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Fig. S1 The DFTB2 auorg® and auorg®’ 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 A. 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."

Journal Name, [year], [vol.], 1-21 |3



AN S 9Tl 189 SL YT 8192 10'vE 96'Sh 959 = STH Y + fHd = Uy + vsq®H
189 €S £b'8 146 1411 81°¢€l 61°ST ST0- <= fHOSH + faud = ‘H o+ ®HDSd’H
LS9 ST'L LT'8 6v°'6 IS 1T 86°CL 96'%1 1S°T- = S'H + ud = ‘q o+ HSdH
L0°LT- 8T62- 98'1¢- 06'v€- vy 8¢e- 8€°0%- 6€°Th- 8€'ST- = o+ Yod*H = oH + *HD%(HO)dO
TT8Y 1SvS 9729 86'TL LY'p8 T1'T6 10° 10T T IE <= o%Hz + od®H = ‘Hg+ £0d®H
78'89 16°9L 9498 66'86 AN TLETT YEPET $0°0S = *HDOH € + odfH = ‘He+ £(*HD0)dO
z1°08 c1'68 80°00T LSETT 9t°0€1T €S0P 16°1ST L6'EY = o%H¢e + od®H = ‘He + Y0d®H
€0°89 SL'9L 60'88 0€°€01 €LbTI £6'8€1 LS'9ST 16°€T = fHDOH € + fHd = ‘He+ £(*HDO)d
00°60€- YT voge- 66 TEY- €8°915- ¥.4'ST9- 0b'T69- LY'69L- 8.°598- = %04 = ‘05 + vq
LLETT- ¥0°0¥C- 00°€LT- Ly'STE- 00°TLE- YL LOY- 11°0Sb- 00°L0S- <= %0d = o¢+ Y4
€861~ 9T'bI- TS'9- 9T'v TL6T LT0E 6v'cy 9T - < Y*HD)NHE + fad = ‘He+ E(OH%DN)d
S9°CI- 60°L- T€0 9501 1€°ST LESE 9T'8P 9T PI- = SUN € + fHd = ‘He+ ¢(CHN)A
e 0L T~ 09°0 78°€ 19'8 9811 16'ST €1°01- <= SN + fad = ‘H o+ “HNd°H
6491 6L°LT 1161 96°0T 9L°€T 98°ST ¥8°8¢C TSk < CHNd®H = ‘H o+ HNdH
6S°LT 0T'LT 85°91 6g'ST 69°€T 81°CT 1001 Tr6l1- <= HNdH = H o+ Nd
0TvIT LEVT TLYT 0T'sT 68'ST LE9T 6691 £6'b€- <= “HDJH = H o+ HDd
868 9Z'6 €96 ST0T 7601 Y11 0zTl Shep- = fHDdH = ‘H o+ “HDdH
LTI LEET ST'ST 0g'L1 16°61 Tie 11°€T €T0T- = Hoe + od®H = ‘He + ¢(*HD)do
614C 78T £9'ST ¥L9T €€'8¢ 6T 18°0¢ 6T°cE- < Hmoe + faud = ‘He + £(*HD)d
€591 0691 8€LT z0'81 ¥6'81 SS'6T ¥€°02 66'€T- = ooz + ‘ud = HT+ ¢(*HD)dH
8’8 ¥9'8 ¥8'8 0r'6 86 TL6 #0°01 €6°CI- <= YHD + fud = ‘H o+ *HDd%H
0009 €9°09 TH'19 979 68°€9 78'v9 L6°S9 £b 6b- < fHd g = ‘He + g
€6CT TeTI ST LT01 €8 989 1LY SE0b- = H%dd%°H = ‘HoDfH T + iz
Seov 9y 0F SS0Y 95°0% €0y 00°0% 1€°6€ €0°Lb- <= ‘Hdd°H = ‘Hg+ iz
85°9¢ 8.'SE €9'v€ 98°Z¢ 8L°6C ¥T'LT 9€'€T veLL = g = 9+ g
TS0=,33  THro=,3 TEO0=p38 TTO=,33 TI0=,33 L00=,8 TO0=p,33 rdeaxseam JE—
suoneanq gd.11d Jovas AV ’

"gaJ1eH Ul aJe salbiaus [e1IgIo PE d ‘|OW/[BOY Ul 8J8 SUONBIASP pue saifisus UoijoBal [eILaYD 8y L , Poylew dAZ1-2iep/raed-X.6gMm Jo 1ey) o] paredwod ale saibieus
uonoeal [eolWayd g1 4@ 8yl “ABiaus [eNqIO PE d 8U} JO SBN[BA SNOLIBA Ylim olw/gg 1 4 40} spunodwod Buiuieluod g pue ‘q ‘O ‘N ‘D ‘H Bulajoaul suoioeal [eojwayd palos|as 1o} s)nsal 1s8) LS a|qel

Journal Name, [year], [vol.], 1-21 | 4



Table S2 Averaged and normalized ligand binding ernergies in kcal/mol for small-sized clusters.

