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Abstract 

The [Au25(SR)18]– and [Au13(dppe)5Cl2]3+ (dppe = 1,2-

bis(diphenylphosphino)ethane) nanoclusters both possess a 13-atom icosahedral core with 

eight (8e) delocalized superatomic electrons, but their emission properties and time-

resolved electron dynamics differ significantly.  In this work, experimental 

photoluminescence and photoluminescence decay measurements are combined with time-

dependent density functional theory calculations of radiative and non-radiative decay 

properties and lifetimes to elucidate the similarities and differences in the emission of these 

two nanoclusters with similar cores.  In this work, the photodynamic properties of 

[Au13(dppe)5Cl2]3+ are elucidated theoretically for the first time.  [Au13(dppe)5Cl2]3+ 

exhibits a single strong emission peak compared to the weaker bimodal luminescence of 

[Au25(SR)18]– (modeled here as [Au25(SH)18]–). The strongly emissive state is found to arise 

from deexcitation out of the S1 state, similar to [Au25(SH)18]–.  Both theory and experiment 

exhibit microsecond lifetimes for this state.  Transient absorption measurements and 

theoretical calculations demonstrate that the excited state lifetimes for higher excited states 

are typically less than 1 ps.  The decay times for the higher excited states of 

[Au13(dppe)5Cl2]3+ and its model compound [Au13(pe)5Cl2]3+ (pe = 1,2-
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bis(phosphino)ethane) are observed to be shorter than the lifetimes of the corresponding 

states of [Au25(SR)18]–; this occurs because the energy gap separating degenerate sets of 

unoccupied orbitals is only ~0.2 eV in [Au13(dppe)5Cl2]3+ compared to a ~0.6 eV energy 

gap in [Au25(SH)18]–. 

 

Introduction 

 Subnanometer-sized, ligand-protected gold nanoclusters (AuNCs) are of great 

interest due to their potential applications in biomedicine,1-4 catalysis,5-10 energy 

conversion,11-12 etc.  Unlike in larger plasmonic gold nanoparticles, quantum size effects 

dominate the physical and chemical properties of AuNCs in this size regime. These 

atomically precise AuNCs have discrete electronic states and molecular-like optical 

properties and are perfect models to elucidate structure-property relationships. They 

typically consist of a common structural picture: highly symmetrical inorganic cores that 

follow electronic or geometric closing rules and a layer of ligands to protect the core. A 

variety of ligands have been used to synthesize AuNCs such as thiolates,13-35 selenolates,36-

39 phosphines,40-50 alkynyls,51-56 and mixed ligands.44-45, 50, 57-62 X-ray crystal structure 

determinations reveal that thiolate ligands form complex gold-thiolate staple motifs in 

varying lengths13-15, 21-25, 29-32 and bind to the gold core through terminal -S groups. Since 

Au atoms are incorporated in the ligand layer, the gold core in thiolate-protected 

nanoclusters is generally smaller than the chemical formula of the AuNC implies. For 

example, the [Au25(SR)18]– cluster (often denoted simply as Au25) consists of an 

icosahedral atom-centered Au@Au12 core and six v-shaped –(R)S–Au–S(R)–Au–S(R)– 

staple units that protect 12 surface gold atoms. However in phosphine-protected AuNCs, 

ligands coordinate to atop sites on the gold core surface forming well-defined ligand layers.  
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 Luminescence properties of AuNCs have been explored extensively during the past 

couple of decades; near-infrared (NIR) emission energies (0.9-1.8 eV) have been observed 

regardless of the core size or the identity of the ligand layer, although with a very low 

quantum efficiency (<0.001).63-67 A majority of studies were focused on the thiolate-

protected Au25 nanocluster and the origin of emission spanning an energy range of 1.1-1.8 

eV was attributed to core-based transitions, charge transfer states or ligand-based 

(semiring) states.68-75 A recent theoretical investigation by some of us proposes that 

superatomic PD transitions, which are Au13 core-based transitions, are responsible for 

the emissions in the 1.15-1.55 eV energy region.76 Moreover, calculations on [Au25(SR)18]– 

systems (R = H, CH3, C2H5, C3H7) showed that the ligand/semiring states are not involved 

but the ligand interactions with the Au13 core affect the Stokes shifts for longer aliphatic 

ligands.76 Higher-energy emission of [Au25(SR)18]– was probed very recently by irradiating 

at 266 nm and the authors reported that slow electron emission dominates over direct 

electron detachment, although the energy absorbed (4.66 eV) exceeds the electron 

detachment threshold energies (2.02-2.36 eV).77 Recently, Senanayake et al.78 studied non-

radiative relaxation dynamics of the Au25 nanoparticle theoretically and reported a long 

relaxation time scale for the first singlet excited state (S1) relaxation to the ground state and 

a much shorter time scale for relaxations between the remainder of the excited states that 

arise due to P→D transitions. However, it is not yet known whether these 

photoluminescence and non-radiative relaxation mechanisms for a thiolate-protected gold 

cluster are applicable to an analogous, phosphine-protected gold cluster. 

