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ABSTRACT. For ligand-protected gold clusters, geometrical differences of gold cores and/or the 

presence of secondary gold core–ligand interactions influence their unique optical and electronic 

properties and can, in principle, be detected by spectral changes of gold core vibrations (phonon 

modes) in ultra-low-frequency Raman spectroscopy. We report experimental and theoretical 

Raman spectra of Au8 clusters protected by phosphine ligands particularly in the “gold cluster 

fingerprint” region from 50 to 150 cm–1 Raman shift (1.5 to 4.5 terahertz). A characteristic core 

breathing mode observed at ca. 123 cm–1 was sensitive to differences of core geometries. A new 

band was found at ca. 150 cm–1 originating from a local strain on a polyhedral gold core caused 

by weak Au···π interactions. THz Raman spectroscopy would be utilized for metal nanoclusters 

to visualize core structural changes and Au···π interactions, which cannot be captured by single 

crystal X-ray analysis. 
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Atomically precise gold clusters have unique optical and electronic properties,1-2 and have 

potential applications such as light energy conversion,3 catalysis4-6 and biosensing,7 compared 

with their larger counterparts that show localized surface plasmon resonance. These clusters are 

stabilized and isolated with organic ligands such as thiolates and phosphines.2,8-9 The 

coordination of mono- and bidentate ligands dictates the number of gold atoms and the 

morphology of the polyhedral gold core unit for ligand-protected gold clusters.8,10 Their unique 

optical and electronic properties often originate from their gold frameworks,11 which can be 

determined by the single crystal X-ray diffraction. These properties are also known to be quite 

sensitive to secondary core–ligand interactions such as Au···π interactions.12-14 Such weak 

interactions can cause local strain of the gold core unit, which can be visualized by vibrational 

and nuclear resonance spectroscopic techniques,13-14 rather than the single crystal X-ray analysis. 

These spectroscopic techniques enable us to extract direct information on secondary core–ligand 

interactions from ligands but not from the gold core unit.  

Ultra-low-frequency Raman spectroscopy at < 200 cm–1 Raman shift (< ca. 6 terahertz (THz)), 

called THz Raman spectroscopy, can, in principle, give us the direct experimental information of 

ligand-protected gold clusters on not only core geometrical changes but also the local strain of 

the core unit caused by core–ligand interactions.15-16 Raman spectroscopy is a powerful 

technique to observe phonon modes, which are sensitive to the local strain of nanomaterials such 

as graphene.17-19 Typical Raman spectra recorded in the range from 200 to 4000 cm–1 provide 

vibrational information on covalent and coordination bonds but not on the gold core unit of gold 

clusters. To investigate gold cluster vibrations, Raman spectra in the ultra-low frequency region 

need to be obtained. Theoretical20-23 and experimental studies including femtosecond transient 

absorption spectroscopy11,24-26 suggest that phonon modes of gold clusters (vibrations of the gold 
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core unit) can be observed in the THz region. In the traditional approach, THz Raman spectra are 

collected using a multiple monochromator, which often suffers from low signal intensity and 

long integration time.27-29 In contrast, modern Raman microscopes equipped with a single 

monochromator and a notch filter give high signal intensity. However, such modern Raman 

microscopes usually are not accessible to the THz region because of the difficulty in elimination 

of Rayleigh scattering from the excitation laser,30-32 which makes vibrational studies on phonon 

modes of gold clusters challenging.15 

Herein, we report experimental and theoretical studies on THz Raman spectroscopy of 

atomically precise gold clusters protected by phosphine ligands. We used a Raman microscope 

system equipped with an amplified spontaneous emission suppression filter and two ultra-

narrow-band Notch filters to obtain Raman spectra in the ultra-low-frequency region. We 

selected Au8 clusters with a bidentate ligand of 1,3-bis(diphenylphosphino)propane (dppp) and a 

terminal ligand (X) or a monodentate ligand of triphenylphosphine (PPh3): [Au8X2(dppp)4]2+ 

and [Au8(PPh3)8]2+ salts. The Au8 clusters of [Au8X2(dppp)4]2+ and [Au8(PPh3)8]2+ have 

different gold frameworks: the former has a [core + exo]-type Au8 framework (Figure 1a)13,33 

whereas the latter has a capped centered chair framework (Figure 1b).34-35 Particularly for 

[Au8X2(dppp)4]2+, various monodentate ligands can be used as the terminal ligand X, keeping 

the same framework but changing the presence/absence of core–ligand interactions,12-13,33 

providing an ideal platform to investigate structural differences of gold frameworks and weak 

secondary core–ligand interactions in THz Raman spectroscopy.   
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Figure 1. Structures of (a) [Au8X2(dppp)4]2+ (X = Cl, C2Ph, C4Ph, C2py, C4py)33 and (b) 

