figure 4ï11).  

The experimental results of samples that can contain 12 (S1), 6 (S2, S3) or 4 (S4) neutral 

silver atoms (Table 4ï3) can be compared with TDDFT-calculated absorption and CD spectra 

for Ag4, Ag6 and Ag12 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 is red- shifted by about 0.3 eV, and the 

second negative theoretical peak is red-shifted by 0.36 or 0.15 eV. The third CD peak is 

blueshifted by 0.15 eV in comparison with the S2 sample and red-shifted by 0.08 eV with 

respect to the S3 sample. Overall, these values are within the range of typical TDDFT 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 energies of CD peaks and TDDFT data for related structures  

 Experimental data91 TDDFT 

System S1 S2 S3 S4 Ag4 Ag6 Ag12 

# Ag0 atoms 12 6 6 or 7 4 4 6 12 

1st peak 1.76 eV 2.09 eV 2.07 eV 2.54 eV 2.19 eV 1.72 eV 1.06 eV 

2nd peak 3.16 eV 3.19 eV 2.98 eV 3.29 eV ï 2.83 eV 1.88 eV 

3rd peak 3.42 eV 3.55 eV 3.32 eV 3.68 eV 3.77 eV 3.40 eV 2.49 eV 

 

Figure 4ï10. TDDFT optical absorption (upper pictures) and circular dichroism spectra 

(lower pictures) for Agn (n = 4, 6, 8, 10, 12) with 170° and 160° Ag-Ag-Ag bond angles and 

10° Ag-Ag-Ag-Ag dihedral angles. 
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Figure 4ï11. Experimental CD spectra of seven Gaussian peaks for A) S1, B) S2, C) S3 

(aqueous solution) and D) S4 (50% MeOH) and calculated CD spectra for E) Ag12, F) Ag6 

and G) Ag4 helical clusters (Panels AïD: Reprinted from Reference 91.86 Copyright 2014 

American Chemical Society). 

 

TDDFT calculations for the Ag4 cluster show that the first peak is red-shifted by about 

0.3 eV and the second one is absent in comparison to the S4 experimental system (Table 4ï3). 

However, the third calculated negative CD peak of the Ag4 structure is shifted to the red by only 

0.11 eV with respect to the S4 sample. 

The experimental data for Ag12 was decomposed to three CD peaks below 3.5 eV, with 

the second and third lowest-energy peaks only 0.26 eV apart.25 The second and third peaks fit 

within the same negative CD peak envelope. The calculated absorption and CD spectra of the 

Ag12 helical structure are very red-shifted 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 rotatory 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, Ag12, show large differences in the peak locations. A higher 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 presence of DNA and cationic silver atoms in the experimental system; additional 

understanding of the interactions will be needed in order to yield close theoryīexperiment 

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 

theoretically predicted CD spectra of model systems with experimental data for silverīDNA 

clusters.91 Overall, the results presented here show that the DNA-stabilized silver clusters can 

have a helical-chain shape. 

 

 Conclusions 

TDDFT methods were employed for examination of the evolution of the absorption and 

circular dichroism spectra as a function 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 Ag8 using the SAOP/TZP level of theory. Planar clusters show 

zero circular dichroism signals. Their absorption spectra exhibit three 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 HOMO-to-LUMO orbital transition for all considered 

structures. The second peak for structures Ag6, Ag8, Ag10 and Ag12 corresponds to the HOMO 

Ÿ LUMO+1 and HOMOī1 Ÿ LUMO transitions, which are forbidden for the linear structure 

and became allowed with the loss of linearity. For the Ag4 cluster, 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 helices Ag4 and Ag6, and arises from the same transitions as the 

second peak. For Agn with n > 6, the circular dichroism spectrum exhibits a third peak that has a 

positive sign and arises from transitions HOMO Ÿ LUMO +2, HOMOī2 Ÿ LUMO, and 

HOMOī1 Ÿ LUMO+1. 

The investigation of the geometrical structure of the helix shows that geometry has a 

strong effect on the location and intensity of the peaks in the spectrum. Furthermore, for these 



 92 

helical structures we obtained strong circular dichroism spectra. The geometry of the helix has a 

great influence on the intensity and shape of the CD 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 less intense 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 = 4, 6, 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 

stronger. For small clusters, the calculated data are in reasonable agreement with experimental 

data for DNA- stabilized silver clusters.91 For long silver chains, some differences in the 

theoretical and experimental results could be caused by effects such as the presence of DNA and 

cationic silver atoms in the experimental system, and additional understanding of these 

interactions will be needed in order to yield close theoryīexperiment agreement for these 

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 of empirically measured MCD 

spectra. In the present paper, a theoretical investigation of electronic and optical properties of 

phosphine-protected gold clusters with a Au9
3+ core with D2h symmetry was performed with 

time-dependent density functional theory. The influence of ligands on the optical properties of 

the golden core was investigated. Simulations of the optical absorption and MCD spectra were 

performed for the bare gold Au9
3+ cluster as well as for ligandïprotected Au9(PH3)8

3+ and 

Au9(PPh3)8
3+ species. MCD spectra were calculated at a temperature of 298 K and a magnetic 

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 for the Au9(PPh3)8
3+ 

ion in gas phase exhibits a reasonable agreement with experimental results for the 

[Au9(PPh3)8](NO3)3 system, although with a redshift of up to 0.5 mm-1. Overall, MCD provides 

significant additional details about the electronic structure of the considered systems 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 spectroscopy yields more detailed information than a UV-Vis absorption spectrum, 

which is usually poorly resolved and often tends to appear very similar for different 

complexes.94-96 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 obtain spectral signal 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 spectroscopy widely 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 molecules.26, 30, 31, 94-96, 101-103  

MCD spectroscopy is based on the measurement of the difference in absorption between 

left and right circularly polarized light, which is induced in the sample by a strong magnetic 

field oriented parallel to the direction of light propagation.161, 162 The MCD signal can be either 

positive or negative. The obtained MCD spectrum can depend on the existence of degeneracy in 

the ground or excited states, as well as the symmetry and magnetic properties of the investigated 

molecule. There are three main sources of MCD intensity, which are referred to as the A, B and 

C terms.162, 165, 166 Each of these terms corresponds to different spectral features (Figure 5ï1). 