 Herein, we consider the [Au13(dppe)5Cl2]3+ cluster (dppe = 1,2-

bis(diphenylphosphino)ethane), denoted Au13 for short, which possesses an icosahedral 13-



 4 

atom gold core similar to the [Au25(SR)18]– cluster. The x-ray crystal structure of this 

cluster reveals that 5 bidentate dppe ligands (Figure 1a) protect 10 of the surface gold atoms 

while two chlorides bind at the two remaining trans positions.45 This cluster possesses a 

total charge of +3, which leads to an 8e system and is isoelectronic with the Au25 system. 

The chelating effect of the dppe ligand is important to stabilize the Au13 cluster. This has 

been emphasized by utilizing other mono- and di-phosphine ligands such as PPh3, PMe2Ph, 

POct3 and PPh2-(CH2)m-PPh2 (m = 1, 3, 4, 5) during the synthesis procedure.45, 50 Although 

geometric and electronic requirements are satisfied to form the stable [Au13]5+ core, the 

chelating effect of the dppe ligand seems to be significant in the formation of Au13 clusters. 

The optical properties of this system have been examined in acetonitrile45, 50 and the 

absorption spectrum exhibits three main features around 500, 360, and 300 nm. The 

spectral profile of the [Au13(dppe)5Cl2]3+ cluster is qualitatively similar to that of 

[Au25(SR)18]– cluster14 in that it displays 3 main absorption peaks. Photoluminescence 

properties of the Au13 cluster have also been investigated and a clear band with a quantum 

yield of 0.062 appearing at 766 nm after excitation at 360 nm has been observed in 

acetonitrile at room temperature.45, 50 Very small or negligible emissions have been 

reported for other phosphine protected gold clusters such as [Au9(PPh3)8]3+,79 

[Au11(PPh3)8Cl2]+,80 [Au18(dppm)6Cl4]4+,49 and Au55(PPh3)12Cl6
81 in solution at room 

temperature. 

 In the current study, we compare the ground state and first singlet excited state 

geometries as well as electronic structures to understand the photoluminescence properties 

of the chloride and phosphine protected [Au13(dppe)5Cl2]3+ nanocluster. Theoretical results 

are compared with experimental emission properties and electron dynamics. Furthermore, 
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its non-radiative relaxation dynamics around the first main peak of the absorption spectrum 

are studied using a model cluster where phenyl rings are replaced with hydrogen atoms in 

the dppe ligand. These results are compared with previous photoluminescence and non-

radiative relaxation results of the [Au25(SR)18]– cluster. 

 

Computational Details 

All geometry optimizations are performed using density functional theory (DFT) 

as implemented in the Amsterdam Density Functional (ADF) 2017 package.82 The BP86 

exchange-correlation functional83-84 and full-core double-ζ (DZ) Slater type basis set are 

used for these calculations. Generalized gradient approximation (GGA) functionals have 

been employed successfully in calculating geometric and electronic structures as well as 

optical properties of gold and silver nanoclusters previously.14, 85-93 All structures are 

optimized in the gas phase. Well-converged geometries are obtained by tightening the 

energy and gradient convergence criteria to 1×10-4 and 1×10-3 respectively. Scalar 

relativistic effects are included by utilizing the zeroth-order regular approximation 

(ZORA). Vertical excitations are calculated at the optimized ground state (S0) geometries 

using time-dependent density functional theory (TDDFT). Finally, the excited state 

gradients are calculated in order to optimize the excited state geometry. Herein, we 

calculate the optimized structure for the first singlet excited state (S1). Single point TDDFT 

calculations are performed on the BP86/DZ optimized S0 and S1 geometries of 

[Au13(dppe)5Cl2]3+ using PBE,94 B3LYP95 and PBE096-97 functionals and the vertical 

excitation and emission energies are summarized in Table S1. Continuum solvent 

calculations using the dielectric constant for acetonitrile are performed using the 
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conductor-like screening model (COSMO) method.98  Excited state radiative lifetimes are 

calculated with the equation99 

1

t
=
4

3t0
a0

3(DE)3 M
a

2

aÎ(x,y,z)
å    (1) 

where t  is the radiative lifetime, a 0
 is the fine structure constant, DE  is the  excitation 

energy, and M
a

 is the transition dipole moment in the a = x,y,z  direction.  

 where e0  is the vacuum dielectric constant, me  is the mass of the 

electron, e is the electronic charge and  is the Planck constant divided by 2p . 

