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Fig. S1 The DFTB2 auorgα ′ and auorgχ ′ Au-P repulsive potentials. Ideally, the DFTB repulsive potentials are positive, however, in the case if Au-P
potential the repulsive potential is negative in the bonding range of ≈2.4 Å. The attractive interaction was made to compensate the under-binding of
Au-P electronic interaction, which ca be attributed to the effect of the minimum basis set in DFTB method. It is worth mentioning that Au-Au repulsive
potential is also attractive ≈16 kcal/mol. 1
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Table S2 Averaged and normalized ligand binding ernergies in kcal/mol for small-sized clusters.

Complexes TPSS/def2-SVP DFTB2/auorgα DFTB2/auorgα ′ DFTB2/auorgχ ′

Au2(PH3)2 -27.8 -39.1 -48.1 -45.9
[Au3(PH3)3]

+ -47.8 -60.9 -67.3 -65.4
Au4(PH3)2 -33.9 -40.3 -49.5 -47.6
Au2(PMe3)2 -36.8 -41.8 -49.9 -47.7
[Au3(PMe3)3]

+ -64.5 -66.8 -73.2 -71.4
Au4(PMe3)2 -46.4 -44.2 -52.6 -50.8
Au2(PPh3)2 -37.9 -41.8 -49.7 -47.6
[Au3(PPh3)3]

+ -70.0 -70.0 -77.0 -74.8
Au4(PPh3)2 -48.7 -45.0 -53.1 -51.4

Table S3 Averaged and normalized ligand binding ernergies in kcal/mol for moderate-sized clusters.

Complexes TPSS/def2-SVP DFTB2/auorgα DFTB2/auorgα ′ DFTB2/auorgχ ′

[Au6(PH3)6]2+ -52.1 -63.1 -69.4 -67.6
[Au7(PH3)7]+ -31.6 -34.5 -43.4 -42.4
[Au8(PH3)8]2+ -43.6 -47.9 -55.4 -54.1
[Au9(PH3)8]3+ -57.3 -69.2 -75.3 -73.4
[Au11(PH3)10]3+ -51.8 -56.7 -63.5 -62.3
[Au13(PH3)12]5+ -72.2 -84.8 -90.3 -88.5
[Au20(PH3)16]4+ -46.2 -48.6 -56.0 -54.4
Au22(PH3)12 -25.5 -19.4 -30.0 -28.6
[Au6(PMe3)6]2+ -71.1 -70.7 -77.3 -75.4
[Au7(PMe3)7]+ -46.5 -39.4 -48.2 -46.9
[Au8(PMe3)8]2+ -60.8 -54.9 -62.4 -61.0
[Au9(PMe3)8]3+ -79.0 -78.5 -85.0 -83.1
[Au11(PMe3)10]3+ -71.2 -65.2 -72.6 -71.0
[Au13(PMe3)12]5+ -98.2 -97.8 -104.1 -102.3
[Au20(PMe3)16]4+ -65.9 -57.2 -64.6 -62.9
Au22(PMe3)12 -41.8 -24.0 -34.1 -32.9

Table S4 Averaged and normalized ligand binding ernergies in kcal/mol for large-sized clusters, TPSS denotes TPSS/def2-SVP, α denotes
DFTB2/auorgα , TPSS//α denotes TPSS/def2-SVP//DFTB2/auorgα , α ′ denotes DFTB2/auorgα ′, TPSS//α ′ denotes TPSS/def2-SVP//DFTB2/auorgα ′,
χ ′ denotes DFTB2/auorgχ ′, TPSS//χ ′ denotes TPSS/def2-SVP//DFTB2/auorgχ ′.