Complexes TPSS/def2-SVP DFTB2/auorg® DFTB2/auorg® DFTB2/auorg?’
Au, (PH3), -27.8 -39.1 -48.1 -45.9
[All}(pH_g)_ﬂJr -47.8 -60.9 -67.3 -65.4
Auy (PH3), -33.9 -40.3 -49.5 -47.6
Au, (PMe3), -36.8 -41.8 -49.9 -47.7
[Aus (PMe3)s]+ -64.5 -66.8 -73.2 71.4
Aug(PMe3), -46.4 -44.2 -52.6 -50.8
Au, (PPh3), -37.9 -41.8 -49.7 -47.6
[A1,13(F'Ph3)3]Jr -70.0 -70.0 -77.0 -74.8
Auy (PPh3), -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/auorg® DFTB2/auorg?® DFTB2/auorg?’
[Aug(PH3)61%" -52.1 -63.1 -69.4 -67.6
[Au; (PH3),1* -31.6 -34.5 -43.4 -42.4
[Aug (PH3)5]%* -43.6 -47.9 -55.4 -54.1
Aug (PH3)g]3+ -57.3 -69.2 -75.3 -73.4
%Au?l (PI;S 1013* -51.8 -56.7 -63.5 -62.3
[Auy3(PH3) 121" -72.2 -84.8 -90.3 -88.5
[Augg (PH3) 614" -46.2 -48.6 -56.0 -54.4
Auyy (PH3) 12 -25.5 -19.4 -30.0 -28.6
[Aug(PMe3)]1*" -71.1 -70.7 -77.3 -75.4
[Au; (PMe;); 1+ -46.5 -39.4 -48.2 -46.9
[Aug (PMe3)s]%* -60.8 -54.9 -62.4 -61.0
[Aug (PMe3)g]3* -79.0 -78.5 -85.0 -83.1
[Auj; (PMe3) 1013+ -71.2 -65.2 -72.6 -71.0
[Auj3(PMes) 217+ -98.2 -97.8 -104.1 -102.3
[Augo (PMes3) 614" -65.9 -57.2 -64.6 -62.9
Aty (PMe3) o -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, a denotes
DFTB2/auorg?®, TPSS//oc denotes TPSS/def2-SVP//DFTB2/auorg®, as denotes DFTB2/auorg®’, TPSS//ar denotes TPSS/def2-SVP//DFTB2/auorg?’,
x! denotes DFTB2/auorg?’, TPSS//x denotes TPSS/def2-SVP//DFTB2/auorg?’.

Complexes TPSS o TPSS//a ol TPSS// ot x! TPSS//x!
[Aug(dppp)4]>* -67.6 -58.1 -64.9 -64.9 -64.2 -62.8 -64.5
[Aug (PPh3)g)2t -87.2 -82.2 -86.2 -89.4 -85.9 -87.4 -85.8
[Au; (PPh3)4]t -63.9 -49.9 -64.6 -58.6 -64.7 -57.6 -63.8
[Aug (PPh3);])%+ -80.6 -73.0 -78.6 -80.2 -79.0 -78.3 -79.0
[Aug (PPhs3)g]** -79.6 -69.7 -79.3 -77.3 -79.3 -75.8 -78.8
[AugS, (dppm) 4>+ -70.0 -61.5 -71.9 -68.8 -72.1 -68.1 -70.4
[Aug (PPh3)g]*+(Cy) -98.9 -92.3 -99.8 -99.4 -100.0 -96.4 -99.3
[Aug (PPh3)g]** (D)) -99.3 -94.2 -99.4 -101.4 -99.8 -99.4 -99.5
[Auj; (PMePhy) 10]3* (C3,) -85.8 -76.4 -87.7 -83.8 -87.6 -82.6 -87.0
[Auj; (PMePhy) 10> (Dag) -85.6 -76.5 -87.0 -84.0 -87.1 -84.9 -86.6
[Aujs (dppm)g)>+ -108.6 -104.9 -109.0 -111.7 -109.2 -109.8 -108.6
[Augg (PP3)4]*F -78.4 -57.2 -69.4 -62.6 -70.2 -60.8 -69.5
Ay, (dppo)s -49.5 -30.1 -51.5 -39.1 -50.7 -39.0 -49.5
[Auzg (m-MBT) 2 (PPh3),4]>* -77.8 -58.9 -86.4 -65.5 -86.4 -65.1 -88.1
AuzS20(PPh3) o -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, [Auﬂ(PMeth)w]g+ denotes [Auq;(PMePhy)(o]*t (Csy), [Auy;(PMePhy)o]3+ denotes
[Au;1 (PMePhy)1o]** (Dag), [Augg(L)oo(PPhg),]** denotes [Ausg(m—MBT),0(PPhg),)*".