Nonadiabatic molecular dynamics (NA-MD) simulations are performed with the 

Vienna Ab initio Simulation Package (VASP)100 to study the electronic population 

relaxation dynamics coupled with nuclear degrees of freedom. A temperature ramping 

calculation is performed on the optimized cluster to thermalize the systems up to 300 K. A 

simulation box of 24 Å was used to avoid contacts between nanoparticle images. Core 

electrons are treated using projector-augmented wave (PAW)101 pseudopotentials while 

plane wave basis sets are used for valence electrons. A molecular dynamics trajectory of 5 

ps is computed using the microcanonical ensemble, Verlet algorithm,102 and a 1 fs 

integration time step. Then, a numerical scheme of Tully and Hammes-Schiffer103 is used 

to obtain nonadiabatic coupling (NAC) elements along the MD trajectory. Relaxation 

dynamics are computed using the Fewest Switches Surface Hopping (FSSH) algorithm.104 

Ten different starting geometries are included by splitting the 5 ps MD trajectory into ten 

sub-trajectories, each of 3.5 ps in length. For each sub-trajectory, 1000 surface hopping 

trajectories are considered which leads to sufficiently well-converged statistics for the 
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electronic transitions. Excited state population decay times and ground state population 

increase times are calculated by fitting to equations 1 and 2 respectively. 𝑓(𝑡) = exp⁡(−𝑡│𝜏)       (1) 𝑓(𝑡) = 1 − ⁡exp⁡(−𝑡│𝜏)        (2) 

 

Experimental  Details 

The synthesis of [Au13(dppe)5Cl2]3+ nanoclusters followed the method reported 

previously.45 [Au13(dppe)5Cl2]3+ nanoclusters were dissolved in ethanol to prepare diluted 

solutions for all spectroscopic measurements. UV-vis absorption spectrum was performed 

on a Shimadzu UV-3600plus spectrometer. Steady state emission spectrum was measured 

using a Fluorolog-3 spectrofluorometer from Horiba Jobin Yvon, and time-resolved 

emission was measured using a time-correlated single photon counting (TCSPC) technique 

on the same instrument using a pulsed LED source (376 nm, 1.1 ns) as the excitation 

source. Femtosecond transient absorption (TA) spectra were measured on a commercial 

Ti:Sapphire laser system. Details of the TA measurements have been described in previous 

work.105 

 

Results  

Geometric and electronic structure 

The average bond lengths calculated at the BP86/DZ level of theory for the ground 

state structure of [Au13(dppe)5Cl2]3+ in the gas phase are summarized in Table 1 for both 

the full dppe ligand (Figure 1a) and for a model compound in which the phenyl groups are 
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replaced with hydrogen atoms to yield the pe-stabilized (pe = 1,2-bis(phosphino)ethane) 

cluster as depicted in Figure 1b. Reducing the phenyl group on the phosphine groups to H 

shows minimal to no impact on the average geometrical parameters. However, the 

individual Aushell–Aushell bond lengths vary significantly with the pe model ligands (Table 

S2), and this bond distance has a much higher standard deviation when the model ligands 

are used. The average Aucenter–Aushell and Aushell–Aushell bond lengths are ~1% shorter than 

the corresponding bonds of [Au25(SH)18]– calculated at the same level of theory.76 The 

average Aushell–P and Aushell–Cl bonds are ~6 and ~8% shorter than the average Aushell–

Sterminal bond of [Au25(SH)18]–.76 

 

Table 1. Geometrical parameters of the ground state structure of [Au13(dppe)5Cl2]3+ and  

 model [Au13(pe)5Cl2]3+ cluster at the BP86/DZ level of theory 

 

 

 Average Bond Length (Å) 

Bond [Au13(pe)5Cl2]3+ [Au13(dppe)5Cl2]3+ 

Aucenter–Aushell 2.792 ± 0.003 2.787 ± 0.014 

Aushell–Aushell 2.938 ± 0.073 2.930 ± 0.018 

Aushell–P 2.413 ± 0.002 2.409 ± 0.003 

Aushell–Cl 2.365 ± 0.000 2.406 ± 0.001 
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Figure 1. The geometric structure of (a) dppe = 1,2-bis(diphenylphosphino)ethane ligand 

(H atoms are not shown for clarity) and (b) [Au13(pe)5Cl2]3+ nanocluster (pe = 1,2-

bis(phosphino)ethane) where hydrogen atoms replace the phenyl groups on phosphines. 

Color code: yellow-Au, purple-P, green-Cl, black-C, white-H 

The electronic structure of the [Au13(dppe)5Cl2]3+ and [Au13(pe)5Cl2]3+ nanoclusters 

are compared in Figure 2 to identify how the ligand simplification affects the electronic 

structure of the system. The highest occupied molecular orbital (HOMO) and HOMO-1 are 

doubly degenerate and exhibit superatomic P character in both clusters whereas the third P 

orbital lies much lower in energy because the icosahedral symmetry breaks due to the 

presence of the two axial chlorides. The [Au13(dppe)5Cl2]3+ is best described as belonging 

to the D5 point group, where the fivefold axis (defined as the z-axis) lies along the axis 

containing the two chloride ligands. (Due to slight geometrical distortions, calculations are 

performed with the C1 point group, but the approximate D5 symmetry of the nanocluster is 

evident in its electronic structure.) In consequence, the HOMO and HOMO-1 correspond 

to an essentially doubly degenerate Px and Py set, whereas the Pz orbital (HOMO-2) lies 

0.6 eV lower in energy than Px and Py due to its interaction with atomic p orbitals from the 

(a) (b) 
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chloride ligands. In [Au13(pe)5Cl2]3+, the ligand-based (i.e. p atomic orbitals from Cl) and 

Au d-band orbitals lie closer in energy to the HOMO compared to [Au13(dppe)5Cl2]3+.  The 

Pz orbital for this system is the HOMO-4, which is only 0.4 eV lower in energy than Px and 

Py.  In [Au13(pe)5Cl2]3+, HOMO-2 and HOMO-3 primarily arise from Cl p orbitals.  By 

comparing the two nanoclusters, it is also likely that the presence or absence of phenyl 

groups in the proximity of the Cl ligands may affect the relative energetics of the Cl p 

orbitals. 

