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Abstract

Although prediction of optical excitations of ligated gold clusters by time-dependent density 

functional theory (TDDFT) is relatively well-established, limitations still exist, for example in 

the choice of the exchange-correlation functional. In aiming to improve on the accuracy of the 

calculated linear absorption, we report a theoretical study on phosphine-ligated gold clusters, 

specifically Au9(PR3)8
3+ and Au8(PR3)7

2+ characterized by highly resolved UV/Vis spectra, using 

mass-selective electronic absorption photofragmentation spectroscopy (Cirri, A.; Hernández, H. 

M.; Johnson, C. J. J. Phys. Chem. A 2020, 124, 1467−1479, and references therein). The optical 

absorption spectra of the Au9(PR3)8
3+ and Au8(PR3)7

2+ clusters were calculated using TDDFT 

and the many-body GW (G-Green's function, and W-screened Coulomb interaction)-BSE (Bethe 

Salpeter Equation) method, and compared to the experimental measurements. The evGW-BSE 

results demonstrated fair agreement with the experimental data, comparable to the TDDFT 

results, but with less dependence on the reference exchange-correlation functional. 

Experimentally observed ligand-effects in these materials were reproduced in our calculations as 

well. Finally, to assess the utility of the materials for nonlinear optical absorption, a theoretical 

evaluation of two-photon absorption cross-sections is included.
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Introduction

Ligand-protected gold clusters, also called aspicules,1 recently reviewed by Chakraborty and 

Pradeep,2 are of interest for catalysis,3,4 sensing,5 imaging, bio-tagging,6 or photovoltaic 

applications.7  Interestingly, while the thiol protecting ligands of the gold cluster generally have a 

“staple” structure2,8-11 and occasionally a ring,12 phosphines bond directly to the surface atoms in 

the gold core.13-17 The staple-shaped ligands consist of alternating sulfur and gold atoms with the 

general formula Aun(SR)n+1
-, with n = 0,3, where each sulfur atom bonds to two gold atoms and to 

the organic group. For example, Au25(SR)18
-, has an icosahedral core of 13 gold atoms and 6 

“dimer” staples (Au2(SR)3
-), while Au38(SR)24 can be described as a gold core formed by pushing 

two of the Au13 icosahedra together so that they share one triangular face to form Au23, protected 

by six dimer staple ligands and three monomer (Au(SR)2
- ) staple ligands.11,18-21  In phosphine-

ligated gold clusters, however, all the gold atoms are in the core while each phosphorous atom 

bonds to a gold atom on the core surface as well as to three organic groups. While the phosphine-

ligated gold clusters received less attention than those with thiol ligands, they were reported as 

early as 1969-1970.22,23  The icosahedral “magic number” Au13 gold cluster was investigated,24,25 

and some of the smaller gold clusters, such as Au11 and Au9, could be considered subsets of 
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Au13.5,26  Phosphine-ligated clusters with eight or nine gold atoms have been studied both 

experimentally and theoretically,14,27-32 but comparison has been limited by the resolution of 

experimental spectra and by challenges in choosing the theoretical method. Other theoretical 

studies on small gold clusters have probed the effects of substituting a different atom for a central 

gold atom33,34 and of using ligands derived from heterocyclic carbenes in place of phophines.35-37 

Cirri, et al.38,39 demonstrated that by using mass-selective electronic absorption 

photofragmentation spectroscopy, highly-resolved UV/Vis spectra of several such gold clusters 

were obtained, including Au9(PR3)8
3+, Au8(PR3)7

2+, and Au8(PR3)8
2+, with R = Phenyl (Ph), para-

methylphenyl (PhMe), or para-oxymethylphenyl (PhOMe). With some similarity to HPLC, this 

method uses mass spectrometry to separate a mixture and obtain spectra of the individual 

components. Action spectroscopy40 techniques were used to amplify the signal to a feasible level. 

The highly resolved optical properties for this class of clusters are appropriate for assessment of 

the prediction accuracy by first principles calculations, as well as in elucidating the specific 

transitions in the resulting spectra.

Time-dependent density functional theory (TDDFT) is well-established for calculation of the 

optical excitations of molecules and clusters, but its dependence on the choice of exchange-
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correlation (X-C) functional41 still limits its reliability and applicability. With the goal of 

improving the accuracy of calculated linear absorption spectra, we evaluate the many-body GW 

(G-Green's function, which describes the particle in an interacting system based on density 

functional theory (DFT), and W-screened Coulomb interaction)-BSE (Bethe Salpeter 

Equation)42,43 method. The GW method, an approximate solution of the Hedin equations,42,44 

improves on DFT in the calculation of the electronic energy eigenvalues, where GW quasiparticle 

energies are used instead of the Kohn-Sham energies, and with the BSE the excitons are calculated.  

This approach enabled the study of excitonic effects for two-dimensional solid systems,45-48 and 

was extended to molecular systems as well.44,49,50  While fully self-consistent GW-BSE 

calculations are computationally prohibitive in this case, the GW solution without iterations to 

self-consistency (G0W0) or the eigenvalue self-consistent method evGW51-53 can be applied, 

having the advantage of lesser dependence on the XC functional.53 In the evGW method, the 

corrected eigenvalues are used to recalculate the polarizability and the Green’s function, which are 

then used to calculate updated quasiparticle energies, and the process is iterated to self-consistency. 

The evGW method avoids the significant computational cost of a fully self-consistent GW, and it 

was shown previously that not updating the eigenfunctions has a very limited impact on the final 
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result.53  A disadvantage of the GW-BSE approach is that analytic gradients are not available to 

calculate forces.  In some cases, this problem has been circumvented by using DFT forces in 

combination with BSE vertical excitation energies.54

In this work, we calculated the one-photon and two-photon absorption spectra (OPA, TPA) for 

Au9(PR3)8
3+ and Au8(PR3)7

2+ (R = Ph, PhMe, and PhOMe) using TDDFT and GW-BSE, 

comparing to the measured spectra.  Two structural forms14,29,32,55,56 have been identified for the 

Au9(PR3)8
3+ cluster, the so-called “butterfly” structure with D2 symmetry, previously studied 

theoretically,30 and the “crown” structure with C4 symmetry, which was recently investigated as 

well.31 A recent study57 included two versions of the butterfly structure, the first of which, labeled 

D2(1), is close to D2h symmetry with the two 5-atom gold planes nearly perpendicular, while the 

second, labeled D2(2),  is twisted significantly. Here we focus on the D2 structure, but include 

calculated results on the C4 structure as well. 

While Fagan, et al.57 reported good agreement with experiment using scaled TD-GRAC on 

Au8(PPh3)7
2+, they did not find good agreement for Au9(PR3)8

3+ using either their scaled or 

unscaled TD-GRAC58 spectra. They applied linear scaling of the TD-GRAC spectra to mitigate 

the known problem8,11,59,60 of underestimation of excitation energies when using GGA functionals 
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with TDDFT. We found that the evGW-BSE results are in good agreement with experiment with 

both reference functionals, and with less dependence on the reference functional than when using 

TDDFT. We chose the hybrid PBE0 functional due to its demonstrated predictive capability of 

TDDFT excitation energies, as well as the range-separated CAMB3LYP functional, shown to be 

appropriate for excited-states with large charge transfer.  In order to verify the decreased 

dependence on the reference functional, two more functionals, B3LYP and PBE, were also tested.  