[Au8(PPh3)8]2+.34 

 

Firstly, THz Raman spectra of [Au8Cl2(dppp)4](PF6)2 (1) and [Au8(PPh3)8](NO3)2 (2)33-35 

were collected (Figures 2a and 2b). These Raman spectra revealed that the spectral feature at 

<200 cm–1 Raman shift (<6 THz) highly depends on the Au8 framework. Three broad bands 

were observed at ca. 20, 60 and 120 cm–1 Raman shift for 1 whereas two broad bands were found 

at ca. 20 and 80 cm–1 for 2, where there is no band at ca. 120 cm–1 (Figures 2a and 2b). These 

Raman bands are associated with vibrations of gold frameworks.15,23 Particularly, the 

characteristic band at 120 cm–1 for 1 originates from a vibrational mode of the [core + exo]-type 

geometry.  

To understand band positions of gold cluster vibrations in detail, we performed peak 

deconvolution analysis of the obtained THz Raman spectra. The analysis required at least seven 

peaks to reproduce the experimental spectra of 1 and 2 (Figures 2a and 2b). All peak positions 

and relative intensities obtained in the peak deconvolution analysis are summarized in Table 1. 

The characteristic band at ca. 120 cm–1 for 1 was fitted with a deconvoluted peak at 123.3 cm–1. 
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The most intense broad peak at ca. 20 cm–1 was deconvoluted into two peaks at 14.1 and 24.4 

cm–1 for 1 and 9.9 and 25.5 cm–1 for 2. The analysis also gave deconvoluted peaks at 61.8 cm–1 

for 1 and 84.2 cm–1 for 2. 

 

Figure 2. Experimental THz Raman spectra (the traces in black) of (a) 1 

([Au8Cl2(dppp)4](PF6)2) and (b) 2 ([Au8(PPh3)8](NO3)2) with seven deconvoluted peaks. 

Excitation wavelength: 785 nm; power input: ~1 mW. Simulated Raman spectra of model 

clusters of (c) 1’ ([Au8Cl2(pp)4]2+) and (d) 2’ ([Au8(PH3)8]2+). Calculated relative Raman 

intensities are also represented as colored sticks. 
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Table 1. Raman shifts (cm–1) of deconvoluted peaks of clusters 1 and 2 and DFT simulated 

peaks of 1’ and 2’. All simulated peaks are available in Tables S1 and S2. Movies showing these 

vibrational modes are available in the SI.  

Raman shift / cm–1  
(Relative intensity / %) Mode description a) 

1 1’  

14.1 (92) 26.13 (100) δ(Auexo–Auedge–Aucenter) & ν(Auedge–Auexo) 

24.4 (100) 31.60 (75) νlib(Auedge–Auexo), νlib(Au–P)b) & νlib(Au–Cl) 

49.0 (52) 55.21 (83) νs(Auedge–Aucenter–Auedge) & νs(Auedge–Auexo–
Auedge) 

61.8 (93) 72.52 (84) νas(Auedge–Aucenter–Auedge) 

77.8 (30) 97.09 (44) ν(Aucenter – Aucenter), νlib(Au–P)b) & νlib(Au–Cl) 

95.8 (29) 108.59 (26) ν(Aucenter–Aucenter), νlib(Au–P)b) & νlib(Au–Cl) 

123.3 (37) 123.23 (47) Au6 core breathing 

– 144.23 (15) ν(Auedge– Auedge) 

2 2’  

9.9 (100) 11.37 (15) δ(Auseat-b–Aucenter–Auseat-f)c) 

25.5 (89) 17.33 (100) δ(Auseat-f–Aucenter–Auseat-f) 

38.5 (57) 42.70 (23) ν(Auseat-b–Auseat-f) 

53.4 (52) 50.20 (22) δ(Auseat-b–Aucenter–Auseat-f ) 

69.4 (40) 58.33 (11) νlib(Au–P)  

84.2 (69) 85.16 (11)  νas(Auseat-b–Aucenter–Auseat-f) 