 

Figure 2. Comparison of energy level diagrams and HOMO, LUMO, and LUMO+5 

orbitals of [Au13(dppe)5Cl2]3+ and [Au13(pe)5Cl2]3+ nanoclusters. 

Similar to [Au25(SH)18]–, the lowest unoccupied orbitals in [Au13(dppe)5Cl2]3+ show 

superatomic D character and are split into a doubly degenerate and a triply degenerate set. 
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However the energy gap between these two sets is only ~0.2 eV in [Au13(dppe)5Cl2]3+ as 

compared to the ~0.6 eV energy gap in [Au25(SH)18]–. In [Au13(dppe)5Cl2]3+, the LUMO 

and LUMO+1 correspond to the Dxz and Dyz orbital set, the LUMO+2 and LUMO+3 

correspond to the Dxy and Dx2-y2 set, and the LUMO+4 corresponds to Dz2; of note, the Dz2 

orbital is only ~0.02 eV higher in energy than the Dxy and Dx2-y2 orbitals.  In 

[Au13(pe)5Cl2]3+, the superatomic D orbitals are split into 3 sets: 2 doubly degenerate sets 

(Dxz and Dyz; Dxy and Dx2-y2) with a splitting of ~0.1 eV and a singly degenerate Dz2 orbital 

that lies ~0.4 eV higher in energy compared to the LUMO. Both clusters have two doubly 

degenerate sets of superatomic F orbitals with a splitting of ~0.2 eV that lie ~1 eV higher 

in energy than the LUMO. It is evident that the replacement of phenyl groups on the 

phosphines by hydrogens has a noteworthy influence on the electronic structure of this 

system, especially on the splitting between the D orbitals.  This effect on electronic 

structure has previously been observed for other systems such as Au4(PPh3)4
2+ and Au4(2-

I)2(PPh3)4, where the presence of * orbitals on the phenyl groups was noted to affect 

excitations in the visible region of the optical absorption spectrum, and thus substitution of 

PPh3 with PH3 could not reproduce the spectrum.106  This is in contrast to [Au25(SR)18]–, 

for which substitution of the R groups has relatively minor effects on its absorption 

spectrum unless the R groups lead to large structural distortions.107-108 

To further explore the ligand effect on the electronic structure of the Au13 system, 

we performed a constrained optimization by replacing all the phenyl groups by hydrogen 

atoms and fixing the positions of the Au, Cl, P, and ethyl groups of the [Au13(dppe)5Cl2]3+ 

cluster, allowing only the hydrogen atoms to optimize for [Au13(pe)5Cl2]3+.  Figure S1 

shows the orbital energy level diagram of this constrained [Au13(pe)5Cl2]3+ system.  Four 
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of the superatomic D orbitals are quadruply degenerate and the 5th D orbital lies ~0.3 eV 

higher in energy. The HOMO and HOMO-1 are doubly degenerate superatomic P orbitals 

and the ligand and d-band orbitals lie close in energy to these. Overall, the MO diagram 

resembles the diagram of fully optimized [Au13(pe)5Cl2]3+ more than the MO diagram of 

[Au13(dppe)5Cl2]3+ shown in Figure 2. These observations imply that the large electronic 

structure changes are not due to the geometric changes from the simplified ligands, but 

rather to an electronic effect. In other words, the electronic structure of the phosphine and 

chloride-protected Au13 system is considerably ligand-dependent. Therefore, the 

absorption and luminescence properties are discussed in detail in this work primarily for 

the [Au13(dppe)5Cl2]3+ cluster. However, non-radiative relaxation calculations are 

performed for the [Au13(pe)5Cl2]3+ cluster due to the required computational resources; this 

model is expected to be reasonable for these calculations because the density of states are 

broadened during simulations at finite temperature, and the model ligand provides similar 

orbitals and orbital ordering with only small effects on the energy gaps. 

Optical absorption properties 

TDDFT calculations have been performed on the two Au13 clusters using the 

BP86/DZ level of theory and their optical absorption spectra are compared in Figure 3. 