Fig. S3 Overlap of experimental crystal structure (Au in gold, P in orange and C in grey) and optimized DFTB/auorg® and DFTB/auorg*’ struc-
tures. auorg?® and auorg¥’ structures are represented by light red and sky blue, respectively. The gold nanoclusters considered in this figure are (A)
[Aug(dppp)4)** (BOTSOS), (B) [Au,(PPhg);]* (BIXZAK), (C) [Aug(PPhs)g)*+ (OPAUPF), and (D) [Aug(PPhs)g]*t (MIVPOX-Dyy).
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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, [Au;;(PMePh,);o]3* denotes [Auqq(PMePh,);o]** (C3,), [Auqi(PMePh,);o]3+ denotes [Auy (PMePh,)qo]*t (Dag),
[Ausg(L)2o(PPhg)s]*" denotes [Augg(m—MBT),o(PPhg),)* .
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Table S5 Comparison of relative energies with respect to the D,, isomers in kcal/mol as calculated by the following methods for [Aug(PPhg)]3* and
[Auy (PMePh,)]3.

Methods Aug Auy
TPSS/def2-SVP 4.98 -3.20
DFTB2/auorg® 11.81 1.78
DFTB2/auorg® 11.76 1.38
DFTB2/auorg®’ 10.13 1.82
TPSS/def2-SVP // DFTB2/auorg® 6.29 -5.90
TPSS/def2-SVP // DFTB2/auorg® 5.19 -7.63
TPSS/def2-SVP // DFTB2/auorg?’ 6.31 -5.92

Isomerization energy of [Aug(PPhy)g)** and [Au,; (PMePh,),,]*" 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 [Aug(PPh3)g]*" and [Auy; (PMePh,) o)*"
were investigated. In the solid phase, [Aug(PPhy)g]3" is reported to have a Aug core with Dy, symmetry, as the full clus-
ter takes a “butterfly” shape.® In a CH,Cl, or methanol solution, this cluster isomerizes to a C4 core with a crown-like
structure.* The Au,; clusters have idealized Cs, and D4, symmetric metal frameworks that differ around three adjacent
peripheral sites.® The change in the skeletal geometries of Au,; clusters is proposed to be caused by the small variations in
ligand packing and the presence of anionic ligands coordinated to the C3, Au;; gold core. It has been previously predicted
that C4 Aug has a 5.7 kcal/mol lower energy than Dy, Aug in solution, 4 while so far no theoretical predictions were made
yet for Au,; relative energy isomers. Here, we optimized the isomer structures of Auy (Dy; and C4) and Auy; (C3, and
Dy4y) with both DFTB and TPSS methods. Their relative structural energies are compared in Figure S5.

TPSS
AE = 4.98 kcal/mol

DFTB2
AE = 11.81 kcal/mol

TPSS//DFTB2
AE = 6.29 kcal/mol

TPSS
AE = -3.20 kcal/mol

DFTB2
AE = 1.78 kcal/mol

TPSS//DFTB2
AE =-5.90 kcal/mol

Fig. S5 Overlap of experimental X-ray (Au in gold, P in orange and C in grey) and optimized structures of (A) [Aug(PPh3)g]** D, and C4 isomers and
(B) [Auq4 (PMeth)m]3+ D4q and Cs, isomers. auorg® and DFT structures are represented by light red and sky blue, respectively. The relative energies
in kcal/mol with respect to the D,, isomers are also shown as calculated by TPSS/def-SVP, DFTB2/auorg® and TPSS/def2-SVP//DFTB2/auorg®. Note
that the [Aug(PPhg)g]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 D, isomers (on the
left side) as the reference energy. For the [Aug(PPhy)g]*" cluster, all methods predict that the higher symmetry Dy,
structure is more stable than the less symmetric C4 structure, with auorg® overstabilizing the high symmetry by about 5
kcal/mol. In the case of [Au;; (PMePh,),,]*>" isomers, the TPSS/def2-SVP calculated Csy isomer is lower in energy than
the D4y 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/auorg® optimized structures reduce the differences between the relative energies to only
1.33 and 2.72 kcal/mol for Aug and Au;; 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.