The nomenclature of A, B and C terms was introduced by Seber in 1932.190 The A term arises 

when the molecule of interest contains degenerate excited states; this degeneracy is broken by 

the magnetic field, which leads to a derivativeïshape of the signal in the MCD spectrum.162 The 

B term arises because of the mixing of states caused by the applied magnetic field.165 This term 

corresponds to the temperatureïindependent MCD intensity, and can be exhibited by all 

systems. The C term can be present in the MCD signal for systems with a degenerate ground 

state. This last term is temperature dependent and is observed only for paramagnetic systems.166 

Figure 5ï1.Origin of A, B and C terms in MCD spectra.  Right circularly polarized (rcp) 

and left circularly polarized (lcp) light are shown with blue and green arrows, 

respectively. 

 

 Unfortunately, the interpretation of experimental MCD spectra is a complicated process, 

especially for lowïsymmetry systems. Therefore, theoretical simulation of the MCD spectra can 

be used to assist in the understanding of empirically measured MCD spectra and can provide 
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useful information.  

W. R. Mason and coïworkers96 applied MCD spectroscopy to investigate the electronic 

structure of different metal complexes with inorganic and organic ligands. For example, metal 

complexes with inorganic ligands that have been studied include square complexes (symmetry 

D4h) PtX4
2ï and AuX4

ï (X = Cl, Br, I),106, 107 Pt(CN)4
2ï,108 Pt(NH3)4

2+,109 linear complexes 

(symmetry DÐh) HgX2 and AuX2
ï (X = Cl, Br, I),110, 111 etc. Metal cluster complexes with 

organic ligands that have been studied include Pt3(CO)3(P(tïBu)3)3, Hg3(dppm)3
4+, 

Pt(AuPPh3)8
2+, Au9(PPh3)8

3+, Au8(PPh3)8
2+, etc.26, 30, 31, 94 For some of these complexes, a Hückel 

molecular orbital treatment was applied to aid in interpretation of MCD spectra.  

Small phosphineïprotected gold clusters are of interest due to their potential 

applications in catalysis, imaging, and as drug delivery agents.26, 94, 191 Use of higher level 

theory such as time-dependent density functional theory (TDDFT) for simulation of MCD 

spectra will help to better understand 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 investigate the electronic structure of the phosphine-protected 

centered gold cluster complex Au9(PPh3)8
3+ with core symmetry D2h using computational 

methods. Specifically, we probe the electronic structure through density functional theory and 

address the optical properties through TDDFT, through which we obtain the optical absorption 

and magnetic circular dichroism spectra for each system. We examine the bare Au9
3+ core, the 

phosphine-protected gold cluster complex Au9(PH3)8
3+, and the triphenylphosphine-protected 

gold cluster system Au9(PPh3)8
3+. Furthermore, we compare our theoretical results with 

experimental data for the complex [Au9(PPh3)8](NO3)3 in acetonitrile solution at room 

temperature.31 

  

 Computational Method 

All calculations in this work were performed with the Amsterdam Density Functional 

(ADF) program158. Scalar relativistic effects were included by utilizing the zero-order regular 

approximation (ZORA).173 Geometry optimization was performed with the generalized gradient 

approximation Becke-Perdew exchange correlation functional174, 175 and a triple-ɕ Slater basis 

set (BP86/TZP). To trim down the computational time, we used a frozen core approximation for 
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heavy atoms, which reduces the size of the variational basis set (denoted TZP.4f for Au atoms, 

TZP.2p for P and TZP.1s for C). Optimized geometries were calculated only for naked and 

phosphine-protected gold clusters; large triphenylphosphine-protected systems were obtained by 

substituting hydrogen atoms in the optimized PH3-protected gold clusters with PPh3 ligands, 

without further geometry optimization.  

Time-dependent density functional theory (TDDFT) was employed to calculate excited 

states to determine optical absorption and magnetic circular dichroism spectra. For these 

calculations the asymptotically correct Leeuwen-Baerends176 (LB94) functional was used. This 

functional was combined with a double-z (DZ) Slater type basis set and frozen core 

approximation (denoted DZ.4f for Au atoms, DZ.2p for P and DZ.1s for C). The LB94 potential 

is an asymptotically correct type of exchange-correlation (XC) potential, which gives results 

superior to those obtained with LDA or GGA.158 The XC potential should exhibit Coulombic (ï

1/r) decay as r ŕ Ŝ.192 However, the XC potential of nonïmodel functionals decay much faster 

than (ï1/r) in the asymptotic region, which is a source of incorrect predictions for the highest 

occupied molecular orbital (HOMO) energies and excitation energies.192 The LB94 functional 

has previously been employed successfully to examine the optical properties of ligand-protected 

gold nanoparticles such as Au25(SR)18
ï (R = H, CH3, CH2CH3) and Au36(SPh)24.

193, 194 These 

previous results show that this functional often yields excitation energies that lie 0.15ï0.20 eV 

below the experimental peaks.  

In this article we focus on the excited states with wavenumbers lower than 3.0 mm-1. The 

calculated absorption spectra are convoluted with a Lorentzian with a full width at half-

maximum of 0.2 eV. The MCD spectra are calculated at a temperature of 298 K and a magnetic 

field of 7 T. 

 

 MCD Spectroscopy 

Magnetic circular dichroism is the difference in absorption between left (lcp) and right 

(rcp) circularly polarized light, induced in the sample by a strong magnetic field oriented 

parallel to the direction of light propagation.161, 162 The MCD sign is positive when absorption of 

the left circularly polarized light is greater than absorption of the right circularly polarized light.  

Ўὃ ὃ ὃ ὃ ὃ  
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MCD data can be plotted in a few different ways: as the absorption difference (ȹA), as 

the absorption coefficient difference (ȹk), as molar absorptivity (ȹŮM) and as molar ellipticity 

([ɗ]M).
162-165 MCD intensity is often interpreted in terms of the equation:162, 165 
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where ǩɤ is the energy of incident light, ǩɤJ is the excitation energy to state J, B is the 

amplitude of the applied magnetic field, T is the temperature, ə is Boltzmannôs constant, ɢ is a 

collection of constants and experimental parameters that depend on what quantity is measured 

and units, fJ is a bandshape function and AJ, BJ and CJ  are magnetic circular dichroism terms.163  

In this project, the theoretical simulation of MCD spectra is based on the implementation 

in the Amsterdam Density Functional (ADF) program in which a magnetic perturbation of the 

TDDFT was applied for calculation of the MCD terms.158 Using theoretically calculated A, B 

and C parameters and the MCD intensity equation, the MCD spectra can be simulated in terms 

of molar ellipticity [ɗ]M, which is independent of the major experimental parameters such as the 

concentration of absorption species, the path length and magnetic field:162, 165 
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where c is the collection of constants which is approximately equal to 0.0014803.165 To get 

molar ellipticity [ɗ]M in the units (deg L m-1 mol-1 G-1), the energy of incident light (ǩɤ) and 

excitation energy to state J (ǩɤJ) should be in a.u.  

