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We present here a detailed time-dependent density-functional investigation aimed at systematically dissecting the electronic

spectra of two thiolate and phosphine protected undecagold nanoclusters. Calculations performed on the experimental structures

of Auj1(PPh3);Cl3 and Auy;(PPh3);(SPyr); show that ligands give negligible contributions in the visible region. Metal—ligand

charge transfer transitions appear at energies well above the visible threshold, while transitions with some small ligand—metal

and ligand—ligand character occur sporadically at even higher energies. Thus, the conjugation effect between the m-electrons of

the ligand and electrons of gold, recently hypothesized to interpret the spectra of phosphine and thiolate-protected nanoclusters,

is not confirmed by the results of this study.

1 Introduction

Gold-based nano-particles find their use in many ad-

vanced technological applications!, including optoelectron-

2,3

ics 23, nano-medicine* and chemical sensors>. Reducing the

size of gold nano-particles and approaching the nm thresh-

t Electronic Supplementary Information (ESI) available: [TD-DFT optical
spectra calculated with B3LYP, M06-HF, and B-PBE functionals on model
GIC+L, TD-DFT spectra of PPh3 calculated employing 6-311++G**, 6-
311G, 6-31++G, 6-31G, and STO-3G basis sets are reported. A Table with
45 optical transitions is provided, as well as contour plots for 48 virtual and
occupied orbitals at the cam-B3LYP/6-31++G level of theory. ]. See DOI:

10.1039/b000000x/
¢ University of Modena an Reggio Emilia (UniMoRE), Dept. of Chemical and

Geological Sciences (DSCG), Via Campi 183, Modena, 41125, Italy. E-mail:

francesco.munizmiranda@unimore.it; alfonso.pedone @unimore.it

old, their behavior changes from prevalently metal-like to
molecule-like®’. At the single-digit nanoscale, the band gap
(or, more correctly, the HOMO-LUMO gap) can widen reach-
ing values exceeding 2 eV®. Thus, tailoring sizes and shapes
of Au-nanoparticles would allow a fine tuning of the elec-
tron conduction properties 19, greatly benefiting their use in
opto-electronics. Due to the inherent tendency of nano-gold
to aggregate (so called “aurophilicity”'"1?), most gold nano-
particles are protected by an organic coating, usually consti-
tuted by phosphines '3, thiols'4, or both!3. The organic lig-
ands and their interactions with the inner metal cores play an
important role in determining the three-dimensional structure

of gold at the nano-scale.
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Furthermore, it has been very recently observed that
also the electronic properties of the gold cores are affected
and modulated by the organic environment that surrounds

them, 16:17

particularly if the latter is composed by aromatic
molecules, like, for example, triphenylphosphines and thiopy-
ridines. Very recently Wu and Jin'® provided clues of a
conjugation between m-aromatic and gold electrons in the
Auj(PPh3)sBr; nano-cluster (NC), on the basis of pecu-
liar NMR and UV-Vis observed signatures. Wu and Jin'®
assigned the Auj;(PPh3)gBrs observed bands to the PPhs
molecule, and explained the red-shift of these bands as due to
the aforementioned conjugation between aromatic 7 electrons
and the metal electrons. The same authors also investigated
the effect played by aromatic ligands on the fluorescence of
metal nanoparticles.!” They found that surface ligands bound
through sulfur atoms can influence the fluorescence by (i) es-
tablishing charge-transfer transitions from the ligands to the

gold core and (ii) directly donating delocalized electrons of

rich atoms or groups of the ligands to the metal core.

Therefore, understanding the effect of the nature and
strength of the interactions arising between the gold surfaces
and the protecting organic molecules on the optical proper-
ties of Au-based NCs is becoming fundamental and urgent for
designing luminescent metal/organic particles for promising

optoelectronic and nanomedicine applications. '3.