Examination of the origin of the excitations showed that the super-atom theory is useful even as 

the increased deviations from spherical symmetry increase the distortion of the super-atom orbitals 

from the shape of the classic atomic orbitals.

However, in comparing to measured OPA spectra, we emphasize that some caveats must be 

considered in the calculated vertical excitation energies.53  The vertical absorption energy is often 

a reasonable approximation for the vibronic excitation energy, but the actual absorption can range 

from as low as the 0-0 energy to higher than the vertical excitation energy, dependent on the 

Franck-Condon factors for vibrational overlap. In addition, the theoretical calculations frequently 

do not properly account for environmental factors such as solvent, difficulties which can be 
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mitigated by comparing to theoretical best estimates53 or through corrections for solvation and 

vibrational factors.61

We also evaluated the utility of these clusters for two-photon absorption (TPA), as materials 

with large TPA cross-sections are of interest for applications such as microfabrication, optical 

memory, and photodynamic therapy, and thiolated gold clusters have been found to have large 

TPA cross-sections.62,63  Our results indicate relatively small TPA cross-sections, particularly for 

Au8(PR3)7
2+, but larger values for Au9(PR3)8

3+, which could motivate experimental exploration.

Computational Methods

The Def2-TZVP basis set and its associated effective core potential, which was designed to 

include relativistic effects, was used for gold atoms, while the Def2-SVP basis was used for all 

other atoms.64 The geometry was optimized with the Gaussian 16 program65 using the PBE0 

functional66 and the D3 dispersion correction,67 and each geometry was confirmed to be a 

minimum with a vibrational frequency calculation. Turbomole49,68-74 was used to carry out the 

TDDFT and GW-BSE calculations.44,49,52 Resolution of Identity (RI) was used in both the DFT 

and GW steps. The TDDFT and GW steps were carried out with both the PBE066 and 

CAMB3LYP75 X-C functionals. To further assess the dependence on the X-C functional, 
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calculations were carried out with the GGA functional PBE76 and with the hybrid functional 

B3LYP.77,78  The RI GW method in Turbomole constructs the self-energy on the imaginary axis 

using numerical integration, and the obtained result is then analytically continued to the real axis 

using Pade approximates. The RI GW was carried out with all occupied orbitals and one virtual 

orbital, and the orbitals were shifted by the HOMO-LUMO gap. The number of Pade approximates 

and the number of imaginary frequency integration points were both kept at the Turbomole default 

value of 128.   

The spectra were obtained from the calculated excitation energies and oscillator strengths using 

normalized Gaussian lineshape functions:

 (1)𝜀(𝜈) =
2 ln 2

4.32 × 10 ―9 𝜋∑
𝑖

𝑓𝑖

𝜈𝐹𝑊𝐻𝑀
𝑖

exp[ ―4ln 2

(𝜈𝐹𝑊𝐻𝑀
𝑖 )2(𝜈 ― 𝜈𝑖)2],

where  is the extinction coefficient at the transition frequency , while  and  are the 𝜀(𝜈) 𝜈 𝜈𝑖 𝑓𝑖

transition frequency (in cm-1) and oscillator strength, respectively, corresponding to the excited 

state i, and  is the full-width at half-maximum of the Gaussian function used to fit the state 𝜈𝐹𝑊𝐻𝑀
𝑖

i.

The TPA cross-section was calculated as we described previously,79-81 given by 

(2)𝛿𝑓0(2𝐸𝜆) =
8𝜋4

(𝑐ℎ)2𝐸2
𝜆𝑔(2𝐸𝜆)|𝑆𝑓0|2

where E is the photon energy, c is the speed of light, h is Plank’s constant, g(2E) is the linewidth 

function which might be a Gaussian or a Lorentzian, and |Sf0|2 is the two-photon probability 
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corresponding to a transition from the ground-state (0) to the final state (f), which can be described 

by a sum-over-states (SOS) expression,

(3)|𝑆𝑓0|2 = |∑𝑁
𝑗

2𝜇𝑗0𝜇𝑓𝑗

𝐸𝑗 ― 𝐸𝜆 + 𝑖Γ𝑗|
2

where  denotes a transition dipole moment, Ej is the energy of state j, and j is the decay constant 

for state j, a damping factor. We used a Gaussian linewidth function, given by,

(4)𝑔(2𝐸𝜆) = (4ℎ2𝑙𝑛2
𝜋𝐸2

𝑓𝑤ℎ𝑚
)1/2

𝑒𝑥𝑝[ ―4𝑙𝑛2
𝐸2

𝑓𝑤ℎ𝑚
(2𝐸𝜆 ― 𝐸𝑓)2]

The maximum of the linewidth function g occurs when E = Ef/2, resulting in a resonant condition 

if Ej =Ef/2. If the two-photon probability is evaluated using the SOS expression, Eq. (3), the 

damping factor, j, mitigates unrealistic resonance effects. The two-photon probability can also be 

obtained analytically as the residue of the quadratic response function, which is more 

computationally efficient than calculating the full matrix of transition dipole moments as would 

be needed to carry out the complete SOS. We used the more efficient analytical method to obtain 

the two-photon probability, as implemented in Turbomole.82 For the two-photon linewidth, Efwhm, 

we used a value of 0.1 eV. Since the maximum of the linewidth function is inversely proportional 

to the linewidth, the calculated TPA cross-section has this dependence as well. To avoid the 

resonance, the TPA cross-sections were considered for Ef < 2Ej for all excited states j.

Results and Discussion

Structures. 

The structure for Au8(PR3)7
2+ with R = Ph was obtained by starting with the crystal structure 

coordinates of van der Veldon, et al.83 (obtained from the Cambridge Crystallographic Data 
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Centre), adding hydrogen atoms, and optimizing with PBE0-D3. Structures for R = PhMe and with 

R = PhOMe were obtained by substituting the ligands in the structure and re-optimizing with 

PBE0-D3.  For Au9(PR3)8
3+ with R = Ph, we started with the crystal structure of Wen et al.27 and 

obtained an optimized geometry with approximate D2 symmetry using PBE0-D3. We obtained a 

C4 or “crown” geometry with R = Ph from Yamazoe, et al.32 and re-optimized it using PBE0-D3.  

The structures for Au9(PR3)8
3+ with R = PhMe and with R = PhOMe were obtained by substituting 

the ligands in these structures and re-optimizing with PBE0-D3.  Figure 1 shows the gold core 

structures for the two Au9(PR3)8
3+ isomers, D2 and C4, and for Au8(PR3)7

2+. The Au8(PR3)7
2+ cluster 

is similar to the D2 isomer of Au9(PR3)8
3+, but with one surface gold atom and its associated PR3 

ligand removed. The core structures are shown in Figure 1 and full structures with ligands are 

shown in Figure S1.

Table 1 lists the geometrical parameters for our optimized structures of Au8(PR3)7
2+, including 

previously reported values. The average Au-Au bond length is smallest for the crystal structure, 

but our PBE0-D3 geometry with R=Ph is larger by only 0.02 Å. The average value found 

previously using BP8657 is 0.05 Å larger than the PBE0-D3 value. The value found previously84 

using the dispersion-corrected PBE-D3 functional is nearly identical to the PBE0-D3 value we 
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report here, indicating that the larger value in the BP86 geometry is mostly due to the exclusion of 

dispersion effects in the geometry optimization. The 16 Au-Au bonds are grouped into two 

categories: the first including the seven radial bonds (those between the center Au atom and the 

surface gold atoms) and the second having the nine surface bonds.  The radial bonds are shorter 

than the surface bonds by an average of 0.18 Å using PBE0-D3 and by similar amounts in the other 

results. The average Au-P bond length calculated using PBE0-D3 is also slightly longer than in 

the crystal structure and moderately smaller than in the BP86 structure.  The effects of the ligands 

R=PhMe and R=PhOMe on the core bond lengths are very small.  