The symmetry of the gold core of the Au9(PPh3)8
3+ complex is D2h. Therefore, we can 

expect the existence of only the B term for this type of system due to the absence of degenerate 

ground or excited states. In this case, the effect of the magnetic field on ǩɤJ and the population 

of the ground state can be neglected and the equation for calculation of the molar ellipticity [ɗ]M 

can be simplified:165 

— πȢππρτψπσ‫ ὄὪᴐ‫ ᴐ‫  

The bandshape functions chosen are normalized Gaussian functions and their derivatives:162 

Ὢᴐ‫
ρ

Ѝ“ὡ
Ὡ ᴐ ᴐ Ⱦ  
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‬Ὢᴐ‫

‬ᴐ‫

ςᴐ‫ ᴐ‫

Ѝ“ὡ
Ὡ ᴐ ᴐ Ⱦ  

The bandwidth parameters WJ were chosen to reproduce the observed bandwidths:  

ὡ ὤ ᴐ‫                                                                                              

For the complexes discussed in this work, the parameter Z was chosen to be 0.010. The 

MCD spectra are calculated at a temperature of 298 K and a magnetic field of 7 T. 

  

 Results and Discussion 

 Geometries of Au9L 8
3+ clusters (L = PH3, PPh3) 

Figure 3ï2 shows the geometries for Au9
3+ (1), Au9(PH3)8

3+ (2a and 2b), and 

Au9(PPh3)8
3+ (3). The metal core of these systems has high symmetry D2h. In these systems, one 

Au atom is located in the center of the cluster and is bound to eight peripheral gold atoms. For 

the bare gold cluster, the AuïAu bond lengths range from 2.71 ï 2.89 Å, which are 0.00-0.16 Å 

longer than the same distances for the gold core in Au9(PPh3)8
3+ determined by Briant and coï

workers using x-ray crystallography (Table Cï1).61 The addition of phosphineïgroups (i.e., 

PH3) increased some of the gold ï gold core bond distances up to 0.09 Å, whereas other metal 

bonds decreased by no more than 0.07 Å.  In general, the gold-gold distances in Au9(PH3)8
3+ are 

0.04-0.08 Å longer than those in Au9(PPh3)8
3+, which may be due to the use of the BP86 

functional.  In the Au9(PH3)8
3+ (2a) and (2b) clusters, all PH3 groups are coordinated to terminal 

gold atoms with Au-P distances ranging from 2.33 ï 2.37 Å. More detailed information about 

bond distances, valence and torsion angles can be found in the Appendix C (Table Cï1 and 

Figure Cï1). 

From a geometrical structure search for PH3ïprotected systems, we obtained various 

stable complexes of Au9(PH3)8
3+ with different orientations of the hydrogen atoms in the 

phosphine groups, with energy differences less than 1 kcal/mol. Two of the most stable species 

are presented in Figure 5ï2. These clusters contain the Au9
3+ core with D2h symmetry. Due to 

the arrangement of the eight phosphine ligands bound to the gold atoms, complex Au9(PH3)8
3+ 

(2a) has D2h symmetry and Au9(PH3)8
3+ (2b) has C2v symmetry. Structure Au9(PH3)8

3+ (2a) is 

the global minimum with an average stabilization energy per PH3 ligand of 52.51 kcal/mol 

(Table 5ï1). The energy of stabilization (Estab), which shows how the addition of each 

phosphine ligand stabilize the gold core, is calculated as:  
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Ὁ Ὁ Ὁ ψϽὉ ψ 

Figure 5ï2. Structures of the gold clusters discussed in this work. 

 

Table 5-1. BP86/TZP energy of stabilization (Estab, kcal/mol) of the Au9
3+ gold core per 

PH3 ligand. 

Structure 
Core 

symmetry 

Complex 

symmetry 
Estab (kcal/mol) 

Au9(PH3)8
3+ (2a) D2h D2h 52.51 

Au9(PH3)8
3+ (2b) D2h C2v 52.46 

 

Figure 5ï3. Absorption and MCD spectra for Au9(PH3)8
3+ (2a) and Au9(PH3)8

3+ (2b). 

   

Absorption and MCD spectra were calculated for Au9(PH3)8
3+ (2a) and Au9(PH3)8

3+ (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 up to 3.0 ɛm-1 (Figure 

5ï3).  
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As mentioned previously, coordinates for the largest cluster system studied, the 

triphenylphosphineīprotected cluster, were obtained by replacement of hydrogen atoms in the 

optimized Au9(PH3)8
3+ clusters with phenyl (Ph) groups (C6H5ï) based on the optimized 

coordinates of the triphenylphosphine ligand, without further geometry optimization of the 

overall complex. It should be noted that substituting Hīatoms with phenyl groups to yield 

Au9(PPh3)8
3+ complexes can yield structures with overlapping phenyl rings. For example, the 

most stable complex Au9(PH3)8
3+ (2a) cannot be used for creation of the Au9(PPh3)8

3+ (3) 

structure due to overlapping C6H5ïrings, whereas the next most stable structure Au9(PH3)8
3+ 

(2b) (2b) works perfectly for this purpose. Therefore, cluster Au9(PH3)8
3+ (2b) was chosen as 

the base for the triphenylphosphine ligand- protected cluster. 