Complexes TPSS α TPSS//α α ′ TPSS//α ′ χ ′ TPSS//χ ′

[Au6(dppp)4]
2+ -67.6 -58.1 -64.9 -64.9 -64.2 -62.8 -64.5

[Au6(PPh3)6]
2+ -87.2 -82.2 -86.2 -89.4 -85.9 -87.4 -85.8

[Au7(PPh3)7]
+ -63.9 -49.9 -64.6 -58.6 -64.7 -57.6 -63.8

[Au8(PPh3)7]
2+ -80.6 -73.0 -78.6 -80.2 -79.0 -78.3 -79.0

[Au8(PPh3)8]
2+ -79.6 -69.7 -79.3 -77.3 -79.3 -75.8 -78.8

[Au8S2(dppm)4]
2+ -70.0 -61.5 -71.9 -68.8 -72.1 -68.1 -70.4

[Au9(PPh3)8]
3+(C4) -98.9 -92.3 -99.8 -99.4 -100.0 -96.4 -99.3

[Au9(PPh3)8]
3+(D2h) -99.3 -94.2 -99.4 -101.4 -99.8 -99.4 -99.5

[Au11(PMePh2)10]
3+ (C3v) -85.8 -76.4 -87.7 -83.8 -87.6 -82.6 -87.0

[Au11(PMePh2)10]
3+ (D4d) -85.6 -76.5 -87.0 -84.0 -87.1 -84.9 -86.6

[Au13(dppm)6]
5+ -108.6 -104.9 -109.0 -111.7 -109.2 -109.8 -108.6

[Au20(PP3)4]
4+ -78.4 -57.2 -69.4 -62.6 -70.2 -60.8 -69.5

Au22(dppo)6 -49.5 -30.1 -51.5 -39.1 -50.7 -39.0 -49.5
[Au38(m-MBT)20(PPh3)4]

2+ -77.8 -58.9 -86.4 -65.5 -86.4 -65.1 -88.1
Au70S20(PPh3)12 -70.5 -47.3 -72.9 -54.8 -72.7 -53.4 -72.8
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Fig. S2 RMSD over atomic positions for the large-sized phosphine-stabilized gold clusters. The RMSD of atomic positions considers Au, and
P atoms for all large-sized phosphine-based gold clusters, [Au11(PMePh2)10]

3+
# denotes [Au11(PMePh2)10]

3+ (C3v), [Au11(PMePh2)10]
3+
∗ denotes

[Au11(PMePh2)10]
3+ (D4d ), [Au38(L)20(PPh3)4]

2+ denotes [Au38(m−MBT)20(PPh3)4]
2+.

Fig. S3 Overlap of experimental crystal structure (Au in gold, P in orange and C in grey) and optimized DFTB/auorgα and DFTB/auorgχ ′ struc-
tures. auorgα and auorgχ ′ structures are represented by light red and sky blue, respectively. The gold nanoclusters considered in this figure are (A)
[Au6(dppp)4]

2+ (BOTSOS), (B) [Au7(PPh3)7]
+ (BIXZAK), (C) [Au8(PPh3)8]

2+ (OPAUPF), and (D) [Au9(PPh3)8]
3+ (MIVPOX-D2h).

Fig. S4 Deviation in averaged and normalized ligand binding energies for the large-sized phosphine-stabilized gold clusters in reference to the
TPSS/def2-SVP binding energies, [Au11(PMePh2)10]

3+
# denotes [Au11(PMePh2)10]

3+ (C3v), [Au11(PMePh2)10]
3+
∗ denotes [Au11(PMePh2)10]

3+ (D4d ),
[Au38(L)20(PPh3)4]

2+ denotes [Au38(m−MBT)20(PPh3)4]
2+.
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Table S5 Comparison of relative energies with respect to the Dn isomers in kcal/mol as calculated by the following methods for [Au9(PPh3)8]
3+ and

[Au11(PMePh2)10]
3+.

Methods Au9 Au11

TPSS/def2-SVP 4.98 -3.20

DFTB2/auorgα ′ 11.81 1.78
DFTB2/auorgα 11.76 1.38
DFTB2/auorgχ ′ 10.13 1.82

TPSS/def2-SVP // DFTB2/auorgα ′ 6.29 -5.90
TPSS/def2-SVP // DFTB2/auorgα 5.19 -7.63
TPSS/def2-SVP // DFTB2/auorgχ ′ 6.31 -5.92

Isomerization energy of [Au9(PPh3)8]
3+ and [Au11(PMePh2)10]

3+ clusters

In practice, when studying chemical reactions, absolute cluster binding energies are not as important as relative binding en-
ergies, since a ligand is often replaced by another in the same reaction pathway. Therefore, to test the performance of DFTB
for the prediction of isomerization energies, two particular examples, namely [Au9(PPh3)8]

3+ and [Au11(PMePh2)10]
3+

were investigated. In the solid phase, [Au9(PPh3)8]
3+ is reported to have a Au9 core with D2h symmetry, as the full clus-

ter takes a “butterfly” shape.3 In a CH2Cl2 or methanol solution, this cluster isomerizes to a C4 core with a crown-like
structure.4 The Au11 clusters have idealized C3v and D4d symmetric metal frameworks that differ around three adjacent
peripheral sites.5 The change in the skeletal geometries of Au11 clusters is proposed to be caused by the small variations in
ligand packing and the presence of anionic ligands coordinated to the C3v Au11 gold core. It has been previously predicted
that C4 Au9 has a 5.7 kcal/mol lower energy than D2h Au9 in solution,4 while so far no theoretical predictions were made
yet for Au11 relative energy isomers. Here, we optimized the isomer structures of Au9 (D2h and C4) and Au11 (C3v and
D4d) with both DFTB and TPSS methods. Their relative structural energies are compared in Figure S5.