A comparison of the experimental and calculated bond lengths for the Au9 cluster are listed in 

Table 2.  The crystal structure geometry for the D2 geometry with R = Ph is from Wen et al.,27 

while the only crystal structure available for the C4 geometry is with R = PhOMe.14  For both the 

D2 and C4 structures, the crystal structure has a more compact core than was obtained through DFT 

optimization. For the D2 geometry with R = Ph, the previously reported BP86,57 B3LYP,32 and 

PBE-D384 optimized structures have average Au-Au bond lengths larger by 0.10, 0.15, and 0.04 

Å, respectively, and for our PBE0-D3 optimized structure larger by 0.03 Å, demonstrating the 

importance of including a London dispersion correction in the geometry optimization.
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 The C4 isomer of Au9(PR3)8
3+ with R = Ph was studied by Madridejos, et al.,31 where the 

geometry was optimized by a tight-binding method.  Using PBE0-D3 and R = Ph, we found the 

ground-state of the C4 structure to be about the same energy as the D2 structure, specifically 0.01 

eV (0.23 Kcal/mole) higher in energy than the ground-state for the D2 structure. Like the D2 

structure, the C4 structure has eight radial Au bonds, but unlike the former, which has 12 surface 

bonds, it has only eight surface bonds. Our PBE0-D3 calculated average Au-Au bond length is 

smaller for the C4 structure than for the D2 structure. As can be seen in Table 2, their reported31 

DFT2B-D3 optimized structure is surprisingly compact with an average Au-Au bond length 0.10 

Å smaller than our PBE0-D3 result. Consistent with previous results, the BP86 and B3LYP values 

are larger by 0.05 and 0.11 Å, respectively. 

Optical absorption spectra: Au8(PR3)72+. Comparison of calculated linear absorption spectra for 

the Au8(PR3)7
2+ cluster with the high-resolution absorption spectra (denoted as H.R. henceforth) 

reported by Cirri, et al.39 is reported in Figure 2, Table 3, and Figures S2-S4 in the Supplementary 

Material. Overall, as expected, results based on the CAMB3LYP functional are blue-shifted

Table 1. Comparison of the crystal structure83 and calculated average, minimum, and maximum 
Au-Au and Au-P bond-lengths (Å) for Au8(PR3)7

2+.  
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R=Ph R=Ph R=Ph R=Ph R=PhMe R=PhOMe
crystal83 BP8657 PBE-D384 PBE0-D3 PBE0-D3 PBE0-D3

ave Au-Au 2.78 2.85 2.81 2.80 2.80 2.81
min Au-Au 2.63 2.69 2.65 2.62 2.62 2.62
max Au-Au 2.94 3.03 2.96 3.05 3.09 3.08
Au-radial 2.68 2.75 2.70 2.70 2.70
Au-surface 2.85 2.93 2.88 2.88 2.89
ave Au-P 2.30 2.36 2.33 2.32 2.32 2.32
min Au-P 2.24 2.34 2.31 2.30 2.30 2.30
max Au-P 2.36 2.37 2.34 2.34 2.33 2.34

compared to those calculated with PBE0, but this functional dependence is decreased significantly 

in the evGW-BSE calculations.  The first OPA peaks calculated using TDDFT for the cluster with 

the R = Ph, PhMe, and PhOMe ligands, were blue-shifted by 0.20, 0.21, and 0.21 eV, respectively, 

when CAMB3LYP was used vs. PBE0, while the blue-shift was only 0.06, 0.06, and 0.05 eV in 

the evGW-BSE calculations. For R=Ph, the functional dependence was also evaluated using 

B3LYP and PBE; for B3LYP, the first OPA peak was red-shifted 0.09 eV compared to the PBE0 

result, but this difference was reduced to 0.02 eV with evGW-BSE, while TD-PBE tends to 

underestimate excitation energies and the first excitation is 0.33 eV lower than the PBE0 result, 

reduced to 0.07 eV when evGW-BSE is used.  The decrease in the dependence on the X-C 

functional was also observed for the higher-energy excitations.
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As seen in Figure 2 and Table 3, evGW-BSE:PBE0 performs well in predicting the first 

transition energy for these systems, overestimating the energy by just 0.01, 0.08, and 0.05 eV. We 

evaluated the agreement of the calculated spectra with experiment using the mean-unsigned-error 

(MUE) in the transition energy relative to measurement for the first six features. Note that some 

of the calculated intensities do not agree well with the measured values, and this is known to be

a) b)

c) d)

e) f)
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Figure 1.  The Au cores of the clusters studied. a) (side-view) and b) (top-view) show the D2 or 
“butterfly” structure from Au9(PR3)8

3+ (R = Ph) optimized using the PBE0-D3 X-C functional, 
while c) and d) show the C4 or “crown” structure. In e) and f) the core from Au8(PR3)7

2+  is 
shown.
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Table 2. Comparison of the crystal structure14,27 and calculated average, minimum, and 
maximum Au-Au and Au-P bond-lengths (Å) for D2 (butterfly) and C4 (crown) Au9(PR3)8

3+.  

R=Ph R=Ph R=Ph R=Ph R=Ph R=Ph

D2 D2(1) D2(2) D2 D2 D2

crystal27 BP8657 BP8657 PBE-D384 B3LYP32 PBE0-D3
ave Au-Au 2.78 2.88 2.89 2.82 2.93 2.81
min Au-Au 2.67 2.82 2.77 2.73 2.81 2.71
max Au-Au 2.88 2.97 3.05 2.92 3.03 2.91
Au-radial 2.69 2.79 2.80 2.84 2.72
Au-surface 2.83 2.93 2.94 2.99 2.87
ave Au-P 2.28 2.37 2.38 2.33 2.42 2.32
min Au-P 2.27 2.35 2.35 2.32 2.40 2.30
max Au-P 2.29 2.39 2.40 2.35 2.45 2.33

R=PhOMe R=Ph R=Ph R=Ph R=Ph
C4 C4 C4 C4 C4

crystal14 BP8657 DFT2B-D331 B3LYP32 PBE0-D3
ave Au-Au 2.74 2.82 2.67 2.88 2.77
min Au-Au 2.65 2.78 2.80 2.70
max Au-Au 2.84 2.88 2.96 2.84
Au-radial 2.66 2.78 2.63 2.81 2.70
Au-surface 2.82 2.87 2.71 2.96 2.84
ave Au-P 2.29 2.36 2.31 2.41 2.31
min Au-P 2.28 2.36 2.41 2.31
max Au-P 2.30 2.36 2.41 2.31

R=PhMe R=PhOMe R=PhMe R=PhOMe
D2 D2 C4 C4

PBE0-D3 PBE0-D3 PBE0-D3 PBE0-D3
ave Au-Au 2.81 2.81 2.77 2.77
min Au-Au 2.70 2.71 2.68 2.69
max Au-Au 2.91 2.91 2.89 2.87
Au-radial 2.72 2.72 2.69 2.70
Au-surface 2.86 2.86 2.85 2.85
ave Au-P 2.32 2.32 2.31 2.31
min Au-P 2.30 2.31 2.30 2.31
max Au-P 2.33 2.33 2.32 2.32
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a challenging problem.85  The calculated MUE is lowest using TD-PBE0, evGW-BSE:PBE0, and 

evGW-BSE:CAMB3LYP. With CAMB3LYP, the G0W0-BSE spectrum is quite close to the 

evGW-BSE spectrum, and thus also has a low MUE.  The TD-CAMB3LYP method usually 

overestimates the excitation energies, while G0W0-BSE:PBE0 tends to underestimate these values. 