Deviations between the two spectra are expected since their electronic structures are 

different. As shown in Figure 3(a), the calculated absorption spectrum of the 

[Au13(dppe)5Cl2]3+ nanocluster consists of a shoulder peak at 2.07 eV and a prominent peak 

at 2.16 eV in excellent agreement with the experimental spectrum that exhibits shoulder 

and prominent peaks at 2.21 and 2.48 eV, respectively. GGA calculations generally 
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underestimate peak positions14, 85, 109 of ligand-protected gold and silver nanoclusters, and 

in this work the underestimation is ~0.3 eV for the first peak. Superatomic P to D transitions 

are found to be responsible for these peaks similar to the first peak of [Au25(SR)18]–.14 

Although the shoulder peak at 2.07 eV and the prominent peak at 2.16 eV are the lowest 

energy transitions with sufficient oscillator strength to observe experimentally, additional 

states arising from the P to D transitions are also present in [Au13(dppe)5Cl2]3+ (see 

Supporting Information and Table S3 for more information). The experimental spectrum 

shows two other prominent peaks at 3.44 and 4.13 eV. In comparison, broad peaks centered 

around 2.95 and 3.66 eV (with multiple shoulder peaks) can be observed in the theoretical 

spectrum, which are underestimated by ~0.5 eV with respect to the experimental spectrum. 

Analysis of MO→MO transitions involved in these absorption peaks revealed that there 

are major contributions from orbitals arising from Cl3p and Au5d atomic orbitals into 

superatomic D orbitals as well as superatomic P→F transitions in the 2.95 eV peak. In a 

perfect icosahedral system, the superatomic P→F transitions would be dipole-forbidden. 

However, the approximate D5 symmetry of this nanocluster is greatly reduced compared 

to the icosahedral symmetry of the core especially because of the two axial chlorides, and 

additional transitions are allowed.  Figure S2 shows that the transition density 

corresponding to the P→F transitions in the 2.95 eV peak is delocalized over the Au13 core. 

The peak at 3.66 eV arises mainly due to interband Au5d →F transitions. 
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Figure 3. (a) Experimental optical absorption spectrum. Calculated spectra of (b) 

[Au13(dppe)5Cl2]3+ nanocluster and (c) [Au13(pe)5Cl2]3+ nanocluster at the BP86/DZ level 

of theory convoluted with a Gaussian with a full width at half-maximum of 0.15 eV. 

 

Emission properties 

To understand the luminescence properties of the Au13 system, we optimized the 

first singlet excited state (S1) of the [Au13(dppe)5Cl2]3+ nanocluster. The emission energy 

is calculated by taking the energy gap between the S0 and S1 states at the optimized S1 

geometry. The calculated emission energy of the [Au13(dppe)5Cl2]3+ cluster is 1.25 eV and 

the oscillator strength is two orders of magnitude higher than that of the first excitation at 
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the ground state geometry. Table 2 encapsulates this information for Au13 systems and 

compares the data with that of the isoelectronic Au25 nanocluster. The experimental 

photoluminescence (PL) emission spectrum and time-resolved emission decay of 

[Au13(dppe)5Cl2]3+ are shown in Figure 4. The PL spectrum is centered at 1.66 eV (Figure 

4a), which is comparable to the previous report50 and agrees well with the theoretical value 

when the ~0.3 eV underestimation is considered. The calculated emission energy is much 

smaller than the absorption energy; i.e., the Stokes shift is significant (0.62 eV). The 

experimental Stokes shift is also large (~0.88 eV) and agrees fairly well with the calculated 

value. We have also computed the excitation and emission energies using the COSMO 

continuum solvent model.  The excitation and emission energies calculated with TDDFT 

using a continuum acetonitrile solvent are 1.91 and 1.27 eV, respectively, which are in 

excellent agreement with the gas phase results of 1.87 and 1.25 eV shown in Table 2.  For 

this nanocluster, inclusion of solvent effects in the calculations does not significantly 

change the results. 

The time-resolved PL probed at 1.66 eV gave a lifetime of 2.2 microseconds 

(Figure 4b), which is about a factor of 10 shorter than the calculated radiative lifetime 

(Table 2). Since the time-resolved PL was measured in solution, the experimental PL 

lifetime could be shortened compared to that in gas phase simulations due to solvation 

induced non-radiative decay. Tables S2 and S4 report the geometric structural data for the 

S1 state of phosphine-protected Au13 systems. The average bond lengths calculated for 

[Au13(dppe)5Cl2]3+ are only ~0.3% longer than those of the corresponding ground state 

structure.  
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Table 2. The lowest excitation and emission energies (to/from S1), oscillator strengths, 

Stokes shifts, and excited state lifetimes for [Au13(dppe)5Cl2]3+, [Au13(pe)5Cl2]3+ and 

[Au25(SR)18]– (Data for [Au25(SR)18]– from Ref. 76) 

  [Au13(dppe)5Cl2]3+ [Au13(pe)5Cl2]3+ [Au25(SH)18]– 

Excitation 

Energy (eV) 1.87 1.67 1.32 

Oscillator 

Strength (au) 
1.05 × 10-5 5.72 × 10-6 4.54 × 10-4 

Emission  

Energy (eV) 1.25 0.99 0.83 

Oscillator 

Strength (au) 
6.30 × 10-4 5.00 × 10-4 2.46 × 10-3 

Stokes Shift (eV) 0.62 0.68 0.49 

Excited State Lifetime (μs) 23 48 14 
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Figure 4. (a) Photoluminescence spectrum of [Au13(dppe)5Cl2]3+ nanoclusters with 2.5 eV 

excitation; (b) Time-resolved photoluminescence decay probed at 1.66 eV and fit. Data in 

(a) and (b) are adapted from Ref. 105. 