101.3 (29) 95.19 (19) Seat expanding  

a) ν, δ, νs, νas and ν lib indicate stretching, bending, symmetric stretching, asymmetric 
stretching and libration modes, respectively. b) These Au–P libration modes involve the pp 
ligands that are coordinated to the Aucenter and Auexo atoms. c) Diagonal Auseat-b–Aucenter–Auseat-f. 
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To assign bands experimentally obtained in the THz region and understand why 1 showed the 

characteristic band at 123.3 cm–1, density functional theory (DFT) calculations of model Au8 

clusters. For 1 and 2, model Au8 clusters of [Au8Cl2(pp)4]2+ (1’, pp = 1,3-

bis(phosphino)propane) and [Au8(PH3)8]2+ (2’) were selected, respectively (See more details in 

the Supporting Information, SI). DFT calculations of 1’ produced a simulated Raman spectrum 

and showed a peak at 123.23 cm–1, which mainly involves a Au6 core breathing with a Aucenter–

Aucenter stretching (Figure 3a). Based on this peak, the deconvoluted Raman band at 123.3 cm–1 

for 1 can be assigned to a breathing mode of the octahedral Au6 core unit. Similar core breathing 

modes were reported for theoretical calculations of [Au38(SH)24] and 

[Au37Cl2(SCH3)10(PPh3)10]+ clusters at ca. 105 cm–1.21-22 The corresponding band at 101.3 cm–1 

for 2 can be assigned to the peak at 95.19 cm–1 mainly involving Auseat-b–Auseat-f stretching, 

which looks like a seat expanding for  2’ (Figure 3b). This mode is obviously different from the 

core breathing mode of 1’. Therefore, the Au6 core breathing mode of 1 at 123.3 cm–1 is 

characteristic.   

The two deconvoluted peaks at ca. 20 cm–1 found for 1 and 2 could be associated with bending, 

stretching and libration modes involving three gold atoms. The bands at 14.1 and 24.4 cm–1 for 1 

correspond to those at 26.13 and 31.60 cm–1 for 1’, respectively. The former peak is the highest 

for 1’ and can be assigned to Auexo–Auedge–Aucenter bending modes (δ(Auexo–Auedge–Aucenter)) 

coupled with the stretching of the Auedge–Auexo bonds (ν(Auedge–Auexo)), as shown in Figure 3a. 

The deconvoluted peaks at 9.9 and 25.5 cm–1 for 2 correspond to those at 11.37 and 17.33 cm–1 

for 2’, respectively. The latter peak is the highest and is associated with a bending mode of 

Auseat-f–Aucenter–Auseat-f (δ(Auseat-f–Aucenter–Auseat-f), Figure 3b). Although Au8 frameworks are 

different between the clusters 1 and 2, these band positions are quite close each other, implying 
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that phonon bands at ca. 20 cm–1 are not quite sensitive to the framework of gold clusters. 

Actually, phonon bands at ca. 20 cm–1 were reported for other ligand-protected gold clusters 

even with different gold frameworks and the number of gold atoms in femtosecond transient 

absorption spectroscopy.11,24-25  

In contrast, the deconvoluted peaks at 61.8 cm–1 for 1 and 84.2 cm–1 for 2 were sensitive to the 

Au8 framework. The band at 61.8 cm–1 corresponds to the band at 72.52 cm–1 with the 

asymmetric stretching of Auedge–Aucenter–Auedge (νas(Auedge–Aucenter–Auedge)) for 1’ (Figures 

3a). The band at 84.2 cm–1 can be assigned to νas(Auseat-b–Aucenter–Auseat-f) at 85.16 cm–1 for 2’ 

(Figures 3b). Although these bands are similar asymmetric stretching modes, there is a peak 

shift by ca. 20 cm–1. It seems that the Raman band positions of these asymmetric stretching 

modes are influenced by differences of Au8 frameworks, like the core breathing mode. This 

finding suggests that the ultra-low vibrational region particularly from 50 to 150 cm–1 Raman 

shift (1.5 to 4.5 THz) would be used as the “fingerprint” region for ligand-protected gold 

clusters.11,20-25 
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Figure 3. (a) Representative vibrational modes of 1’ at 26.13 cm–1 for δ(Auexo–Auedge–Aucenter) 

and ν(Auedge–Auexo), 72.52 cm–1 for νas(Auedge–Aucenter–Auedge), and 123.23 cm–1 for the Au6 

core breathing. (b) Representative vibrational modes of 2’ at 17.33 cm–1 for δ(Auseat-f–Aucenter–

Auseat-f), 85.16 cm–1 with νas(Auseat-b–Aucenter–Auseat-f) and 95.19 cm–1 for the seat expanding 

mode. Seat planes are also shown in blue for 2’. Au, P, C, H and Cl atoms are in yellow, orange, 

green, white and brown, respectively. Movies showing these vibrational modes are available in 

the SI. 