For Au8(PR3)7
2+ (R = Ph), the first peak in the measured spectrum for this cluster is at 2.07 eV, 

and the evGW-BSE:PBE0 result is in excellent agreement with a difference of only 0.01 eV.  The 

CAMB3LYP evGW-BSE and G0W0-BSE calculations overestimate the measured value by just 

0.07 and 0.09 eV, respectively, while TD-PBE0 and TD-CAMB3LYP overestimate the value by 

0.12 and 0.32 eV, respectively, and PBE0:G0W0-BSE underestimates it by 0.16 eV.  The evGW-

BSE:PBE0 method is also in good agreement with experiment for the other two ligands, 

overestimating the transition energy for the first peak by just 0.08 eV and 0.05 eV for R = PhMe 

and PhOMe, respectively.  The evGW-BSE:PBE0 results have good agreement with the transition 

energies for the higher energy peaks in the spectrum, as the MUE values are 0.08, 0.08, and 0.07 

eV for the three ligands, respectively.  Note that for R = PhOMe, the shoulder at 2.78 eV is 

considered a feature in the measured spectrum.
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In compiling the features in the measured H.R. spectrum, we focused on the peaks in the 

spectrum, but a recent publication57 resolved the original measured H.R. spectrum39 for 

Au8(PR3)7
2+, R = Ph, using Voigt lineshape functions, and instead of just six features with 

transition energies below 3.5 eV, they reported eleven features, with the peaks at 2.42, 2.75, and 

3.07 eV each split into two features and the peak at 3.39 eV resolved into three features. As the 

authors noted,57 their analysis is not necessarily a complete or unique resolution of the absorption 

spectrum. We have carried out an alternative analysis of our computed results by comparing the
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Figure 2. Measured H.R. and calculated evGW-BSE:PBE0 linear absorption spectra, including 
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oscillator strengths (O.S.), for Au8(PR3)7
2+. a) R = Ph, b) PhMe, and c) PhOMe.

Table 3. OPA features (in eV) for Au8(PR3)7
2+, R = Ph, PhMe, and PhOMe. All features are 

peaks in the spectrum with the exception of the measured feature at 2.78 eV for R = PhOMe, 
which is a shoulder. The calculated results used a geometry optimized with PBE0-D3, and the 
calculated oscillator strengths were fitted with a Gaussian linewidth function with width = 0.1 
eV. The measured results are the mass-selective UV/Vis maxima taken from spectra of Cirri, et 
al.39 The mean unsigned error (MUE) is the average of the absolute error of the first six features 
relative to the measured value. The labels evGW and G0W0 refer to the GW-BSE calculations 
with the eigenvalue-iterated GW and non-iterated GW, respectively, while CAM refers to the 
CAMB3LYP functional.

R = Ph MUE
measured 2.07 2.42 2.75 2.95 3.07 3.39 3.67 4.09
TD-PBE0 2.19 2.41 2.70 2.95 3.23 3.47 3.72 3.97 0.07
G0W0:PBE0 1.90 2.12 2.45 2.69 2.96 3.15 3.42 3.55 0.23
evGW:PBE0 2.08 2.29 2.63 2.87 3.13 3.32 3.59 3.73 0.08
TD-CAM 2.39 2.67 3.02 3.31 3.57 3.70 3.77 3.94 0.33
G0W0:CAM 2.16 2.43 2.80 3.03 3.37 3.52 3.68 3.96 0.11
evGW:CAM 2.13 2.40 2.77 3.00 3.34 3.49 3.65 3.93 0.09
TD-B3LYP 2.10 2.32 2.61 2.84 3.16 3.38 3.59 3.75 0.08
evGW:B3LYP 2.06 2.28 2.62 2.86 3.11 3.29 3.56 0.08
TD-PBE 1.86 1.98 2.26 2.50 2.67 2.83 3.03 0.43
evGW:PBE 2.01 2.13 2.51 2.78 2.91 3.20 0.19

R = PhMe MUE
measured 2.01 2.46 2.64 2.87 3.07 3.28 3.87 4.11
TD-PBE0 2.19 2.42 2.66 2.93 3.21 3.50 3.69 3.96 0.11
G0W0:PBE0 1.92 2.15 2.43 2.74 2.96 3.20 3.41 3.55 0.16
evGW:PBE0 2.09 2.32 2.60 2.91 3.13 3.37 3.58 3.72 0.08
TD-CAM 2.40 2.69 2.95 3.26 3.54 3.73 4.01 4.22 0.37
G0W0:CAM 2.18 2.46 2.74 2.97 3.14 3.28 3.38 3.53 0.07
evGW:CAM 2.15 2.43 2.71 2.94 3.11 3.25 3.35 3.50 0.06

R = PhOMe MUE
measured 1.96 2.43 2.62 2.78 3.04 3.27 3.57 3.81
TD-PBE0 2.13 2.43 2.64 2.91 3.25 3.55 3.77 0.09
G0W0:PBE0 1.85 2.13 2.39 2.64 2.96 3.49 0.16
evGW:PBE0 2.01 2.30 2.55 2.81 3.13 3.66 0.07
TD-CAM 2.34 2.70 2.93 3.27 3.62 3.76 4.00 4.21 0.37
G0W0:CAM 2.10 2.45 2.72 2.98 3.39 3.61 3.82 4.13 0.14
evGW:CAM 2.07 2.42 2.69 2.95 3.36 3.58 3.79 4.10 0.11
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first eleven excited-states in each of our calculations to these resolved features, and have reported 

the results in Table S1. While the analysis from Table 3 did not distinguish between electronic and 

vibrational line-broadening, the analysis in Table S1 assumes that these eleven features are all 

electronic excited-states.  Using this analysis, the evGW-BSE:PBE0 calculation again yields low 

MUE, as does evGW-BSE:B3LYP. The TD-B3LYP MUE is slightly lower than that using TD-

PBE0, while the error in the evGW-BSE:CAMB3LYP calculation is not as low.  Otherwise, this 

analysis yields similar conclusions about the methods as from the analysis in Table 3, particularly 

the reduced dependence on the X-C functional when evGW-BSE is used.  Table S1 also lists the 

primary orbital transition for each excited-state, which will be discussed below.

We described two methods for evaluating the error in comparison to experiment, specifically 

by direct comparison of the calculated and measured peaks (Table 3), and by comparing the 

calculated excited-state energies to the resolved peaks of Fagan, et al.57 (Table S1). The results 

yield a relatively low MUE over the energy range 2.0 – 3.5 eV for both TD-PBE0 and evGW-

BSE:PBE0. In examining the low-energy part of the spectrum (2.0 – 2.5 eV), we note that each of 
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these theoretical methods yields two excited-states in this range and thus two features, while the 

resolved experimental spectrum of Fagan, et al.57 has three peaks in this energy range. This seems 

to indicate that the two resolved peaks at 2.26 eV and 2.42 eV are from vibrational splitting of the 

second excited-state.  The first excited-state calculated using evGW-BSE:PBE0 is just 0.02 eV 

higher in energy than the first peak in the resolved experimental spectrum, and the second 

calculated peak is just 0.03 eV higher than the resolved feature at 2.26 eV.  Since the next 

calculated excited-state is at 2.63 eV, we suggest that the resolved feature at 2.42 eV is also from 

the second electronic excited-state but with a larger vibrational energy. Note that although the 

analysis in Table S1 simply lists the excited-state energies without consideration of the calculated 

intensity, the analysis in Table 3 is derived from the Gaussian-fit of the calculated oscillator 

strengths as shown in Figures 2 and S2 - S4.