 

 Optical Properties of Au9
3+, Au9(PH3)8

3+ and Au9(PPh3)8
3+ Clusters 

The bare Au9
3+ cluster. Our calculated data show that some orbitals of this cluster 

(Figure 5ï4) can be considered as ñsuperatomò orbitals, where the superatom orbitals arise 

primarily from valence electrons on the gold atoms.195 The Au9
3+ cluster possesses 6 electrons 

so an occupation of 1S21P41D02S0é is expected, where the S, P and D superatom orbitals can 

be formed from linear combinations of the valence s electrons on gold. The HOMO and LUMO 

orbitals in Au9
3+ are P superatom orbitals, so the HOMO ­ LUMO transition is forbidden. The 

HOMOïLUMO gap based on KohnïSham orbital energies for the naked Au9
3+ cluster is 

calculated to be 1.66 eV. 

The optical absorption spectrum of the bare Au9
3+ cluster exhibits five strong peaks 

(Figure 5ï4). Peaks in the optical absorption spectrum are labeled with Roman numerals 

whereas peaks in the MCD spectrum are labeled 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 shown in Table 5ï2; 

additional information such as the transitions responsible for each excitation are presented in 

Table Cï2. Although some weaker peaks are present, to simplify the analysis of the absorption 

spectra, only excited states with oscillator strengths higher than an average value of f for all 

excited states in the region below 3.0 ɛmī1 will be considered. For the absorption spectrum of 

the bare gold cluster Au9
3+, the average value of the oscillator strength is 0.018 (Table Cï2). 

Therefore, for this system only excitations with f stronger than 0.018 were taken into account. 
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Band I of the gas phase photoabsorption spectrum is centered at 1.77 ɛmī1 (f = 0.021) (Figure 

5ï4) and is predicted to arise primarily from transitions out of the HOMO into the LUMO+1 

orbital (Table Cï2). The second strong peak at 1.97 ɛmī1 is attributed to electronic transitions 

from HOMO Ÿ LUMO+2 and HOMOī1 Ÿ LUMO+1. The second peak is slightly more 

intense in comparison to the first peak (f = 0.027). Band III is located at 2.38 ɛmī1 (f = 0.049), 

and arises from the HOMOī1 Ÿ LUMO+1, HOMO Ÿ LUMO+2, and HOMOī7 Ÿ LUMO 

transitions. 

Figure 5ï4. Kohn-Sham orbitals, optical absorption and MCD spectra for the bare core 

Au9
3+ (D2h). 

 

Table 5-2. Calculated absorption and MCD spectral data for bare gold core Au93+ (D2h). 

Absorption MCD 

# 
Wavenumber 

(ɛm-1) 

Oscillator 

Strength 
# 

Wavenumber 

(ɛm-1) 

[ɗ]M 

deg L m-1 mol-1 G-1 

I 1.77 0.021 1 1.78 ï1.65 

II  1.97 0.027 2 1.97 +1.92 

III  2.38 0.049 3 2.38 ï1.09 

IV  2.70 0.091 
4 2.50 +0.37 

5 2.74 ï2.83 

V 2.85 0.108 6 2.89 +1.88 
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The high-energy (highïwavenumber) region of the absorption spectrum > 2.5 ɛmī1 

consists of a series of closely spaced excited states. The overlap of these excited states when 

expected vibrational broadening is considered yields the broad fourth and fifth absorption peaks 

IV and V (Figure 5ï4). The maxima of these broad peaks correspond to 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 strength (f) higher than 0.018. The 

calculations show that the fourth broad band IV is composed primarily of two important 

excitations at 2.63 (f = 0.018) and 2.70 (f = 0.091) ɛmī1. The maximum of this peak is located at 

2.70 ɛmī1 and coincides with the position of the strongest excitation (Table 5ï2 and Table Cï

2). This peak arises from HOMO Ÿ LUMO+2, HOMOī1 Ÿ LUMO+1, HOMOī7 Ÿ LUMO 

and HOMOī13 Ÿ LUMO transitions. Three relatively strong excitations at 2.80, 2.85, and 2.93 

ɛmī1 contribute to form the fifth broad peak V, which has maximum absorption intensity at 2.85 

ɛmī1. This peak has contributions from multiple transitions: HOMO Ÿ LUMO+2, HOMO Ÿ 

LUMO+4, HOMOī1 Ÿ LUMO+1, HOMOī1 Ÿ LUMO+2, HOMOī1 Ÿ LUMO+4, 

HOMOī12 Ÿ LUMO+1, HOMOī 14 Ÿ LUMO+1, HOMOī13 Ÿ LUMO, and HOMOī18 

Ÿ LUMO. 

The magnetic circular dichroism spectrum of Au9
3+ provides more detailed information 

about the electronic structure of this system. The MCD and absorption spectra exhibit the same 

transitions. However, some of these excited states that were very weak and not noticeable in the 

absorption spectrum become more intense and observable with the application of a magnetic 

field and vice versa. The information about the wavenumber range of MCD peaks (ɛm-1), 

wavenumber of the maximum magnitude (positive or negative) MCD peaks (ɛm-1), and molar 

ellipticity [ɗ]M (deg L m-1 mol-1 G-1) for the Au9
3+ cluster can be found in Table 5ï2 and Table 

Cï3. The MCD spectrum is more complicated for interpretation in comparison to the absorption 

spectrum. For example, some of the MCD peaks are formed by excitations with very small 

absolute values of B, whereas other peaks are combinations of very strong excited 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. The primary excitations for each peak 

are presented in Table Cï3. 

The MCD spectrum of the naked golden core Au9
3+ exhibits six peaks (Figure 5ï4, 

Table 5ï2 and Table Cï3). The first peak 1 of the MCD spectrum is located at 1.78 ɛm-1 and is 
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negative; its molar ellipticity [ɗ]M is ï1.65 deg L m-1 mol-1 G-1. The next MCD peak 2 at 1.97 

ɛm-1 is positive ([ɗ]M = +1.92 deg L m-1 mol-1 G-1). The third peak 3 is located at 2.38 ɛm-1 and 

has the negative amplitude, with a molar ellipticity of ï1.09 deg L m-1 mol-1 G-1. These first 

three MCD peaks can be associated with the first three peaks from the UV-vis absorption 

spectrum (I-III): they arise from the same electronic transitions and are located at the same 

positions (Table 5ï2). The next two MCD peaks (4 and 5) at 2.50 and 2.74 ɛm-1 are related to 

the fourth broad absorption peak IV centered at 2.70 ɛm-1. The last MCD peak 6 considered at 

2.89 ɛm-1 is positive and formed by relatively strong excitations at 2.85, 2.89, 2.90 and 2.94 ɛm-

1. This peak is related to the absorption peak V. These last three MCD peaks appear because of 

electronic transitions between HOMOï23 and LUMO+4 orbitals. 