— HOMO-1 — HOMO — LUMO — LUMO+1

Energy (eV)

Fig. S6 Energy level diagram for the frontier orbitals of various clusters as calculated by (A) DFTB/auorg® and (B) DFTB2/auorg?’, [Auﬂ(PMePhg)m}f,+
denotes [Au;{(PMePh,);0]3* (Csy), [Augq (PMePhy,)]3* denotes [Auy; (PMePh,),o]3* (D44). Dashed lines are included to guide the eye.
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TPSS/def2-SVP DFTB2/auorg” TPSS/def2-SVP DFTB2/auorg”

LUMO

HOMO

LUMO

HOMO

Fig. S7 HOMO and LUMO of (A) [Aug(dppp)4)>*, (B) [Au;(PPhs),]*(BIXZAK), (C)[Aug(PPhs)g)** (OPAUPF) and (D) [Aug(PPhy)g]3* (MIVPOX-Dy;)
clusters as calculated by TPSS/def2-SVP and DFTB2/auorg®’; isosurface value = 0.02 a.u.
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TPSS/def2-SVP DFTB2/auorg” DFTB2/auorg” DFTB2/auorg”

LUMO

HOMO

LUMO

HOMO

Fig. S8 HOMO and LUMO of (A) [Aug(dppp)4)>* and (B) [Aug(PPhg)g)>* (OPAUPF) clusters as calculated by TPSS/def2-SVP, DFTB2/auorg®,
DFTB2/auorg®, and DFTB2/auorg*’; isosurface value = 0.02 a.u.
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TPSS/def2-SVP DFTB2/auorg” DFTB2/auorg” DFTB2/auorg*

LUMO

HOMO

LUMO

HOMO

Fig. S9 HOMO and LUMO of (A) [Au,(PPhg);]*(BIXZAK) and (B) [Aug(PPhg)g]3*(MIVPOX-D,;) clusters as calculated by TPSS/def2-SVP,
DFTB2/auorg®, DFTB2/auorg®, and DFTB2/auorg*’; isosurface value = 0.02 a.u.

—Experimental —DFTB2/auorg® —DFTB2/auorg” DFTB2/auorg”

50 100 1&0 260 250 360 330 460 4&0 500 50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
Wavenumber (cm’”) Wavenumber (cm'") Wavenumber (cm’)

Intensity (arbitrary units)
Intensity (arbitrary units)
Intensity (arbitrary units)

Fig. S10 Experimental (in black), computed auorg® (in green) DFTB2/auorg® (in red), and auorg¥’ (in orange) far-IR spectra for (A) [Aug(dppp)4)>*,
(B) [Aug(PPhg)g]**, and (C) [Aug(PPhg)g]** clusters.