Optical absorption spectra: Au9(PR3)83+. Previous experimental and theoretical studies indicated 

that the C4, or crown geometry, is favored in solution,31,32 while the D2, or butterfly, geometry is 

found in the solid phase.27 Our geometry optimizations using PBE0-D3 on Au9(PR3)8
3+ indicate 

that the two isomers are very close in energy, with the D2 geometry lower in energy by 0.01 eV 

when R = Ph, and with the C4 structure lower in energy by 0.11 eV and 0.01 eV for R = PhMe and 

Page 23 of 54 Physical Chemistry Chemical Physics



24

PhOMe, respectively. In a previous theoretical study32 using B3LYP, the C4 structure was reported 

to be lower in energy by 0.21 eV when R = Ph. This discrepancy could be due to our inclusion of 

the D3 correction for dispersion, which was not included in Ref.32. The difference of 0.11 eV for 

the R = PhMe cluster may seem to favor the C4 isomer at low temperature, but due to the limited 

accuracy of DFT, we consider the possibility that both isomers are present.  First, we discuss the 

choice of the structure for consideration, as based on a comparison of experimental and theoretical 

absorption spectra for Au9(PR3)8
3+ with R = Ph, in DCM and methanol (listed in Table S2).  The 

two measured spectra in methanol31,39 agree well for the features at 2.80 eV, 3.26 eV, and 3.53 eV, 

but the Ref.31 measurement does not show the features at 1.97 eV, 2.42 eV, and 3.00 eV.  The 

theoretical calculations indicate that the low-energy absorption near 2.0 eV is from the D2 

structure, and we suggest that the Ref.31 measurements are indeed on the C4 isomer, as is that of 

Ref.29 in acetonitrile.  The Ref.39 measurements have the peak near 2.0 eV, indicating the presence 

of the D2 structure, although these spectra could also result from a combination of the D2 and C4 

clusters. Our TD-PBE0 calculation on the C4 geometry is in good agreement with the SO-TDDFT 

results,31 having peaks near 2.9 eV and 3.4 eV, although solvent effects or spin-orbit coupling 

(SOC) were not included in our calculations.  The primary effect of including SOC is the addition 
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of the feature at 3.15 eV, which interestingly is difficult to observe in their measured spectrum.31 

The TD-PBE0 feature we report at 2.35 eV is of negligible intensity, and the small intensity peak 

at 2.74 eV could be missed using a different linewidth function. We note that solvent effects were 

found to be minimal,31 while inclusion of SOC will affect the absorption tail that is not considered 

here.  To consider the possibility of a mixture of the two structures in the measured spectrum,39 

we also summarized results for an average of the calculated spectra from the two isomers.  We 

found a reduction in the MUE relative to experiment for the results at the TD-PBE0 level and for 

evGW-BSE with both functionals. 

Absorption spectra for Au9(PR3)8
3+ (R = Ph, PhMe, and PhOMe) are shown in Figure 3 and 

Figures S5 – S7, and the absorption features are tabulated in Table 4. While the calculated first 

OPA peaks for the three D2 clusters were blue-shifted by 0.18, 0.19, and 0.21 eV in the TDDFT 

calculations using the CAMB3LYP functional (rather than PBE0), the blue-shift was only 0.06, 

0.05, and 0.04 eV in the evGW-BSE calculations, demonstrating yet again that the evGW-BSE 

results show less dependence on the reference X-C functional than TDDFT.  This was also 

observed for the higher-energy excitations.  This is an important outcome, as one can avoid the 

extensive benchmarking of TDDFT with a range of functionals.

The first peak in the high-resolution measured spectrum for Au9(PR3)8
3+ with R = Ph is at 

2.04 eV. Our PBE0 TDDFT, G0W0-BSE, and evGW-BSE spectra calculated on the D2 geometry 

result in lower energies by 0.11 eV, 0.37 eV, and 0.22 eV, respectively. The CAMB3LYP 

TDDFT result is at a higher energy by 0.08 eV, while the corresponding G0W0-BSE, and evGW-

BSE calculated spectra show a lower energy than experiment by 0.13 eV and 0.16 eV, 
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Figure 3. Calculated linear absorption spectra for Au9(PR3)8
3+ using TDDFT with PBE0, 

averaging the spectra (solid green line) from the D2 (dashed blue line) and C4 (dashed red line) 
geometries, with comparison to the measured H.R. spectra . a) R = Ph, b) PhMe, and c) PhOMe.
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Table 4. OPA peaks (in eV) for Au9(PR3)8
3+, R = Ph, PhMe, and PhOMe. The calculated results 

used the D2 and C4 geometries optimized with PBE0-D3, and the calculated oscillator strengths 
were fitted with a Gaussian linewidth function with width = 0.1 eV. The measured results are the 
high-resolution mass-selective UV/Vis maxima taken from spectra of Cirri, et al.39 The mean 
unsigned error (MUE) is the average of the absolute error of the first five peaks relative to the 
measured value.

R=Ph MUE
measured 2.04 2.45 2.73 2.87 3.07 3.38 3.60
D2 isomer
TD-PBE0 1.93 2.43 2.90 3.11 3.42 3.61 3.71 0.18
G0W0:PBE0 1.66 2.15 2.63 2.84 3.17 3.38 0.18
evGW:PBE0 1.82 2.31 2.79 3.00 3.33 3.54 0.16
TD-CAM 2.12 2.74 3.23 3.58 3.84 4.13 4.31 0.47
G0W0:CAM 1.90 2.50 2.98 3.27 3.57 3.77 3.98 0.27
evGW:CAM 1.88 2.47 2.95 3.25 3.54 3.75 3.95 0.25
C4 isomer
TD-PBE0 2.35 2.75 2.93 3.44 3.63 3.80 3.93
evGW:PBE0 2.27 2.65 2.83 3.34 3.81
evGW:CAM 2.30 2.68 2.89 3.41 3.64 3.77 3.98
(D2,C4) average
TD-PBE0 1.93 2.43 2.75 2.93 3.11 3.43 3.61 0.05
evGW:PBE0 1.82 2.30 2.65 2.83 3.00 3.34 3.54 0.11
evGW:CAM 1.88 2.47 2.68 2.90 3.25 3.42 3.64 0.09

R=PhCH3

measured 1.93 2.32 2.56 2.70 2.85 3.45 3.56
3.07 3.23 3.34

D2 isomer
TD-PBE0 1.91 2.21 2.42 2.86 3.05 3.40 3.62 0.13
G0W0:PBE0 1.65 1.99 2.15 2.60 2.80 3.16 3.33 0.23
evGW:PBE0 1.80 2.14 2.30 2.75 2.95 3.31 3.48 0.14
TD-CAM 2.09 2.44 2.73 3.19 3.53 3.81 4.10 0.33
G0W0:CAM 1.89 2.27 2.51 2.95 3.22 3.56 3.75 0.15
evGW:CAM 1.86 2.23 2.47 2.92 3.19 3.52 3.72 0.16
C4 isomer
TD-PBE0 2.36 2.65 3.00 3.32 3.59