 

Our previous photoluminescence studies suggest that a large Stokes shift can be 

associated with noteworthy geometric and electronic structure alterations upon 

photoexcitation.76, 110-111 Thus, we examined the individual Au-Au bonds in the Au13 core 

of each cluster (Table S2). The [Au13(dppe)5Cl2]3+ system show a maximum bond 

elongation of 0.16 Å with lengthening of three other Aushell–Aushell bonds by ~0.1 Å. Two 

of the Aushell–Aushell bonds are shortened by ~0.1 Å as well. These individual bond 

alterations are smaller compared to the 0.25 Å bond elongations observed with 

[Au25(SH)18]–.76 In going from the S0 to the S1 state, one electron is excited out of the 

HOMO, which is a superatomic P orbital, and populates the LUMO, which is a superatomic 

D orbital. The Au3-Au4 and Au7-Au11 bonds that decrease by 0.10 and 0.14 Å in the S1 

geometry lie across the nodal plane of the HOMO, whereas the Au4-Au5 and Au7-Au8 

bonds that elongate by 0.16 and 0.13 Å in the S1 geometry instead lie across a nodal plane 

of the LUMO as shown in Figure 4.  Thus, the excited state bond alterations arise at least 

in part as a consequence of the bonding/antibonding character of the orbitals involved in 

the transition. 
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Figure 5. The HOMO and LUMO of the [Au13(dppe)5Cl2]3+ cluster. The Au3-Au4 and Au7-

Au11 bonds shrink and the Au4-Au5 and Au7-Au8 bonds elongate noticeably upon 

photoexcitation.  

  

Next, we investigated how the electronic structure transforms upon photoexcitation 

in the phosphine-protected Au13 cluster. Figure 6 exhibits how the frontier orbitals of 

[Au13(dppe)5Cl2]3+ change in energy as the geometry changes from the S0 to the S1 state 

structure. The initial HOMO and HOMO-1 orbitals are no longer degenerate and the 

HOMO is destabilized by 0.25 eV in the S1 state compared to S0. Moreover, the LUMO 

and LUMO+1 orbitals that were also doubly degenerate in the S0 state are significantly 

split by 0.50 eV in the S1 state. This stabilization of the LUMO and destabilization of the 

HOMO orbitals cause the ground state HOMO-LUMO gap to be reduced by 0.66 eV upon 

photoexcitation. The nearly triply degenerate, unoccupied, superatomic D orbitals are 

destabilized by ~0.1 eV in the excited state.  
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Figure 6. Comparison of energy levels of the frontier orbitals in the ground state (S0) and 

excited state (S1) of [Au13(dppe)5Cl2]3+. The S1 state is shown in a cartoon representation 

with a single electron in one of the D orbitals. Dashed lines are drawn to show the splitting 

of nearly doubly degenerate HOMO/HOMO−1 and nearly doubly degenerate 

LUMO/LUMO +1 orbitals of the ground state upon photoexcitation.  

The nuclear rearrangements and orbital energy splittings can be considered to arise 

from a Jahn-Teller effect.  In the first excited state, only three electrons populate the Px and 

Py orbitals (HOMO-1/HOMO), so a geometrical distortion must occur from the ground 

state equilibrium geometry so that these orbitals will differ in energy.  Similarly, the 

presence of a single electron in the Dxz and Dyz orbitals (LUMO/LUMO+1) also indicates 

that a Jahn-Teller distortion must occur.  After nuclear relaxation, the Px and Dxz orbitals 

lie lower in energy than the Py and Pyz orbitals.  In comparison with [Au25(SR)18]–, a smaller 

change in the Au-Au bond distances in [Au13(dppe)5Cl2]3+ is associated with a larger 
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change in the orbital energies, which may be a result of how the P and D orbitals align with 

the natural axes of the nanoparticle.  In [Au13(dppe)5Cl2]3+, orbitals naturally align such 

that some (the Pz and Dz2 orbitals) lie along the Cl-containing axis; the Jahn-Teller 

distortion in the S1 excited state splits the degeneracy of the orbitals in the x and y 

directions.  In contrast in [Au25(SR)18]–, the x, y, and z axes are equivalent but the P and D 

orbitals do not align with the same set of axes.112      

Even though [Au13(pe)5Cl2]3+ showed much larger geometric structure 

modifications upon excited state optimization (Tables S2 and S4), its electronic structure 

exhibits similar changes as [Au13(dppe)5Cl2]3+ in the excited state. As demonstrated in 

Figure S3, the HOMO of [Au13(pe)5Cl2]3+ is destabilized by 0.19 eV whereas its LUMO is 

stabilized by 0.52 eV in the S1 state. Overall, more dramatic orbital splittings are observed 

for the phosphine-protected gold nanoclusters as compared to our previous studies on 

thiolate-protected systems. 