Complex Au9(PH3)8
3+. The electronic structure and optical properties of the PH3-ligand 

protected Au9
3+ complex were also investigated by TDDFT calculations (Figure 5ï5, Table 5ï

3 and Table Cï4). As shown in Figure 5ï3, the absorption and MCD spectra below 3.0 ɛm-1 

are essentially independent of the Hïatoms orientation in the PH3 groups of structures 

Au9(PH3)8
3+ (2a) and Au9(PH3)8

3+(2b). Therefore, in this part we present data for the structure 

Au9(PH3)8
3+ (2b), upon which the Au9(PPh3)8

3+ system is based.  

Figure 5ï5. Kohn-Sham orbitals, optical absorption and MCD spectra for ligand 

protected cluster Au9(PH3)8
3+ (2b).  
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The optical absorption spectrum of the Au9(PH3)8
3+ complex exhibits five strong peaks 

(IīV) in the region below 3.0 ɛm-1. Each of these peaks is related to one strong excited state. 

These five sharp peaks are found at 1.50 (f = 0.033), 2.07 (f = 0.081), 2.31 (f = 0.185), 2.82 (f = 

0.253) and 2.97 (f = 0.327) ɛm-1. The transitions that are responsible for these peaks occur 

between HOMO-5 and LUMO+5. The first absorption band I arises from the HOMO Ÿ LUMO 

and HOMO Ÿ LUMO+5 electronic transitions. The symmetry of the HOMO orbital is P, the 

same as for the bare gold cluster, whereas the LUMO orbital now exhibits D character for the 

ligand-protected cluster Au9(PH3)8
3+. This fact makes the HOMO Ÿ LUMO transitions 

possible, whereas this transition was forbidden for the bare Au9
3+ (Figure 5ï5, Table 5ï3). 

Table 5-3. Calculated absorption and MCD spectral data for the Au9(PH3)8
3+ (2b) 

complex. 

Absorption MCD 

# Wavenumber 

(ɛm-1) 

Oscillator  

strength 

# Wavenumber 

(ɛm-1) 

[ɗ]M 

deg L m-1 mol-1 G-1 

I 1.50 0.033 1 1.50 ï0.34 

II  2.07 0.081 2 2.07 +1.35 

III  2.31 0.185 3 2.31 ï1.00 

ï ï ï 4 2.58 +0.06 

IV  2.82 0.253 5 2.80 ï0.76 

V 2.97 0.582 6 2.97 +1.15 

Band II arises from the HOMO Ÿ LUMO+2 and HOMO-1 Ÿ LUMO transitions. Band 

III appears due to the same transitions as the second peak, although with the addition of a 

transition from the HOMO-2 Ÿ LUMO. Absorption band IV is a combination of electronic 

transitions including HOMO Ÿ LUMO+2, HOMO Ÿ LUMO+5, HOMO-1 Ÿ LUMO, and 

HOMO-2 Ÿ LUMO. The last absorption peak V appears because of transitions HOMO Ÿ 

LUMO+5, HOMO-1 Ÿ LUMO+2, and HOMO-2 Ÿ LUMO+2. 

Comparison of the absorption data of Au9(PH3)8
3+ and Au9

3+ shows that the spectra of 

the phosphine-ligand-protected gold cluster red-shift with respect to the bare system. The first 

peak of Au9(PH3)8
3+ is shifted by 0.27 ɛm-1 into the lower-energy (i.e., lower-wavenumber) 

region of the spectrum with respect to the first peak of Au9
3+ cluster (Figures 5ï4 and 5ï5, 

Tables 5ï2 and 5ï3). The intensity of the absorption spectrum of the ligand- protected system is 

stronger in comparison to the bare gold core. Also, the addition of eight PH3-ligands to the gold 

Au9
3+ core changed the symmetry of orbitals and made some electronic transitions that were 

forbidden in the bare cluster possible in Au9(PH3)8
3+ (Figures 5ï4 and 5ï5, Tables Cï2 and Cï
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4). An examination of the orbital energies for the PH3-ligand- protected gold cluster 

Au9(PH3)8
3+ 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 the Au9(PH3)8
3+ complex is presented in Figure 5ï5. It exhibits six 

peaks (denoted 1ī6). The primary excitations for each peak are presented in Table Cï5. The 

peak positions in the MCD spectrum for this complex match the locations of the related peaks in 

the absorption spectrum (Table 5ï3). Moreover, the MCD spectrum also reveals an additional 

peak 4 at 2.58 ɛm-1. The excited states that contribute to this peak are barely noticeable in the 

absorption spectrum (Figure 5ï5). Although it is also weak in the MCD spectrum, the change 

in sign compared to peaks 3 and 5 means that it is likely to be 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 state at 2.73 ɛm-1 arising from the HOMO to the LUMO+6 which is 

present in the MCD spectrum but not noticeable in the absorption spectrum (Tables Cï4 and 

Cï5). 

The considered peaks from the MCD spectrum of the PH3 ligand-protected species 

redshift from 0.06 to 0.28 ɛm-1 with respect to the corresponding MCD peaks of the pure gold 

core Au9
3+. However, the shapes of these MCD curves are very close: all peaks in both MCD 

spectra have the same signs (Figures 5ï4 and 5ï5, Tables 5ï2 and 5ï3), which can mean that, 

in the considered region of the spectrum (with wavenumbers below 3.0 ɛm-1), the PH3 ligands 

produce a minimal effect on this part of the spectra, and the observed excited states essentially 

arise due to electronic transitions inside the Au9
3+ gold framework orbitals. 