(D2,C4) average
TD-PBE0 1.91 2.41 2.65 3.04 3.33 3.61 3.85 0.08
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R=PhOCH3
measured 1.83 2.34 2.67 2.80 3.27 3.44 3.57

2.46
D2 isomer
TD-PBE0 1.87 2.36 2.76 2.95 3.38 3.71 0.08
G0W0:PBE0 1.63 2.12 2.52 2.71 3.12 3.29 3.43 0.16
evGW:PBE0 1.79 2.27 2.62 2.87 3.27 3.45 3.58 0.05
TD-CAM 2.07 2.71 3.15 3.46 3.78 4.13 4.35 0.43
G0W0:CAM 1.86 2.46 2.90 3.10 3.50 3.67 3.98 0.16
evGW:CAM 1.83 2.43 2.86 3.06 3.46 3.64 3.94 0.14
C4 isomer
TD-PBE0 2.33 2.64 2.87 3.11 3.45 3.70

(D2,C4) average
TD-PBE0 1.87 2.34 2.64 2.93 3.11 3.40 3.70 0.07

respectively. For comparison to the intense peak in the experimental data at 2.87 eV, the peak at 

2.84 eV in the G0W0-BSE:PBE0 calculation appears to be in good agreement; however, this is 

likely a cancellation of errors as the G0W0-BSE:PBE0 results generally underestimate the 

excitation energies. In fact, the calculations on the C4 structure using TD-PBE0, evGW-

BSE:PBE0, and evGW-BSE:CAMB3LYP, produced a strong peak near 2.9 eV, indicating the 

possible presence of this structure in the measured spectrum.  For the D2 clusters with R = PhMe 

and R = PhOMe, the TD-PBE0 values for the first OPA peak are in good agreement with the 

experimental data, as are the evGW-BSE values with both functionals.  

To better assess the agreement with the experimental data for the three clusters, the MUE 

relative to the experimental absorption peaks is calculated using the first five peaks of the measured 
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and calculated spectra (see Table 4). Since the calculations on the C4 structure do not have the 

lowest energy peak, most of this analysis is for the D2 structure; however, use of the average 

spectra from the two structures results in a reduction in the MUE. The averaged TD-PBE0 spectra 

are shown in Figure 3, as low MUE was found for all three clusters at this level of theory. However, 

while calculated transition energies are close to those found experimentally, the absorption 

intensities do not agree well, which is known to be a problem.85   The TD-PBE0 method and both 

evGW calculations yield low MUEs, but comparing the measurement with our calculated values 

is a challenge due to many narrow peaks. The G0W0-BSE values are very close to the evGW-BSE 

results when CAMB3LYP is used, while the G0W0-BSE results with PBE0 typically underestimate 

the excitation energies. TD-CAMB3LYP results tend to over-estimate the transition energies.

Overall, comparing to the experimental optical absorption spectra,39 the TD-PBE0 and evGW-

BSE calculations on the D2 structure model fairly well the three primary features: a low-intensity 

HOMO-LUMO transition near 2 eV, an intense, sharp peak near 3 eV, and a broader intense peak 

near 3.5 eV, although the latter shows more peak-splitting in the measured spectrum than was 

found in the calculations. Averaging the D2 and C4 spectra further improves the agreement with 

experiment. The experimental measurements also show small red-shifts upon modifying the 
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ligands with the methyl and oxymethyl groups, in agreement with our calculations, although the 

decreased intensities observed experimentally were not reproduced. In addition, while the two 

transitions near 2.5 eV have small intensities in the calculations, large intensities in the measured 

data are noted. Previous studies have noted the difficulties in predicting oscillator strengths.85  

The H.R. spectrum for Au9(PR3)8
3+ with R = Ph was also resolved by Fagan, et al.,57 so we 

compare their resolved features to our calculated excited-states (Table S3). Since the best 

agreement with experiment that we obtained for this system used the average of the spectra 

calculated for the D2 and C4 structures, this analysis is less useful than it was for the Au8 system. 

However, we do note a correspondence between the strong absorption observed near 2.9 eV and 

our calculations on the C4 structure, as well as a correspondence in the calculations on the D2 

structure with the low-energy absorption.

Ligand effects. Our discussion on ligand effects for Au8(PR3)7
2+ will focus on the evGW-

BSE:PBE0 results (see Figure 4), due to the overall lowest MUE. Additional results on the 

calculated ligand-effects, including oscillator strengths, are shown in Figures S8-S10 for TD-

PBE0, evGW-BSE:PBE0, and evGW-BSE:CAMB3LYP calculations.  Calculated ligand effects 

in this case are quite small, particularly for R = PhMe, relative to R = Ph.   The PhOMe ligand 
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causes a red-shift of 0.07 eV for the first peak, and a similar shift for the fourth peak.  The measured 

ligand effects for this system were also small, with the first peak red-shifted by 0.06 eV when 

PhMe is substituted for Ph, and a total red-shift of 0.11 eV measured when R = PhOMe. 

In considering the Hammett parameters, Cirri, et al. showed a monotonic, nearly linear red-shift 

in their measured first (HOMO-LUMO) transition for both Au8(PR3)7
2+ and Au9(PR3)8

3+, as a 

function of the Hammett parameter for the para substituent in the ligand. The Hammett parameter 

was devised intuitively to describe a relationship between chemical reaction rates, equilibrium 

constants, and substituents on benzoic acid,86  and our calculated HOMO-LUMO transitions are 

not consistent with this simplified approach, particularly when two additional substituents, NH2 

and NO2, are included for Au9(PR3)8
3+. We list in Table S4 the Hammett parameters and the 

Mulliken charges on the central gold atom, calculated at the PBE0 level of theory. Previous studies 

suggested that electron donor ligands can contribute to an increase in electronic charge in the core 

of gold clusters.87-90  This is observed here as well, with the Mulliken charge on the central gold 

atom for the red-shift of the HOMO-LUMO transition does follow the increase in negative charge 

on the central gold atom to some extent, particularly at the evGW-BSE:PBE0 level of theory.
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The effect of ligands on the OPA of the D2 Au9(SR)8
3+ cluster, as calculated by evGW-BSE 

with PBE0, is shown in Figure 5. For the cluster with R = Ph, the first peak in the calculated 

absorption spectrum is at 1.82 eV, due to a HOMO to LUMO transition with a small oscillator 

strength of 0.035. For R = PhMe and R = PhOMe, only very small red-shifts, of 0.02 and 0.03 eV, 

respectively, were calculated. The intensities are nearly identical for all three ligands. The 7th 

excited state at 3.00 eV, with a dominant contribution from the HOMO-2 to LUMO transition, but 

also a significant contribution from the HOMO to LUMO+2 transition, causes a more intense peak 

in the OPA spectrum for R = Ph due to its oscillator strength of 0.304. Changing the ligands to R 

= PhMe and R = PhOMe results in red-shifts of 0.05 and 0.12 eV, respectively.  In this case, the 

intensity in the cluster with R = PhMe is slightly larger, while the oscillator strength decreases 

slightly for R = PhOMe. Multiple excited-states result in an even more intense peak in the near 

UV, and the same trend in the ligand-effects is found with a red-shift of about 0.02 eV when PhMe 

is substituted for Ph and a red-shift of about 0.2 eV for R = PhOMe. Calculated spectra that include 

two additional ligands, R = PhNH2 and R = PhNO2, are summarized in Figures S11-S13 in the 

Supplementary Material at the TD-PBE0, evGW-BSE:PBE0, and evGW-BSE:CAMB3LYP levels 

of theory. Table S4 includes Hammett parameters and Mulliken charges for the central gold atom 
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for this system with five possible ligand substituents.  Surprisingly, the substituent NH2, which as 

a strong electron-donor has the most negative Hammett constant, does not continue the trend of 

increasing red-shifting of the HOMO-LUMO transition and instead induces a blue-shift in the 

HOMO-LUMO transition in the evGW-BSE:PBE0 calculation and a small red-shift in the TD-

PBE0 calculation. The Mulliken charge on the central gold atom has only a small change from the 
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Figure 4. The effects of ligands on the OPA of Au8(PR3)7
2+ calculated using evGW-BSE:PBE0. 