Journal Name, [year], [vol.],1-21 |12



YIVT0 8AV  68°SLPTEESY  9PST'0 BAV  SO'SLP-L6'Sby  9I¥T0 BAV S8 LLY-L9'Sby  6€TI9T “8AV TS S8P-8S°LSH Sy
TLI00 1€ 1Sy
€IET’0 89°0SH
1#0S°0 86°L¥Y
uonIoIstp Yd¢(*Ho)d €520°0 69°cvy Lib
€481°0 T8 Thvh €921°0 10°LbY
TTO TLEY L0TH 0 S8 Ebh
¥91°0 TLEY I18¥1°0 SSThY 98500 Yy by ¥995°8 69°Cht
T9L0°0 ¥6'9et 8¥60°0 79 Tvb T680°0 86° Tt TT0T' €L T6'ThY
I¥10°0 80°LEY
85200 €9¢t TTI°0 Sogh Tr16°0 S9°LEb
9401°0 TLYTh ¥860°0 8S°TEh 9zZI1°0 91'8TH 6L9T'L Yo vey
11508 Yd~d Prre Umoms 41 1£L2°0 £V TTh £2710°0 vy 9600 1592k 808L°E bIsh ey
LEOT'0 60°6TY 8S0T°0 £5°€TY 904T°0 ve'9Th 98t'S 1S°LTh
¥€01°0 ¥ L1Y 9150°0 £eeTh 8850°0 66'vTH 6SIT'9 TTSTY
9Z0€'9 12611
9400 98'91¥ 9126t 99°'LTY
Tv60°0 89°60% €100 9¢'TTY SL9€'6 L9TY
pusq d-D-D-D-d 6801°0 LEL6E 9€0°0 oY 10€0°0 £700% 1€€T€1 Sty )87
€2S0°0 €0°L6€ 9€20°0 86°C0b 6v10°0 90°'66€ T698°0 €€y
L6€0°0 Sv6€ £0€0°0 €9°L6€ TS10°0 TE'S6€ €SP9'P 6L¥0b
8T0T°0 99°'68¢ L1600 LEL6E LTLTO 68°16€ LYELY 1€v0Y
8020°0 99°£9¢
€5T0°0 1€°29¢
Ce(Timy_ TH10°0 8T'8SE 9280°0 98'79¢ 9008°C 81°8b¢
uoRIOIsIp d-*(*Hd)~d T6£0°0 T6°'€S¢E ThTo0 80°'8S¢€ LSLTT SS'9vE 8s¢
8120°0 9T°1S¢E S10°0 SO'ISE 686S°C ¥S'Ebe
S9T0°0 LL6EE STTO'0 T0°9S€ ¥Zr0°0 80'vbe 91TL'T 60°€YE
€ rELTmY_bir 1T S$Z0°0 81°9¢€ 1100 T19ge YLYS'T ThvTe
Bem £(FHD)-"Udd £620°0 19°4TE 6€10°0 6b°€TE £0T0°0 66'TEE 8000'T 14°22E sce
SE10°0 6'SPT
L¥T00 69°St1 6¥10°0 86°9€1T £50°0 LSSTT 0l
94200 ST OVI ¥110°0 TH0ET L6T0°0 LY 1T £909°0 6.°STT
UONIOISIP 9100 Ny IST00 T8'LET 97£0°0 $8'9T1 10T0°0 Sb'STT 80v6'1 S9°611
T010°0 €468 Tv'96 Tv'96 SLLL'T v.'68
6110°0 S8°CL ST'L8 ST'L8 ¥S80°€ 90°'L8 06
T010°0 v¥'0L 100 60'vL 800°0 $8°08 €119 T5°S8
(Tour/uny) (;-ud) (Tour/uny) (;-wd) (four/uny) (;-wd) (Tour/uny) (;-wo) (T-u)
uondLsap 9poN Ayisuayug 3Ione/z414d Ayisuayug »3I0Ne/Z2414d Aysusyu] p3Ione/zd14a Asuau] dAS-zJep/ddd  [eruswiredxy

sapow uonisuel} paubisse ay) jo uondiiosap jalq e Se ||am se ‘syead |es1oads [eluswiiadxs
8y} 0} Juswubisse eyl pue Jaisn | [7(dddp)®ny] eyi 1o} Bione/zgl14Q pue ,Bi0ne/2g14Qa ‘KPI0NE/ZALIA dAS-2OP/agd Aq peiendfed se suomsues) Bulngliuco jo Arewwng LS dlqeL