 

Non-radiative relaxation dynamics 

We studied the first peak at ~ 2 eV and the shoulder peak at ~ 2.8 eV (Figure 3c) to 

understand the non-radiative electronic relaxation of the lowest energy states in 

[Au13(pe)5Cl2]3+. The first peak at ~2 eV corresponds to HOMO-4 through LUMO+4 

transitions, the shoulder peak at ~2.8 eV arises from HOMO-10 through LUMO+5 

transitions, and the second strong peak at 3.2 eV originates from HOMO-14 through 

LUMO+8 transitions. The orbital energies at 300 K are obtained from the MD simulation 

(Figure S4). The degeneracies of the orbitals obtained from the optimized geometries 
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(Figure 2) and from the MD calculation (Figure S4) do not match exactly because the 

optimizations are performed at 0 K while the MD calculations include the effects of nuclear 

motion at 300 K. Nonetheless, the HOMO levels are still nearly doubly degenerate. The 

average HOMO-LUMO gap obtained from the MD simulation is 1.21 eV. 

Electronic relaxation dynamics are performed for the states S1 through S25, which 

correspond to the first absorption peak, to see their relaxation trends and time constants. 

Excited states for which the non-adiabatic dynamics is performed, along with their 

respective transitions and decay time constants of excited state populations are listed in 

Table 3. We also obtained the relaxation dynamics for all 66 states that contribute to the 

shoulder peak (HOMO-10 through LUMO+5 transitions). Population relaxation for the 

first 25 states follow the same trends regardless of whether 25 or 66 states are included in 

the calculation. 

 

Table 3. Excited states S1-S25, corresponding transitions, and decay times of excited state 

electronic populations of the [Au13(pe)5Cl2]3+ cluster 

Excited State Transition Decay time (ps) 

S1 HOMO → LUMO 20.3 

S2 HOMO → LUMO+1 2.0 

S3 HOMO → LUMO+2 1.6 

S4 HOMO → LUMO+3 1.3 

S5 HOMO → LUMO+4 0.9 

S6 HOMO-1 → LUMO 2.9 

S7 HOMO-1 → LUMO+1 1.0 
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S8 HOMO-1 → LUMO+2 1.0 

S9 HOMO-1 → LUMO+3 0.8 

S10 HOMO-1 → LUMO+4 0.7 

S11 HOMO-2 → LUMO 3.6 

S12 HOMO-2 → LUMO+1 1.2 

S13 HOMO-2 → LUMO+2 1.1 

S14 HOMO-2 → LUMO+3 0.8 

S15 HOMO-2 → LUMO+4 0.7 

S16 HOMO-3 → LUMO 1.5 

S17 HOMO-3 → LUMO+1 0.8 

S18 HOMO-3 → LUMO+2 0.8 

S19 HOMO-3 → LUMO+3 0.6 

S20 HOMO-3 → LUMO+4 0.6 

S21 HOMO-4 → LUMO 1.0 

S22 HOMO-4 → LUMO+1 0.6 

S23 HOMO-4 → LUMO+2 0.6 

S24 HOMO-4 → LUMO+3 0.5 

S25 HOMO-4 → LUMO+4 0.5 

 

The ground state growth times and the decay times are calculated in the presence 

of all 25 excited states. Decay time constants are in the range of 0.5 ps to 20.3 ps. The 



 23 

highest decay time occurs for S1 because of the wide HOMO-LUMO gap; this decay time 

represents the time required for population in this state to decrease either by relaxation to 

the ground state (which is slow due to the large HOMO-LUMO gap) or by excitation into 

a higher excited state (S2 or above).  It should be noted that these NA-MD simulations are 

less quantitatively accurate for S1 state decay compared to higher energy states due to the 

necessity to relax over a large HOMO-LUMO gap. For the other states, decay times are 

small (0.5-3.6 ps) due to the presence of other nearby intermediate states. The decay time 

constants obtained for the [Au13(pe)5Cl2]3+ and the time constants obtained by Senanayake 

et al.78 for the Au25 system are similar, although the S1 state decay time constant is longer 

due to the larger HOMO-LUMO gap in the Au13 system. Both systems have long decay 

time constant values for the S1 state compared to other higher excited states. 

We further studied the photophysics of [Au13(dppe)5Cl2]3+ nanoclusters by 

femtosecond transient absorption (TA) spectroscopy (Figure 7). From the transient 

absorption data map (pumped at 360 nm), one can observe that the excited state absorption 

(ESA) band at ~630 nm decays in less than 1 ps to give rise to ESA at around 475 nm 

(Figure 7a and b), which is similar to the result in our previous study.105 Between 1 ps and 

1.7 ns, there is no significant decay in the TA signal (Figure 7a), which indicates a very 

long lived excited state lifetime (>>1 ns). Global fitting of the TA data gave two decay 

components (400 fs and >1 ns). The 400 fs decay component should correspond to the 

relaxation from higher excited states (with 3.45 eV pump) to the S1 state.  The relaxation 

times obtained from TA and time-resolved PL measurements agree well with our decay 

constant values except for S1.  
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Figure 7. (a) Transient absorption (TA) data map with 360 nm (3.45 eV) excitation; (b) 

TA decay traces and fittings at selected wavelengths.  