Extinction coefficients were obtained by fitting to Gaussian linewidth functions with full-width 
at half-maximum (FWHM) of 0.1 eV.
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Figure 5. The effects of ligands on the OPA of the D2 Au9(PR3)8
3+ calculated using evGW-BSE 

with PBE0. The extinction coefficients were obtained by fitting to Gaussian linewidth functions 
with full-width at half-maximum (FWHM) of 0.1 eV.

para methyl substitution, but a larger change from methoxy, even larger than from the amino 

substituent. The nitro substituent is an electron acceptor and has a positive Hammett parameter but 

induces the largest increase in negative charge on the central gold atom, while causing a blue-shift 

in the HOMO-LUMO transition as calculated with TD-PBE0.

Analysis of the transitions in Au8(PR3)72+ and Au9(PR3)83+. In comparing the origin of the 

transitions, we note that the delocalized electrons in clusters of metal atoms can mimic atomic 

orbitals, filling “super-atom” orbitals in the order 1S2 | 1P6 | 1D10 | 2S2 1F14 | 2P6 1G18| 2D10 3S2 

1H22, with each gold atom contributing one electron to the super-atom orbital, as was introduced 
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by Walter, et al.91 The super-atom character of a molecular orbital is identified by its shape and 

symmetry similar to the analogous atomic orbital. While thiol ligands are considered electron 

withdrawing, phosphine ligands are considered weak surfactants, neither withdrawing nor 

donating electrons. Super-atom theory has worked well in predicting the stability and properties 

of clusters, particularly those with spherical symmetry,81,92 such as Au25(SR)18-. However, for 

systems with more deviation from spherical symmetry such as the clusters studied here, this 

assumption may not be appropriate.  

Figure 6 shows the HOMO and LUMO orbitals calculated for the D2 Au9(PR3)8
3+ using PBE0 

with R = Ph, and R = PhOMe, In this case, we found that the orbitals with super-atom P character 

include HOMO-1, HOMO, and LUMO+1, while orbitals with D character include LUMO, 

LUMO+2 and LUMO+4. This is consistent with a previous report using TDDFT with the LB94 

functional30 for this system with R = Ph, except that the D character with LUMO+4 was not 

identified, and the P-like orbital character that was demonstrated in Ref.30 for HOMO-2, we found 

for HOMO-1. Using PBE0 we found the HOMO-2 to have primarily localized dz
2 structures on 

gold atoms, while HOMO-3 and HOMO-4 have localized d structures on gold atoms and ligand 
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atoms. The LUMO+3 orbital has some superatom F character, which is important for two-photon 

absorption, as discussed in the following. 

Table S5 lists the orbitals for the dominant transition for the excited states of this cluster.  The 

first excited state is largely due to the HOMO→LUMO transition (1P to 1D) and has a modest 

oscillator strength of about 0.03. Excited-states 2 and 4 result from 1P to 1P transitions, which are 

forbidden, and excited state 6 is characterized by a P to F transition, also forbidden. Excited-states 

3 and 5 involve 1P to 1D transitions, and have low oscillator strengths. Excited-state 7 produces 

the strong peak at about 3.1 eV, due to a combination of HOMO-2→LUMO (dz
2 to 1D) and 

HOMO→LUMO+2 (1P to 1D).  For R = PhOMe, the super-atom orbital structure is largely 

consistent with that found for R = Ph, and characterization of the transitions in the spectrum 

matches for the first 4 excited states, but the 5th excited state is due to HOMO-2→LUMO instead 

of HOMO→LUMO+2; the strong transition is now the 6th excited state, dominated by 

HOMO→LUMO+2, the 7th excited state from HOMO-4→LUMO is very weak, and the 9th excited 

state involves the transition to the superatom F orbital.

In Figure 7 we show these orbitals for Au8(PR3)7
2+. This system, while also having six 

delocalized electrons, has considerably less symmetry and thus the super-atom theory could be 
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less useful.  While the distortion from the shape of the analogous atomic orbitals is larger, the 

HOMO-1, HOMO, and LUMO+1 all have some super-atom P character, but also with significant 

contributions from local d orbitals. The LUMO and LUMO+2 have some super-atom 1D-like 

structure, but also significant local d structure. The first excited-state is due to the 

HOMO→LUMO transition and the second excited-state to the HOMO-1→LUMO.  Both 
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a)

b)
Figure 6. The HOMO (left) and LUMO (right) calculated using the PBE0 X-C functional for the 
D2 Au9(PR3)8

3+ with a) R = Ph and b) R=PhOMe. 

transitions have moderate intensities and could be described as 1P→1D.  The third excited-state is 

due to the HOMO→LUMO+1 transition and while its intensity is small, it is not so low as to be 

described as “forbidden”, as would be predicted for a 1P→1P transition.  Thus, the super-atom 
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model does not describe the absorption for the Au8 system as well as for the Au9 system. The 

higher excited-states have contributions from multiple orbital transitions, making the super-atom 

description even less likely to be applicable.

In addition to the calculated HOMO and LUMO energies, the calculated excitation energy to the 

first excited-state, S1, using TDDFT and evGW-BSE with the PBE0 functional, is also 

summarized in Table S4. For the R = Ph ligands, the geometry of the S1 state was optimized, 

allowing for the calculation of E, namely the difference in energy between the optimized S0 and 

S1 states, compared to the vertical emission energy. While the vertical absorption energy is often 

used as a good approximation to the measured absorption energy, the absorption energy could be 

as low as E, depending on the Franck-Condon factors. For these systems, the vertical absorption 

energy predicts the position of the first experimental peak more accurately than does E. The 

fluorescence energy is often approximated by E, but could be as low as the vertical emission 

energy. Thus for Au9(PPh3)8
3+, this calculation predicts fluorescence in the range 1.22 – 1.59 eV, 

which is consistent with the low-energy emission observed previously at 1.45 eV (853 nm).27

Two-Photon Absorption: Au8(PR3)7
2+ and Au9(PR3)8

3+. Since TPA materials are in demand 

for a variety of applications and some gold clusters have been reported to have large TPA, we are 

also reporting a purely theoretical investigation of the TPA for these clusters.  The calculated TPA 
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spectra for the Au8(PR3)7
2+ clusters are shown in Figures 8. The maximum transition energy of 3.7 

eV is below twice the energy of the first excited-state to avoid resonance effects in the calculations 

and to avoid linear absorption interference in applications. This maximum corresponds to two 

photons with energy 1.85 eV, corresponding to a wavelength of 670 nm.  The Au8(PR3)7
2+ cluster 

has a modest TPA cross-section that can be affected by the ligand. When R = Ph, a small TPA 

peak of 11 GM is predicted at a transition energy of 3.01 eV (corresponding to two photons of
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a)

b)
Figure 7. The HOMO (left) and LUMO (right) calculated using the PBE0 X-C functional for 
Au8(PR3)7

2+ with a) R = Ph and b) R=PhOMe. 