Journal Name, [year], [vol.],1-21 | 13



€4ET0 "3AY 1 ¥84-60T9Y 91£T0 "3aV LT L8Y¥E99% ¥2ET0 "3AY ¥€'L85-86'09% SLETTT "3AY T9'£0S-S8°86% 08t
uonIoIsIp £ydd
$880°0 "8AV 98°LSY-8€'LTh €TY0°0 "8y Y€ 8YY-CT 0Ty €480°0 "8AV €9'SSH-8T' 1Y 1959°C "3ay TLIYY-L6'9Ch 9eh
8€00°0 06'20% €€00°0 $6'96€ S€00°0 68°20Y 8€61°0 68'90%
1sIM3 yd "8V -81°0S€ "8V -99°GLE "8y -L0'1S€ "8y -8€°06€ 86¢
91100 90°29¢
8000°0 ¥0'95¢ 1¥90°0 1¥°0ST
€4£0°0 6°0S¢T 1420°0 62°0ST
81200 €8°/¥T 8200 T6'8YT
T690°0 88°6vT 9200 6S°LYT TTHO'0 ¥L°8bT
81100 TL6YT 12€0°0 St LvT STOT'0 1€°8¥T
01 4d 68100 LS'6¥T 9e¥0°0 1 LbT 90500 ¥L'SbT 65z
£620°0 St'8ve 125S0°0 10°9vT 190°0 ShT
6S¥0°0 TE8YT 1€10°0 85°SYT 8910°0 86T¥T
60¥0°0 9€°9%¢ 690°0 L8YPT 8€10°0 L8'TIVT
TvTo0 L0°€YT 94100 8T YT L1070 Th68T
€0€0°0 LY'THT 84£0°0 44 ¥650°0 99°8€T
¥I¥0°0 91'The €920°0 8€T Tv90°0 S0°'8€T . . .
8¥€0°0 69°0¥C 91210 8SvET 1€10°0 18°12C YIZeT By SY'S9T-ErLve
1010°0 18°L1C
1810°0 L1912
€€€0°0 6v°01C
ST+0°0 98°60¢
¥6¥0°0 ¥0°602
8040°0 TL'80T 62L0°0 €5°01C
T080°0 99'01¢ TIL00 S'80T 99€0°0 ¥'80T
€410°0 95°£02 S9€0°0 78°L0T 800 78°90T
T090°0 92'S0T 8920°0 ¥'902 €v10°0 65902
3001 Ud €410°0 9,402 S€0°0 T0°S0T 8€90°0 11+0T 81T
64400 ¥6°20T 9v¥0°0 Tv'ToT 6¥60°0 6£'20T
TT80°0 64°10T LSY0°0 €0°20T £980°0 S'10T
64800 TT10T 81400 €0°661T ¥920°0 661
6vL0°0 69°00T S820°0 L1861 £090°0 LT°96T
€120°0 b L61 €€S0°0 LEE6T TLTO0 6’161
1520°0 8161 $560°0 84°C61 8200 e 161
8€€0°0 €S T6T €0 L1161 160°0 89°€81
680°0 88°€8T 6SET0 z81 T8L0°0 PP €81 . . .
17600 sz'e81 £160°0 bEIST S910°0 S9'8/T 26TO'LBAV  CO'ETTSE'SSL
€8TE'T1 €T9L1
UOIIOISIP 9100 NY /Y2070 69°9L1 L¥€0°0 LT°991 62200 LT'9PT LSY'TT TI'9LT z81
€81¥'1 9Ll
(Tour/ury) (;-wd) (Touwr/uny) (;-wd) (Tour/uny) (;-ud) (Tour/urny) (;-u) (T-u)
uondLnsap 9poN Aysusyug x3I0ne/z414d Aysuayug »3I0Ne/Z2414d Ayisuayu] p3IoNne/zd14d Asuaru] dAS-ZFop/d4d [eyuswiedxy

sapow uolisuel} paubisse ay) jo uondiiosap jalq e Se ||am se ‘syead |es1oads [eluswiiadxe
8y} 0} Juswubisse ey pue JsisnP [¥(Bydd)ny] eui so} xBi0ne/zg14a pue HBioNe/Zg14Q ‘HBIoNe/Za14a dAS-2IeP/aad Aq perenojed se suoisues Bulnguiuod jo Arewwng gs alqeL