 

Excited state population relaxation dynamics of some of the states that correspond 

to the first absorption peak are shown in Figure 8. It can be observed how the population 

in each initially excited state relaxes to other state before going to the ground state. For 

example, S6 quickly transfers some population to the S1 state and then a small amount to 

the S2 state while the ground state is populated slowly.  
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Figure 8. Evolution of populations of S1, S2, S6, S7, S11, and S12 states of [Au13(pe)5Cl2]3+ 

over time 

 

 For [Au13(pe)5Cl2]3+, the S11 (HOMO-2 to LUMO) state has a comparatively longer 

decay time than the decay time of other higher lying states, which could be due to the gap 

between HOMO-1 and HOMO-2. Similarly, a longer decay time was obtained for the S7 

state (HOMO to LUMO+2) of Au25 which was also attributed to the large gap between 

LUMO+1 and LUMO+2. Population relaxation to the intermediate states leads to smaller 

decay time constant values for the higher energy states. Similarly, the ground state growth 

times are in the range of 81.6 ps to 375.5 ps (Table S5). Decay times of excited states are 

faster than the corresponding ground state repopulation times because the electron 

population moves quickly between the excited states. For example, the decay time for S1 

is 20.3 ps (Table 3) whereas the ground state growth time for the S1 is 96.9 ps (Table S5) 
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because the electron population that is initially excited into S1 can also move into the S2 

and higher states. For states higher than S1, the population decay times usually decrease 

and the ground state repopulation times increase. For example, for S10 the decay time is 0.7 

ps while the ground state growth time is 375.5 ps.  Ground state repopulation lifetimes 

(Table S5) are higher for the higher lying states as the population typically relaxes 

throughout the manifold of intermediate states before falling back to the ground state. The 

Au25 system also yielded similar trends for the ground state growth times.  

 

Conclusions 

A theoretical investigation has been performed on a phosphine and chloride 

protected Au13 nanocluster to understand its photoluminescence and non-radiative 

relaxation properties. Unlike the isoelectronic, thiolate-protected [Au25(SH)18]– system, the 

ligand effect appears to be significant on the electronic structure of the Au13 clusters and 

hence the optical properties. The lowest emission energy of [Au13(dppe)5Cl2]3+ is 

calculated to be 1.25 eV, which agrees fairly well with the experimental emission ~1.6 eV 

when the theoretical underestimation of ~0.3 eV for excitation/emission energies is taken 

into account. In agreement with experimental results, the photoluminescence lifetime is 

calculated to be in the microsecond range. A Stokes shift of 0.62 eV is obtained, which is 

larger than the Stokes shifts calculated for the [Au25(SH)18]– systems. Conversely, the 

geometrical alterations upon photoexcitation are found to be smaller compared to the 0.25 

Å bond elongations of [Au25(SH)18]–. However, larger electronic structural modifications 

are observed for Au13 compared to Au25. Regardless of the differences in ligand layer, the 
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lowest energy emission of Au13 originates due to superatomic P→D transitions, which are 

core-based orbitals analogous to those of Au25. 

From the nonradiative relaxation dynamics study, decay time constants for the 

states that correspond to the first peak were found on the time scale of 0.5 ps to 20.3 ps 

while the ground state repopulation times were from 81.6 ps to 375.5 ps. The ground state 

recovery lifetimes are longer for the higher lying states due to the relaxation of population 

to the intermediate states before relaxing to the ground state. The S1 state has the longest 

excited state decay time constant due to the large gap between HOMO and LUMO energy 

levels. The decay time constants for higher lying states are in good agreement with 

experiment.  The obtained ground state growth times of [Au13(pe)5Cl2]3+ are longer than 

the growth times for the corresponding states of Au25. In comparison with Au25, the decay 

time of S1 of [Au13(pe)5Cl2]3+ is longer due to its larger HOMO-LUMO gap. The decay 

time for the higher excited states of [Au13(pe)5Cl2]3+ are smaller than the lifetimes of the 

corresponding states of Au25 due to the presence of the excited states close to each other in 

[Au13(pe)5Cl2]3+.     
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Supporting Information 

 Orbital energy level diagram of constrained-optimized [Au13(pe)5Cl2]3+ nanocluster 

by replacing all the phenyl groups by hydrogen atoms; symmetry analysis of the optical 

absorption spectrum of [Au13(dppe)5Cl2]3+; transition densities for the 2.98 eV excitation 

of [Au13(dppe)5Cl2]3+; comparison of Aushell–Aushell bond lengths in relaxed geometries of 

the S0 and the S1 state of the [Au13(dppe)5Cl2]3+ and [Au13(pe)5Cl2]3+ nanoclusters; 

comparison of energy levels of the frontier orbitals in S0 and S1 states of [Au13(pe)5Cl2]3+; 

variation of orbital energies of the [Au13(pe)5Cl2]3+ cluster with time; excited states, 

corresponding transitions, and ground state growth times of the [Au13(pe)5Cl2]3+ cluster. 
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