Fig. S5 Overlap of experimental X-ray (Au in gold, P in orange and C in grey) and optimized structures of (A) [Au9(PPh3)8]
3+ D2h and C4 isomers and

(B) [Au11(PMePh2)10]
3+ D4d and C3v isomers. auorgα ′ and DFT structures are represented by light red and sky blue, respectively. The relative energies

in kcal/mol with respect to the Dn isomers are also shown as calculated by TPSS/def-SVP, DFTB2/auorgα ′ and TPSS/def2-SVP//DFTB2/auorgα ′. Note
that the [Au9(PPh3)8]

3+ C4 isomer does not have an available experimental crystal structure.

The relative energies of the isomers presented in Figure S5 were calculated with respect to the Dn isomers (on the
left side) as the reference energy. For the [Au9(PPh3)8]

3+ cluster, all methods predict that the higher symmetry D2h

structure is more stable than the less symmetric C4 structure, with auorgα ′ overstabilizing the high symmetry by about 5
kcal/mol. In the case of [Au11(PMePh2)10]

3+ isomers, the TPSS/def2-SVP calculated C3V isomer is lower in energy than
the D4d isomer, while DFTB methods still predict a slightly more stable high symmetry structure. We note that both the
isomer relative energies and their DFTB deviations are very small, around 5 kcal/mol, and that it is difficult to achieve
perfect agreement even between different density functionals for this energy range. TPSS/def2-SVP single point energy
calculations using the DFTB2/auorgα ′ optimized structures reduce the differences between the relative energies to only
1.33 and 2.72 kcal/mol for Au9 and Au11 isomers, respectively, recovering the isomer energy ordering of the full TPSS
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calculations. The complete comparison of the isomer relative energies as calculated by DFTB with all parameter sets is
shown in Table S5 in the Supporting Information. The presented comparison demonstrates that, if one wishes to map the
potential energy of a certain cluster with many isomers that are only a few kcal/mol apart in relative energies, performing
geometry optimizations and pre-optimize structures with the DFTB method is a viable option to save computer time.
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Fig. S7 HOMO and LUMO of (A) [Au6(dppp)4]
2+, (B) [Au7(PPh3)7]

+(BIXZAK), (C)[Au8(PPh3)8]
2+ (OPAUPF) and (D) [Au9(PPh3)8]

3+(MIVPOX-D2h)
clusters as calculated by TPSS/def2-SVP and DFTB2/auorgα ′; isosurface value = 0.02 a.u.
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Fig. S8 HOMO and LUMO of (A) [Au6(dppp)4]
2+ and (B) [Au8(PPh3)8]

2+ (OPAUPF) clusters as calculated by TPSS/def2-SVP, DFTB2/auorgα ′,
DFTB2/auorgα , and DFTB2/auorgχ ′; isosurface value = 0.02 a.u.
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Fig. S9 HOMO and LUMO of (A) [Au7(PPh3)7]
+(BIXZAK) and (B) [Au9(PPh3)8]

3+(MIVPOX-D2h) clusters as calculated by TPSS/def2-SVP,
DFTB2/auorgα ′, DFTB2/auorgα , and DFTB2/auorgχ ′; isosurface value = 0.02 a.u.
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Fig. S10 Experimental (in black), computed auorgα (in green) DFTB2/auorgα ′ (in red), and auorgχ ′ (in orange) far-IR spectra for (A) [Au6(dppp)4]
2+,

(B) [Au8(PPh3)8]
2+, and (C) [Au9(PPh3)8]

3+ clusters.
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Fig. S11 Different adsorption binding sites on Au (111) surface, only the Au atoms of the top two layers are shown.

Fig. S12 HOMO and LUMO plots of Au108S24, Au108S24(PH3)16, and Au108S24(PPh3)16 clusters as calculated by TPSS/def2-SVP//DFTB2/auorgα ′;
isosurface value = 0.015 e0.5/a3

0 .
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Table S10 Summary of contributing transitions determined by DFTB2/auorgα ′ for the [Au108S24(PPh3)16] cluster and brief description of the assigned
transition modes, part 1.