 

Next, we collected THz Raman spectra of Au8 clusters with mono- and di-acetylenic ligands, 

[Au8X2(dppp)4](NO3)2, where X = C≡C–Ph (C2Ph), C≡C–4-py (C2py), C≡C–C≡C–Ph (C4Ph) 

or C≡C–C≡C–4-py (C4py) to investigate secondary core–ligand interactions using THz Raman 

spectroscopy. Interestingly, a characteristic band was observed at ca. 150 cm–1 for the di-
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acetylenic Au8 clusters but not for the mono-acetylenic ones in the THz Raman spectra (Figure 

4a). The peak deconvolution analysis of the THz Raman spectra required at least seven peaks for 

the mono-acetylenic clusters but eight peaks for the di-acetylenic ones. The eighth peak was 

found at 143.5 cm–1 for the C4Ph cluster and 149.9 cm–1 for the C4py cluster (Table S3). This 

characteristic band can be assigned to a stretching mode of Auedge–Auedge bonds (ν(Auedge–

Auedge)) at 144.23 cm–1 in the simulated spectra of 1’ (Table 1 and the SI). Since there is the 

attractive Au···π interaction between the coordinating carbon atom (Cα) and the Auedge atom for 

the di-acetylenic clusters but not for the mono-acetylenic ones (Figure 4b),13 it is most likely 

that the local strain on the Auedge–Auedge bond in the Au6 core unit is caused by the Au···π 

interaction, leading to the emergence of the characteristic peak. Notably, the relative peak 

intensity of the C4py cluster was higher than that of the C4Ph (Table S3), indicating that the 

Au···π interaction for C4py could be stronger than that for C4Ph. 
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Figure 4. (a) THz Raman spectra of mono- and di-acetylenic Au8 clusters of 

[Au8X2(dppp)4](NO3)2 (X = C2Ph, C2py, C4Ph, C4py) with deconvoluted peaks. Excitation 

wavelength: 785 nm; power input: ~1 mW. Arrows in red indicate the characteristic peak for the 

di-acetylenic Au8 clusters. (b) Schematic representation of the Au8 framework of the C2Ph and 

C4Ph complexes with Aucenter–Aucenter bond lengths.13,36. The red arrows indicate Au···π 

interactions between the Cα atom of C4Ph and the Auedge atom. 

 

We also observed lower frequency peak shifts of the Au6 core breathing mode for the di-

acetylenic clusters by ca. –2 cm–1, relative to the corresponding mono-acetylenic clusters: 125.4 

cm–1 for C2Ph; 124.5 cm–1 for C2py; 123.5 cm–1 for C4Ph; 122.6 cm–1 for C4py (Table S3). In 

general, the vibrational frequency decreases as the chemical bond length increases. Conversely, 
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as chemical bond lengths are shortened, relative to their normal lengths, Raman peak positions 

shifted to higher frequencies.17-19 The Aucenter–Aucenter bond for the C4Ph cluster (2.649 Å) is 

longer than that for the C2Ph cluster (2.628 Å) (Figure 4b).13,36 Furthermore, the Au6 core 

breathing mode mainly involves the Aucenter–Aucenter stretching (Figure 3a). Thus, the lower 

frequency shift of the Au6 core breathing mode was observed for the di-acetylenic clusters. Our 

findings suggest that THz Raman spectroscopy would be used to visualize local strain of gold 

cores caused by weak Au···π interactions. 

In conclusion, we investigated experimental and theoretical Raman spectra of phosphine-

protected Au8 clusters particularly in the fingerprint region from 50 to 150 cm–1 Raman shift (1.5 

to 4.5 THz). The Au6 gold core breathing mode was observed at ca. 123 cm–1 for 1 that has the 

[core + exo]-type Au8 framework. This characteristic peak allowed us to distinguish 1 from 2 

that has the different capped centered Au8 framework. For di-acetylenic Au8 clusters with the 

[core + exo]-type framework, even weak Au···π interactions between the Cα atom of di-

acetylenic ligands and the Auedge atom caused the local strain on the Au6 gold core, leading to 

the appearance of the characteristic band at ca. 150 cm–1. Our findings demonstrate that THz 

Raman spectroscopy would provide the direct experimental information on phonon modes and 

the local core strain for ligand-protected metal clusters, which cannot be visualized by the single 

crystal X-ray analysis. THz Raman spectroscopy would become a powerful technique to 

characterize metal clusters with different metal frameworks and secondary core–ligand 

interactions, which would encourage us to design and synthesize new metal clusters with unique 

phonon-coupled optical properties. 
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