Journal Name, [year], [vol.],1-21 | 14



7950 96'L8Y-T6'S8Y €915°0 9T'96v-4T €8Y 61550 "3aY 9€'88Y-L£'98Y 86.8°8T "3AV S9'T6Y-€£68Y 08t
UuonIoIsIp fuydd L6120
U "8y 9T'€SP-5S°0SY 9270 LS 0bY 1122°0 8ay 88'9SH-10'1SY 00vT'S "3AV €1vPb S5 8Eh st
90100 68°'LEY
88200 16°Seh
1020°0 9T'SEY €081°0 $S°GEPY
€091°0 £Svey - . . S1€0°0 6vEy . . .
18IM3 44 €0°0 og'ceh ¥£0°0 8ay 88'SEY-0€CIY 6650°0 1Toh TEIY'T "3V 9T 1EY-6S¥Th oct
£ES00 TE0Ed 8010°0 69°CEY
L6€°0 8v'6Th 10%°0 6L 1€
9%10°0 9t°0¢h €€10°0 €b0Th
$110°0 10v6€ 8810°0 £8°68€ 1600°0 STY6E 086270 "3AV ¥9°10%-9T°06€ L6€
14£0°0 S1°09¢
8€10°0 TE'6SC
1010°0 6€'95¢ #7100 61°65C €611°0 6'95¢
6STT0 61°95¢ T6TT0 8C'8ST 620°0 9€'€hT
uonIolsIp £4dd SL10°0 eI Ibe 6S10°0 8S'vbe 6610°0 8L°6€T Tse
TTS0°0 L9°6€T 6¥€0°0 S0°0vT S120°0 €0vET
6£20°0 $8°2€T 22010 12 1€T 6€20°0 L6°€€T
85200 LY'TET €120°0 98°62¢ ¥¥20°0 9L'€€T
£T20°0 6TCET €SET°0 €8°4TT €S10°0 60'1€T 9Tvb'T "3AV TS'1ST-€6'8€T
SS8E'T 9€'61¢
S0SY'T 69'81C
7100 19'81¢
3001 yd €S10°0 6£Y1T IIIT°0 L1112 <0TT
T1v0°0 €5°92C $2IT0 90¥1¢ 6L0Y'C (4 WARS
2100 98'S1T 1850°0 ¥°£0T S10°0 TIULIT €459°0 1612
6ST0°0 L€1T S190°0 ST°90T $€10°0 €1°S1T L1490 9SH1¢
€010°0 $6°802
1582°0 60°961
LL8T0 15°¢61 LSLT0 $9°561
8CE00 90°50¢ 8TST0 SH'E6T 6v10°0 €61 ehyL e €540¢ L61
124070 84'861 €E1T°0 Y8161 1444N0) €LT61 €Lt G861
1242°0 LE'S6T $9ST°0 ST'T6T 6ST0°0 T1'261 S20°T S61
UOTLIONIp 9100 Ny 819C°0 L9¥61 $690°0 187061 6810°0 6T°061 nmoﬁmo%mﬁ n% W%m
12€0°0 881 €2ET°0 10891 9€10°0 91'89T $249°'6 S6°69T LLT
$919°C 8C°€91
9€10°0 147081
1#10°0 L€'8ST 1620°0 L6'6€1 120°0 78Tl . )
L1070 80°L¥1T €S10°0 9'1€1 £€90°0 61°Ch1T ¢esee 18871 4st
15€0°0 €C Y1 94100 L€°621 1910°0 8T9¢€T
(Tour/uny) (;-wo) (Tour/uny) (;-um) (Tour/uny) (;-u) (fow/ury) (;-um) (1-wo)
uondLsap dpoN Aysuayug 3Ione/zd14d Ayisusiug »3I0Ne/Z2414d Aysuau] p3I0Ne/2414d Asusrug dAS-Z§op/d4d [eyuswiedxy

sapow uolisuel} paubisse ay) jo uondiiosap jalq e Se ||am se ‘syead |es1oads [eluswiiadxe
ay} o0} Juswubisse ey pue saisnp . ¢[¥(Bydd)ny] eui so} xBi0ne/zg14a PUe HBioNE/ZG14Q ‘HBIONE/ZE14a AAS-2ZIeP/aad Aq perendjed se suoisuel Bulnguiuod jo Arewwng 6S dlqeL

Journal Name, [year], [vol.],1-21 |15



Hollow
FCC

Bridge

Fig. S11 Different adsorption binding sites on Au (111) surface, only the Au atoms of the top two layers are shown.
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Fig. S12 HOMO and LUMO plots of Au,gS,4, Au; sS4 (PH;) 4, @and Au,eS,,(PPhy) e clusters as calculated by TPSS/def2-SVP//DFTB2/auorg™’;
isosurface value = 0.015 %5/4%.
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Table S10 Summary of contributing transitions determined by DFTB2/auorg® for the [AuyogS,4(PPhs)4g] cluster and brief description of the assigned
transition modes, part 1.

DFTB2/auorg? Intensity Mode description
(cm-1) (km/mol)

26.387 0.01195
54.087 0.01243
54.116 0.01255 Au core distortion
56.459 0.01452
73.484 0.01721
76.592 0.0112
91.121 0.01114 . .
91.466 0.01238 Au core distortion
93.606 0.01015 . . . .
03.638 001133 asymmetric stretching Au-S-Au (planar rings) and PPh, twisting
102.984 0.01016
103.05 0.0104
110.089 0.01135
113.072 0.01073 Au core distortion
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 . . .
120.634 0.01922 Au-P asymmetric stretch and Au core distortion
124.009 0.01762
124.278 0.01728
124.451 0.01 Au core distortion
125.952 0.01163
133.768 0.01069
141.793 0.01276
164.734 0.01712
165.461 0.01824
165.477 0.01777 Au-P stretch
167.11 0.01346
167.291 0.01307 . .
180.925 0.02166 Au-Au symmetric stretching (connected to PPh,)
181.058 0.01548
182.297 0.02001
182.471 0.03368
182.914 0.02397
185.318 0.03596 Au-P stretch
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
200.25 0.10294 symmetric stretching S-Au-S (planar rings)
202.781 0.14811
204.909 0.04854
204.915 0.0242
205.337 0.04331 Ph twist
207.877 0.08301
208.089 0.05917
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Table S11 Summary of contributing transitions determined by DFTB2/auorg® for the [Au;y5S,4(PPhs)46] cluster and brief description of the assigned

transition modes, part 2.