 

Complex Au9(PPh3)8
3+. Analysis of the orbitals of the Au9(PPh3)8

3+ (3) complex shows 

that the first three lowest unoccupied molecular orbitals LUMO, LUMO+1 and LUMO+2 

exhibit similar significant superatom character as in the PH3-stabilized complex: the LUMO and 

LUMO+2 orbitals have superatom D character, whereas the LUMO+1 is P. However, the 

LUMO+3 and LUMO+4 orbitals, which were considered to be superatom D orbitals in the 

small ligand-protected gold cluster Au9(PH3)8
3+, are ́ * orbitals on the PPh3 ligands in the 

triphenylphosphine-protected gold complex (Figure 5ï6). Also, in Au9(PPh3)8
3+, the other 

lowest unoccupied molecular orbitals between LUMO+4 and LUMO+46 are essentially ˊ* 
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orbitals on the ligands. The HOMO orbitals in both Au9(PH3)8
3+ and Au9(PPh3)8

3+ clusters also 

exhibit similar superatom P character. The HOMOī1 and HOMOī2, which have superatom P 

and D character in Au9(PH3)8
3+, can be considered to be a superatom P orbital and an orbital 

arising from ˊ orbitals on the PPh3 ligands, respectively, in the triphenylphosphine-protected 

gold cluster system. Also, for the Au9(PPh3)8
3+ system, the three occupied orbitals below 

HOMOī2 with orbital energies from ī15.380 to ī15.744 eV arise primarily from ˊ orbitals on 

the PPh3 ligands, whereas the HOMOī6 orbital is a mixture of PPh3 ligand ˊ orbitals and gold d 

orbitals. Therefore, comparison of the orbitals of the phosphine-protected gold cluster complex 

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

the spectra, the PPh3 ligand has a larger effect on the electronic structure and optical properties 

of the gold core Au9
3+ than PH3. In the Au9(PH3)8

3+ 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 for Au9(PPh3)8
3+ show that electrons on the ˊ orbitals on the PPh3 

ligands are also involved in transitions. The band gap for the Au9(PPh3)8
3+ (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 5ï6 gives the calculated optical absorption spectrum for the triphenylphosphine-

protected gold complex Au9(PPh3)8
3+. The spectrum of the Au9(PPh3)8

3+ complex is more 

complicated with respect to the spectra of the Au9
3+ and Au9(PH3)8

3+ 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 excitations from the calculations form seven strong 

broad peaks in the wavenumber region below 3.0 ɛm-1. Electronic transitions that are 

responsible for these peaks occur between HOMOī17 and LUMO+46 (Table Cï6). The first 

band is located at 1.33 ɛm-1 with oscillator strength of 0.035. Our obtained results show that this 

first absorption band of the Au9(PPh3)8
3+ cluster red-shifts by 0.17 and 0.44 ɛm-1 with respect to 

band I for the Au9(PH3)8
3+ and Au9

3+ systems, respectively (Figure 5ï7). This peak arises from 

the HOMO Ÿ LUMO transition, similar to the PH3 ligand-protected analog. 
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Figure 5ï6. Kohn-Sham orbitals, optical absorption and MCD spectra for ligand 

protected cluster Au9(PPh3)8
3+ (3) with golden core symmetry D2h. 

 

 

Figure 5ï7. Theoretical absorption (left) and MCD (right) spectra of Au9
3+ (1), 

Au9(PH3)8
3+ (2b) and Au9(PPh3)8

3+ (3) clusters. 
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Table 5-4. Calculated absorption and MCD spectral data for Au9(PPh3)8
3+ (3). Spectral 

data were considered for energies up to 3.0 ɛm-1. 

Theoretically calculated spectra 

Absorption MCD 

# 
Wavenumber  

(ɛm-1) 
# 

Wavenumber 

(ɛm-1) 

[ɗ]M 

deg L m-1 mol-1 G-1 

I 1.33 1 1.33 ï0.53 

II  1.78 2 1.78 +1.62 

III  1.99 
3 2.00 ï1.47 

4 2.10 ï0.84 

IV  2.31 
5 2.27 ï0.27 

6 2.35 +0.17 

V 2.52 
7 2.44 ï0.69 

8 2.55 +1.67 

VI  2.71 
9 2.80 ï2.46 

VII  2.81 

Band II of the absorption spectra at 1.78 ɛm-1 (f = 0.100) appears because of HOMO Ÿ 

LUMO+2 and HOMOī2 Ÿ LUMO transitions. The electron transition from the HOMO to the 

LUMO+2 orbital, which is a transition from a superatom P gold orbital to a D orbital, is also 

responsible for the appearance of band II in the absorption spectrum of the Au9(PH3)8
3+ cluster. 

The transition out of the HOMOī2 to the LUMO is related to the transition between P and D 

superatom orbitals, as well. However, this type of transition is symmetry forbidden for the 

cluster with PH3 ligands. Also, band II in the absorption spectrum of the triphenylphosphine-

protected gold complex Au9(PPh3)8
3+ is red-shifted by 0.29 ɛm-1 with respect to band II of 

Au9(PH3)8
3+ (Tables 5ï3 and 5ï4). 

The third peak (band III) is a combination of two excited states that are close in energy, 

where the strongest excitation is located at 1.99 (f = 0.060) ɛm-1 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 is formed by five small excitations at 2.31, 2.34, 2.35, 2.37, 

and 2.39 ɛm-1, where the first one dominates in this region of spectra (f = 0.070) and determines 

the maximum of the broad peak. This strongest excitation primarily arises from the HOMOī2 

Ÿ LUMO+2 transition. Essential contributions to the fifth broad absorption peak (band V) are 

given by ten excitations in the wavenumber range of 2.44ī2.57 ɛm-1. The maximum of band V 

of the absorption spectrum is located at 2.52 ɛm-1. This arises from the strongest 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, LUMO+28, and LUMO+31 (which are transitions into the ˊ* 

rings on the phenyl groups), from the HOMOī2 to the LUMO+2, and from the HOMOī6 to the 

LUMO+2. Next, the sixth peak (band VI) is constructed by eleven main excitations with 

energies from 2.61 to 2.72 ɛm-1. The maximum of this peak is determined by the leading 

excitation at 2.71 ɛmī1 (f = 0.074), which arises primarily from HOMOī6 Ÿ LUMO+2 

transitions. The last seventh broad band of the absorption spectra in the wavenumber region 

below 3.0 ɛm-1 is formed by eight narrowly spaced excitation states with a maximum at 2.81 

ɛm-1 (f = 0.064), which arises from transitions HOMO Ÿ LUMO+4 and HOMOī2 Ÿ 

LUMO+12 (Figure 5ï6, Table 5ï4, and Table Cï6). The last three peaks (V, VI, and VII) 

arise primarily from electron transitions from Au P orbitals Ÿ ˊ* orbitals on the PPh3 ligands 

(Figure 5ï6). More detailed information about electronic transitions can be found in the 

Appendix C. 