DFTB2/auorgα ′ Intensity Mode description
(cm-1) (km/mol)

26.387 0.01195

Au core distortion

54.087 0.01243
54.116 0.01255
56.459 0.01452
73.484 0.01721
76.592 0.0112

91.121 0.01114 Au core distortion91.466 0.01238

93.606 0.01015 asymmetric stretching Au-S-Au (planar rings) and PPh3 twisting93.638 0.01133

102.984 0.01016

Au core distortion

103.05 0.0104
110.089 0.01135
113.072 0.01073
114.583 0.01228
118.282 0.02662
118.435 0.02339

118.772 0.01639 Au-Au-Au rocking (connected to planar rings)
119.34 0.01649 Au-Au-Au scissoring (connected to planar rings)

120.403 0.01194 Au-P asymmetric stretch and Au core distortion120.684 0.01922

124.009 0.01762

Au core distortion

124.278 0.01728
124.451 0.01
125.952 0.01163
133.768 0.01069
141.793 0.01276

164.734 0.01712

Au-P stretch165.461 0.01824
165.477 0.01777
167.11 0.01346

167.291 0.01307 Au-Au symmetric stretching (connected to PPh3)180.925 0.02166

181.058 0.01548

Au-P stretch

182.297 0.02001
182.471 0.03368
182.914 0.02397
185.318 0.03596
185.487 0.02547
185.676 0.01155
185.741 0.01826

185.76-192.27 Avg. 0.0346 Ph rocking

198.523 0.14019
symmetric stretching S-Au-S (planar rings)200.25 0.10294

202.781 0.14811

204.909 0.04854

Ph twist
204.915 0.0242
205.337 0.04331
207.877 0.08301
208.089 0.05917
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Table S11 Summary of contributing transitions determined by DFTB2/auorgα ′ for the [Au108S24(PPh3)16] cluster and brief description of the assigned
transition modes, part 2.

DFTB2/auorgα ′ Intensity Mode description
(cm-1) (km/mol)

208.161 0.1301

Ph rock

208.402 0.05661
208.717 0.09316
209.314 0.05062
210.34 0.06436

211.184 0.04972

218.041 0.01951
S-Au-S rocking (planar rings)218.41 0.01103

218.467 0.02623

218.943 0.11707

Ph rocking
219.181 0.02061
219.363 0.02627
219.491 0.04727
219.741 0.06469

220.336 0.0208

S-Au-S rocking (planar rings)

222.196 0.04751
222.776 0.03097
222.996 0.00298
223.114 0.04095
223.41 0.03931

226.198 0.11918
234.336 0.00303
234.5 0.00321

237.519 0.02785

Ph rock and Au-S stretch

237.597 0.00845
237.735 0.01358
237.761 0.02369
238.013 0.01369
238.173 0.05096
238.236 0.05156
238.412 0.02354
238.818 0.01568
238.993 0.02562
239.258 0.07917

241.089 0.69303

Au-S stretch

241.192 0.64982
241.595 0.25861
241.738 0.01983
242.066 0.10407
242.172 0.02482
243.156 0.05566
243.74 0.05345

243.962 0.01056
247.977 0.06949

248.71-252.17 Avg. 0.0379 Ph twist

255.09-262.74 Avg. 0.1307 PPh3 distortion and Au-S stretch

265.03-272.86 Avg. 0.0391 Au4S4 planar ring rock

274.386 0.05491
Au4S4 symmetric stretch276.211 0.15656

276.568 0.19116

277.186 0.11359
Au4S4 asymmetric stretch279.671 0.03883

279.781 0.08326
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Table S12 Summary of contributing transitions determined by DFTB2/auorgα ′ for the [Au108S24(PPh3)16] cluster and brief description of the assigned
transition modes, part 3.