DFTB2/auorg® Intensity Mode description
(cm-1) (km/mol)

208.161 0.1301

208.402 0.05661

208.717 0.09316

209.314 0.05062 Ph rock

210.34 0.06436

211.184 0.04972

218.041 0.01951

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

218.467 0.02623

218.943 0.11707

219.181 0.02061

219.363 0.02627 Ph rocking

219.491 0.04727

219.741 0.06469

220.336 0.0208

222.196 0.04751

222.776 0.03097

222.996 0.00298

223.114 0.04095 S-Au-S rocking (planar rings)

223.41 0.03931

226.198 0.11918

234.336 0.00303

234.5 0.00321

237.519 0.02785

237.597 0.00845

237.735 0.01358

237.761 0.02369

238.013 0.01369

238.173 0.05096 Ph rock and Au-S stretch

238.236 0.05156

238.412 0.02354

238.818 0.01568

238.993 0.02562

239.258 0.07917

241.089 0.69303

241.192 0.64982

241.595 0.25861

241.738 0.01983

242.066 0.10407

242172 0.02482 Au-§ stretch

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 Au,S, planar ring rock

274.386 0.05491

276.211 0.15656 Au,S, symmetric stretch

276.568 0.19116

277.186 0.11359

279.671 0.03883 Au,S, asymmetric stretch

279.781 0.08326
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Table S12 Summary of contributing transitions determined by DFTB2/auorg® for the [Au;ogS,4(PPhs)+g] cluster and brief description of the assigned
transition modes, part 3.

DFTB2/auorg® Intensity Mode description
(cm-1) (km/mol)
280.284 0.0261 .
285.686 0.06474 Au,S, twist
287.051 0.06944 .
287.412 0.40739 Au,S, symmetric stretch
291.177 0.03524
291.437 0.01303
292.643 0.02394 . .
294.434 0.02065 PPh; distortion
297.485 0.01415
302.74 0.02364
334.01-372.66 Avg. 0.0205 Ph twist
431.06-459.86 Avg. 0.06291 - .
471.809-495.78 Avg. 0.1485 PPh; distortion
506.28-520.33 Avg. 0.4313 PPh, distortion and Au-S stretch
521.401 0.12228
522.278 0.02622
522.656 0.00953
525.037 0.11265 Au-S stretch
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
570.926 7.77941 . .
571.017 7.52268 Au-P stretch and PPh; distortion
571.603 1.64805
613.44-648.58 Avg. 0.1124 PPh, 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 Au,(SCH3),, Au;g(SCH3) 4, and [Au,s5(SCH3) 5]~
clusters.®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 Au;g core cluster with six different types of ligand; —SCHj,
—~S—c—C¢H;y;, —SPh, —p—MBA, —SPhNO,, and —TBBT.® The effects of different ligands on the geometry of the Au;g
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.® Similar to the IR spectra of the phosphine-stabilized
[Aug (dppp)4]*", [Aug(PPhy)g)*", and [Aug(PPhy)g]** 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 Au;g 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 Au;g(—S—c—CgH;;)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).® 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,® and because the geometry optimization of these
large and complicated clusters can converge to different local minima. Among these Au,g clusters, Au;g(p—MBA),, and
Au,4(SPhNO,), clusters have highest intensity in their IR signals particularly for the Au-Au and Au-S stretches in Au;gS;,
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 SPhNO, ligands. Figure S15 shows the distortions of the Au;g core cluster
caused by these ligands. This is consistent with the previous DFT-based study.® 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 Auy(SCHs),, Auig(SCH3)14, and [Auys(SCH3)4g] -
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Fig. S14 Calculated IR spectra of Auyg(SCHg)14, Au;g(S—C—CgHy1)14, Auyg(SPh)y4, Ausg(p—MBA),,, Ausg(SPhNO,),,4, and Auyg(TBBT),, clusters
using a FWHM of 5 cm~! Gaussian broadening. More intense IR spectra are observed on p—MBA- and SPhNO,-protected clusters. The additional
plots in S—c—CgH,4-ligated Au,g are the experimental far-IR spectrum (dotted red) and the DFTB-simulated with a wider FWHM of 8 cm~! Gaussian
broadening.
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Au1g(S-c-CeH11)14 Au1g(p-MBA)14 Au18(SPhNO,)14

Fig. S15 Au,4S;, core structures of Au;g(S—c—CgH;1)14, Auyg(p—MBA),4, and Au;5(SPhNO,),, 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/auorg® with the D3 dispersion
corrections.
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