MCD spectral data for the Au9(PPh3)8
3+ (3) complex is presented in Figure 5ï6, Table 

5ï4, and Table Cï7. The MCD spectrum is more complicated in comparison to the absorption 

spectrum for the same structure and exhibits more peaks (Table 5ï4). The first two theoretical 

MCD peaks at 1.33 and 1.78 ɛm-1 have molar ellipticity values of ī0.53 and +1.62 deg L m-1 

mol-1 G-1, respectively. These peaks correspond to the first two peaks from the absorption 

spectra and arise from the same transitions. For all three complexes (1, 2b, and 3) examined in 

detail in this work, the first MCD peak is negative and the second peak is positive. However, the 

peaks for the triphenylphosphine-stabilized cluster are predicted to lie at lower energy than 

those of the bare gold core or the simple phosphine-stabilized cluster (Figure 5ï7). The MCD 

spectrum of Au9(PH3)8
3+ is shifted to the red with respect to the MCD of the Au9

3+ cluster; 

additionally, a further red shift is observed when the hydrogen atoms in the Au9(PH3)8
3+ 

complex were replaced with phenyl groups (C6H5ī) yielding the triphenylphosphine 

ligandīprotected clusters Au9(PPh3)8
3+. 
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Table 5-5. Experimental electronic absorption and MCD spectral data for 

[Au 9(PPh3)8](NO3)3 in CH3CN and PPM. 

Experimental data in CH3CN 31 Experimental data in PMM thin films 94 

295 K 295 K 10 K 

 Abs MCD  Abs MCD  Abs MCD 

Band 

Wave 

number 

(ɛm-1) 

Wave 

number 

(ɛm-1) 

Peak 

sign 
Band 

Wave 

number 

(ɛm-1) 

Wave 

number 

(ɛm-1) 

Peak 

sign 
Band 

Wave  

number 

(ɛm-1) 

Wave 

number 

(ɛm-1) 

Peak 

sign 

 ï 1.83 neg  ï 1.87 neg Ia 1.92 1.88 neg 

 ï 2.10 pos I 2.06 2.08 pos Ib 2.11 2.08 pos 

I 2.26 
2.21 pos 

II  2.25 2.33 neg II  2.25 2.22 pos 
2.37 neg 

II  2.64 2.60 neg III  2.40 2.58 neg III  2.41 
2.34 neg 

2.61 neg 

III  2.90 2.86 neg IV  2.91 2.86 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 5ï8.Experimental electronic absorption (lower curve) and MCD (upper curve) 

spectra for [Au9(PPh3)8](NO3)3 in a PMM thin film at 295 and 10 K. (Figure reproduced 

with permission from Reference 94. Copyright 2000 American Chemical Society). 

 

The next two MCD peaks 3 and 4 at 2.00 and 2.10 ɛm-1 are both negative and can be 

associated with the third absorption peak at 1.99 ɛmī1 where the 2.10 ɛm-1 peak may be 

observable as a shoulder in band III. The 2.10 peak ɛm-1 (peak 4 of the MCD spectrum) can be 
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attributed to additional transitions such as HOMO Ÿ LUMO+7 and HOMO Ÿ LUMO+8. 

These transitions into ˊ* orbitals on the phenyl rings were not available for complexes 1 and 2b, 

and this peak was not observed for these systems. The fifth and sixth MCD peaks are located at 

2.27 and 2.35 ɛm-1 and are related to the fourth absorption peak (band IV), which is located at 

2.31 ɛm-1. Numerous excited states are responsible for these two MCD peaks, and Table 5ï4 

reports the molar ellipticity values of the fitted curves. The strongest excited states in these two 

MCD peaks arise out of transitions from the HOMOī2 to the LUMO+2, and from the 

HOMOī6 to the LUMO. Whereas band IV in the absorption spectrum is broad and individual 

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) at 2.44 and 2.55 ɛm-1  are related to the fifth absorption 

peak at 2.52 ɛm-1. 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 out of the HOMOī2 and HOMOī6 to 

the LUMOī2. 

The last negative MCD peak 9 at 2.80 ɛm-1 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 wave- numbers 2.65ī3.00 ɛm-1 that arise from electron transitions between 

HOMOī39 and LUMOī44. The obtained results show that the PPh3 ligand greatly increases the 

number of electronic transitions and orbitals involved with respect to the Au9(PH3)8
3+ cluster; 

the MO levels in the gold ligand-protected cluster become more dense when simple phosphines 

are substituted by PPh3 ligands in the Au9(PH3)8
3+ complex.  

In order to see how our theoretical calculations compare to the experimental 

triphenylphosphine-protected gold cluster Au9(PPh3)8
3+

, we compared previously reported 

spectroscopic data to our results. The experimental measurement of optical absorption and 

MCD spectra in the visïUV range 1.66 ï 3.60 ɛm-1 for [Au9(PPh3)8](NO3)3 was performed by 

Jaw and Mason in acetonitrile solution at room temperature31 as well as in poly(methyl 

methacrylate) (PMM) thin films94 at 295 and 10 K (Table 5ï5, Figure 5ï8). Since the 

theoretically calculated spectra are obtained only for wavenumbers up to 3.0 ɛm-1 and are 
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redshifted with respect to experimental data (Tables 5ï4 and 5ï5), in this article we will focus 

on empirically measured absorption and MCD spectra for the wavenumber region up to 3.25 

ɛm-1. 

In these articles the authors proposed that the Au9(PPh3)8 ion has D2h skeletal symmetry. 

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

5ï5). The experimental absorption spectrum of [Au9(PPh3)8](NO3)3 in CH3CN at room 

temperature exhibits four main peaks (I, II, III, and IV) with wavenumbers up to 3.25 ɛm-1. 

These peaks are located at 2.26, 2.64, 2.90, and 3.19 ɛm-1. The absorption spectrum in PMM 

thin film at 295 K exhibits five bands: peak I is located in the low-energy region of the spectrum 

at 2.06 ɛm-1 and is unresolved in the acetonitrile solution, whereas peaks IIīV are very close to 

bands IīIV of the spectrum in CH3CN. The absorption spectrum in the PMM thin film at 10 K 

is better resolved and allows observation of the important transitions on the low-energy side 

(Table 5ï5, Figure 5ï8). At a temperature of 10 K, the optical spectrum of [Au9(PPh3)8](NO3)3 

in PMM has five main absorption bands. The first two peaks (Ia and Ib) are located in the low-

energy region at 1.92 and 2.11 ɛm-1. Bands IIīV of the absorption spectrum at 10 K in PMM 

are the same as peaks IīIV and IIīV of the absorption spectra in acetonitrile and PMM at room 

temperature, respectively. 