DFTB2/auorgα ′ Intensity Mode description
(cm-1) (km/mol)

280.284 0.0261 Au4S4 twist285.686 0.06474

287.051 0.06944 Au4S4 symmetric stretch287.412 0.40739

291.177 0.03524

PPh3 distortion

291.437 0.01303
292.643 0.02394
294.434 0.02065
297.485 0.01415
302.74 0.02364

334.01-372.66 Avg. 0.0205 Ph twist

431.06-459.86 Avg. 0.06291 PPh3 distortion471.809-495.78 Avg. 0.1485

506.28-520.33 Avg. 0.4313 PPh3 distortion and Au-S stretch

521.401 0.12228

Au-S stretch

522.278 0.02622
522.656 0.00953
525.037 0.11265
525.403 0.24905
525.648 0.18726

532.85-554.38 Avg. 1.6027 Ph twist and Au-S stretch

559.916 9.29723

Au-P stretch and PPh3 distortion570.926 7.77941
571.017 7.52268
571.603 1.64805

613.44-648.58 Avg. 0.1124 PPh3 distortion

Validation of the DFTB Method in Predicting Infrared Spectra of Gold–Thiolates Clusters

To validate the reliability of the DFTB2 method in simulating IR spectra for gold–thiolates nanoclusters, we compare the
DFTB predicted IR spectra to published DFT theoretical IR spectra for Au4(SCH3)4, Au18(SCH3)14, and [Au25(SCH3)18]–

clusters.6–8 In addition, we evaluate the capability of the DFTB2 method in describing ligand-ligand interactions and
the effects of ligands on the structure and vibrational properties of the gold–thiolates clusters. We compare DFTB2
calculated IR to DFT calculated and experimental IR spectra for Au18 core cluster with six different types of ligand; −SCH3,
−S−c−C6H11, −SPh, −p−MBA, −SPhNO2, and −TBBT.8 The effects of different ligands on the geometry of the Au18
core are compared as well. Figure S13 shows that the DFTB calculated IR spectra are comparable to the corresponding
DFT spectra predicted by Tlahuice-Flores in his previous work.8 Similar to the IR spectra of the phosphine-stabilized
[Au6(dppp)4]

2+, [Au8(PPh3)8]
2+, and [Au9(PPh3)8]

3+ clusters, the DFTB calculated intensities are significantly lower but
the normalized spectral shapes agree with their DFT calculated counterparts.

Figure S14 shows DFTB calculated IR spectra of a Au18 core cluster with six different types of ligands. Generally,
DFTB calculated IR spectra resemble closely the DFT calculated spectra, but with smaller intensities than the reported
ones by ≈20-40 km/mol.8 DFTB reproduces the change in IR spectra with the change of ligands well in comparison
to the DFT calculated IR spectra. In particular, the case of Au18(−S−c−C6H11)14 clearly shows that the DFTB IR spec-
trum agrees extremely well with the experimental spectrum (using the same methodology as for the phosphine-stabilized
clusters).9 Small deviations between DFTB and DFT IR spectra might be caused by different initial geometries for the
previously published DFT- and our own DFTB-optimized geometries,8 and because the geometry optimization of these
large and complicated clusters can converge to different local minima. Among these Au18 clusters, Au18(p−MBA)14 and
Au18(SPhNO2)14 clusters have highest intensity in their IR signals particularly for the Au-Au and Au-S stretches in Au18S14
core clusters when compared to the rest of the clusters. The increase in these IR intensities can be attributed to the large
structural distortions caused by p−MBA and SPhNO2 ligands. Figure S15 shows the distortions of the Au18 core cluster
caused by these ligands. This is consistent with the previous DFT-based study.8 These results are very encouraging and
suggests that the DFTB method is reliable in predicting the IR spectra for thiolate-protected gold clusters and confirms
that it is able to describe the ligand-ligand interactions as well as ligands effects on gold clusters congruent with DFT
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Fig. S13 DFTB calculated IR spectra of Au4(SCH3)4, Au18(SCH3)14, and [Au25(SCH3)18]– .
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Fig. S14 Calculated IR spectra of Au18(SCH3)14, Au18(S−c−C6H11)14, Au18(SPh)14, Au18(p−MBA)14, Au18(SPhNO2)14, and Au18(TBBT)14 clusters
using a FWHM of 5 cm−1 Gaussian broadening. More intense IR spectra are observed on p−MBA- and SPhNO2-protected clusters. The additional
plots in S−c−C6H11-ligated Au18 are the experimental far-IR spectrum (dotted red) and the DFTB-simulated with a wider FWHM of 8 cm−1 Gaussian
broadening.
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Fig. S15 Au18S14 core structures of Au18(S−c−C6H11)14, Au18(p−MBA)14, and Au18(SPhNO2)14 clusters with four different ligands (ligand structures
are omitted for clarity). Au and S atoms are yellow and orange. The clusters are optimized by means of DFTB/auorgα ′ with the D3 dispersion
corrections.
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