1.51 eV, or 823 nm), which is only slightly increased to 13 GM and red-shifted to 2.99 eV 

(corresponding to 830 nm) when R = PhOMe. When R = PhMe, this peak is at 2.98 eV and is 11 

GM. From the SOS expression, Equation (3), we see that in order for a term to contribute to the 
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TPA cross-section for final state f, two transition dipole moments must be non-zero:  j0 (between 

the ground-state and the intermediate excited-state j) and fj (between the intermediate state j and 

the final state f).  For this first TPA peak with R=PhMe, the final state is f = 6 at 2.99 eV. The 

most likely intermediate state for the dominant term is j = 1, at 2.19 eV.

The primary orbitals in this TPA mechanism are shown in Figure S14. The transition from the 

ground-state to the first excited state (j = 1) is a HOMO to LUMO transition, corresponding to 

superatom orbitals Px to Dz2, an allowed transition following the J = ±1 rule, and confirmed by 

our calculations with f10 = 0.0383 (10 = 0.844 in atomic units). The excitation to f = 6 involves a 

transition to the LUMO + 3 orbital, which has some superatom F character, thus we expect 61 to 

be non-zero since it involves a D to F transition. The term with j = 2 could also contribute to this 

TPA peak since it also involves a transition from a superatom P to D (HOMO - 1 to LUMO), 

although its contribution is likely smaller since the oscillator strength is smaller and the energy 

difference in the denominator of Equation (3) is greater. Each of the Au8(PR3)7
2+ clusters, with R 

=Ph, PhMe, and PhOMe, has a second TPA peak; the transition energies are 3.23 eV, 3.21 eV, and 

3.22 eV and the TPA cross-sections are 7 GM, 10 GM, and 12 GM, respectively.  For R = PhMe, 

this peak is from a transition to f = 8 at 3.21 eV, which also involves a transition to the F-like 
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orbital LUMO + 3, so a similar mechanism, starting instead with the H-1 with Py character, can 

describe this TPA peak. The transitions producing the higher energy TPA peaks are too complex 

to be explained with superatom theory. While the R = Ph cluster has peaks of 53 GM and 96 GM 

at 3.47 eV (715 nm) and 3.67 eV (676 nm), respectively, the R = PhOMe cluster has one intense 

peak of 137 GM at 3.55 eV (699 nm). The calculated TPA 
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Figure 8. Calculated TPA for Au8(PR3)7
2+ using quadratic response TD-PBE0 and a Gaussian 

linewidth of 0.1 eV.

spectrum with R = PhMe is quite similar to that with R = Ph.  Thus, in some cases, the ligand can 

be used to tune TPA.  
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The calculated TPA of the Au9(PR3)8
3+ cluster (Figure 9) is more complicated due to the two 

isomers for this cluster. For R = Ph, the calculation on the D2 isomer predicts peaks at 3.08 eV 

(806 nm), 3.35 eV (741 nm), and 3.55 eV (698 nm) with TPA cross-sections of 45 GM, 71 GM, 

and 400 GM respectively; however, the prediction for the C4 isomer shows a small cross-section, 

with a peak of about 8 GM at 3.45 eV (719 nm). Substituting the Ph ligands in the D2 isomer with 

PhOMe causes a red-shift of the peaks with a decrease in the maximum absorption cross-section, 

which is similar to the results of the linear absorption calculations. We predict peaks at 3.01 eV 

(823 nm), 3.18 eV (780 nm), and 3.46 eV (716 nm) with TPA cross-sections of 112 GM, 256 GM, 

and 115 GM, respectively. The C4 isomer shows larger values in this energy range when R = 

PhOMe, with peaks at 3.12 eV (794 nm), 3.31 eV (748 nm), and 3.55 eV (699 nm) having TPA 

cross-sections of 42 GM, 75 GM, and 147 GM.  
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In the D2 structures, the LUMO+3 orbital has superatom F character, and the first TPA peak can 

be described, similar to the above description in the Au8 cluster, by a superatom P to D to F 

transition, with the first excited-state acting as the virtual-state and the 6th excited-state as the final 

state when R=Ph. The key orbitals in this mechanism are shown in Figure S15. When R = PhOMe 

there is also the P to D to F transition with the 8th excited-state at 3.01 eV acting as the final state, 

but the 7th and 9th excited-states also act as final states with significant TPA contributing to the 

peak at 3.01 eV. For each ligand, the excited states from the H-3→L, H-4→L, H-5→L, and H-

6→L orbital transitions are all weak OPA states but have significant TPA. For Au9(PR3)8
3+ there 
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is also the possibility of fine-tuning the TPA through ligand substitution, or by controlling the 

fraction of each isomer present.

Conclusions

In summary, the structures have been optimized using DFT, and the absorption spectra were 

calculated at the TDDFT and GW-BSE levels of theory for the Au8(PR3)7
2+ and Au9(PR3)8

3+ 

clusters, which have been characterized experimentally. Using the average Au-Au bond length as 

a guide, the crystal structure geometry for each system was found to be more compact than the 

calculated structures. Our PBE0-D3 geometries were closest to the crystal structure, improving on 

previously reported DFT structures.  The OPA spectra using TDDFT with PBE0 are in fair 

agreement with the measured absorption, while TDDFT with CAMB3LYP over-estimates the 

excitation energies. Using the evGW-BSE method improves the agreement with experiment. In 

particular, values for the MUE calculated using evGW-BSE:PBE0 on Au8(PR3)7
2+ with R = Ph, 

PhMe, and PhOMe were 0.08 eV, 0.07 eV, and 0.07 eV, respectively, although the agreement with 

experimental intensities was not as good, as is well-known.85 While the MUE was similarly low 

when using TD-PBE0, the evGW-BSE method has the advantage of less dependence on the 

exchange-correlation functional.  We find that averaging our calculated spectra for the D2 and C4 
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isomers of the Au9(PR3)8
3+ cluster demonstrates the best agreement with experiment, potentially 

indicating the possible presence of both isomers in the measured sample. Replacing the ligand R 

= Ph with R = PhMe was a small red-shift in the OPA, while R = PhOMe produced a larger red-

shift, which is consistent with experiment. Superatom orbitals with P, D, and F character could 

partially explain or predict the OPA and TPA, particularly in the D2 Au9(PR3)8
3+ structure. Also, 

for Au9(PR3)8
3+, TPA is stronger from the D2 isomer than from the C4 isomer.

Supplementary Material

The Supplementary Material contains a table with additional measured and calculated absorption 

features, a table listing calculated transition energies, oscillator strengths, and corresponding 

orbitals, a table with orbital energies and energetics from excited-state optimizations, figures 

showing the absorption spectra calculated at the different levels of theory with comparison to 

experiment, additional plots showing the calculated ligand effects on the absorption spectra, 

figures showing the key orbitals in TPA, figures showing the full structure of each cluster studied 

here, and the Cartesian coordinates of the optimized geometries for these clusters.
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