The MCD spectra are very similar in terms of band position and relative band intensities 

(Table 5ï5).31, 94 All considered MCD spectra demonstrate the presence of excited states below 

2.10 ɛm-1. For MCD spectra in the CH3CN solution and PMM thin film at room temperature, 

these states are lower in energy than the states associated with the first absorption peak (Table 

5ï5). 

A comparative analysis of the theoretically simulated absorption and MCD spectra of 

the Au9(PPh3)8
3+ (3) cluster in gas phase was performed with the experimental results for 

[Au9(PPh3)8](NO3)3 in PMM thin film1 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 

reasonable agreement with experimental data (Tables 5ï4 and 5ï5). The first absorption peak I 

at 1.33 ɛm-1 in our calculated spectrum of the Au9(PPh3)8
3+ (3) is located in the low-energy 

region and can be associated with band I in the experimental absorption spectrum, which is a 

combination of two peaks Ia and Ib at 1.92 and 2.11 ɛm-1 (Figures 5ï6, 5ï7 and 5ī8, Tables 
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5ï4 and 5ï5). The second TDDFT peak at 1.78 ɛm-1 can be related to peak II at 2.25 ɛm-1 in the 

experimental absorption curve. Therefore, the theoretical peak II is redshifted by 0.47 ɛm-1 with 

respect to the analogous peak in the empirical absorption spectrum. Peak III in the theoretical 

absorption spectrum, which is located at 1.99 ɛm-1, is assigned to the empirical peak II at 2.41 

ɛm-1; the wavenumber difference between the calculated and experimental energies of these 

peaks is 0.42 ɛm-1. The next two simulated absorption peaks IV and V at 2.31 and 2.52 ɛm-1 can 

be assigned with the empirical peak at 2.89 ɛm-1 and its shoulder (band number IV in Figure 5ï

8). The last measured absorption band V at 3.18 ɛm-1 can be associated with the two last 

theoretical peaks VI and VII at 2.71 and 2.81 ɛm-1. In general, the theoretical spectra exhibit a 

red shift of approximately 0.4ī0.5 ɛm-1 throughout the spectrum in comparison to the 

experimental data. 

According to our comparative analysis of the theoretical and empirical absorption 

spectra for Au9(PPh3)8
3+ and [Au9(PPh3)8](NO3)3 in PMM, a relationship between calculated 

and experimental MCD data can be obtained. The first theoretically obtained MCD peak at 1.33 

ɛm-1 is negative and can be associated with the first MCD peaks Ia and Ib in the experimental 

spectrum at 1.88 and 2.08 ɛm-1. The positive peak II from the empirical MCD curve at 2.22 ɛm-

1 can be assigned to the theoretical peak at 1.78 ɛm-1, which also has a positive sign. The next 

band in the experimental MCD spectrum is the broad negative band III, which is a combination 

of two peaks at 2.34 and 2.61 ɛm-1. This band can be related to two negative peaks at 2.00 and 

2.10 ɛm-1 in the theoretical spectrum. The next experimental band (IV) of the MCD spectrum 

for [Au9(PPh3)8](NO3)3 in PMM at 2.85 ɛm-1 can be associated with the set of theoretical peaks 

at 2.27, 2.35, 2.44, and 2.55 ɛm-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. The last peak on the theoretical spectrum at 2.80 ɛm-1 is 

a strong negative peak, which can be assigned to the last peak at 3.22 ɛm-1 on the empirical 

curve. Comparison of the calculated MCD spectrum shows that the theoretical spectrum is red-

shifted by up to 0.5 ɛm-1 with respect to the experimental one. 

We can see from the data that the theoretical spectrum exhibits some low-energy peaks 

that are unresolved in experiment. However, the positions of the other simulated peaks are in 

good agreement with experimental data, given the wavenumber differences between related 

theoretical and experimental peaks of up to 0.5 ɛm-1. 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 differences 

could be caused by the presence of environmental (PMM thin film or solvent and NO3ī anions), 

configurational, and vibrational effects, as well as by limitations in the level of theory. 

However, overall the comparison of the theoretically simulated MCD spectrum for Au9(PPh3)8
3+ 

in the gas phase with the experimental results for [Au9(PPh3)8](NO3)3 in PMM showed that the 

calculated spectra are in reasonable agreement with experimental results. 

  

 Conclusions 

In the present paper, the theoretical investigation of electronic and optical properties of 

phosphine-protected gold clusters were calculated with TDDFT. Simulations of the optical 

absorption and magnetic circular dichroism spectra were performed. The bare Au9
3+ core and 

ligandïprotected Au9(PH3)8
3+ and Au9(PPh3)8

3+ clusters were chosen for investigation. 

The geometry optimization procedure was performed only for bare and Au9(PH3)8
3+ gold 

clusters, whereas large triphenylphosphine-protected gold systems were obtained by substituting 

hydrogen atoms in the optimized PH3-protected gold clusters with PPh3 ligands 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 structure of the gold core: both optical absorption and MCD 

spectra redshift when ligands are added to the bare gold cluster. Furthermore, the 

triphenylphosphine-protected gold systems are more redshifted in comparison to the system 

with PH3 ligands. However, the shapes of these MCD curves are very close, and the peaks in the 

MCD spectra have the same signs. For the phosphine-protected systems, the PH3 ligands 

produce a minimal effect on this part of the spectra, and the observed excited states essentially 

arise due to electronic transitions inside the Au9
3+ gold 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 with experimental data, given a wavenumber difference between related theoretical 

and experimental peaks of up to 0.5 ɛm-1. The lowest energy peaks have the same signs in MCD 

for both the calculated and experimental spectra. In the more congested region of the spectrum, 

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 by limitations in the level of theory. Nonetheless, the 

theoretically simulated MCD spectrum for Au9(PPh3)8
3+ in the gas phase is in good agreement 

with the experimental results for [Au9(PPh3)8](NO3)3. 
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