Steady-state and time-resolved UV-Vis spectroscopies are
valuable tools to investigate structure and dynamics of gold
nano-particles and their organic-metal inter-phases. However,
the subtle interplay of several different competing effects act-
ing at different length and time scales makes the interpretation

of such spectra quite difficult. Theoretical investigations based

on accurate density functional theory (DFT) and time depen-
dent (TD) DFT calculations!® allow a detailed characteriza-
tion of ground and excited state properties of medium to large
-sized molecules, (e.g. Refs. 20-23) metal nano-particles
(e.g. Refs. 24-30) and hybrid organic-inorganic structures
(e.g. Refs. 6,31-42). Thus, it is possible to dissect the UV-
Vis spectra in all their contributions and investigate, in an
unbiased way, the effects due to the organic protection onto
the optoelectronic features of Au-based NCs containing a few

hundreds of atoms.

In this paper, a systematic study of the origin of the
electronic transitions of two undecagold-based NCs (viz.
Auj((PPh3);Cl3 and Auj;(PPh3)7(SPyr);), whose structure
has been experimentally determined, will be carried out by
means of TD-DFT calculations with GGA, hybrid, and range-
corrected hybrid exchange-correlation functionals. Moreover,
in order to understand if and how the electronic properties and
optical spectra are due to the organic ligands, as hypothesized
in previous experimental investigations '°, the analysis of the
contributions of different moieties of the coating will be pre-

sented.

2 Undecagold nanoclusters

To the best of our knowledge, no cluster of the type Auy;
(PR3),, X, (with n,m integers, R an aromatic group and X an
halogen atom or a thiol group) has both its X-ray resolved
structure and electronic spectrum available in literature, ex-
cept for Aujj(PPh3);Cl3%3, hereafter referred as “NC1”. The
X-ray resolved geometry of Au;;(PPh3); (SPyr)s (hereafter

referred as “NC2”) is also available in literature**. These two

2| Journal Name, 2010, [vol]1—15
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NCs have similar metal cores, and differ mainly for their coat-
ing. Undecagold clusters with these stoichiometries were ra-
tionalized by Provorse and Aikens?® within the “superatom”
conceptual framework®. Defining n*, the delocalized electron

count for a closed-shell superatom complex, as
n'=0NV)a-W-q , ey

with N and v the total number and the atomic valence of
Au atoms, respectively, W the total number of monovalent
electron-withdrawing group bound to gold atoms (Cl atoms
in the case of NC1, SR groups in the case of NC2), and ¢
the overall charge of the complex in units of |e| (in these
cases, zero), n* gets a value of 8 for the NCs investigated
here. A count of 8 delocalized electrons is correlated to a
particular stability for approximately spherical particles, ide-
ally resembling the closed shell of noble gases. The exper-
imental UV-Vis spectrum® of Auy(PPh3);Cl; is very simi-
lar to the one reported by Wu and Jin'® for Auj;(PPh3)gBr3,
showing two peaks at ~ 316 and 406 nm and a (almost un-
noticeable) shoulder between 450 and 550 nm*3, thus being
a very reasonable test case to investigate computationally the
extent of the assumed conjugation ' in phosphine-protected

undecagold NCs.

3 Computational Methods

All TDDFT calculations have been performed by using the
Gaussian09 package.* Four exchange-correlation func-
tionals, namely the GGA B-PBE functional that combines the
B884® exchange and the PBE*’ correlation functionals, the
widely employed global hybrids B3LYP*84° the M06-HF*°,

as well as the range-separated hybrid cam-B3LYP>! have been

employed to simulate the absortion spectrum of NC1. Instead,
we employed just the cam-B3LYP functionals for NC2.

We anticipate that three functionals (viz. cam-B3LYP,
B3LYP, M06-HF) yield similar TDDFT spectra for each
model of NC1, differing essentially only for the position of the
two peaks on the wavelength scale, with B3LYP providing the
best positions accuracy in reproducing the wavelength of the
peaks. B-PBE yields a slightly different spectrum shape. Due
to the fact that cam-B3LYP usually better reproduces charge-

transfer transitions 23

, only spectra simulated with this func-
tional (on 200 Sy —S,; transitions) are reported here for sake of
clarity. Fig.S1 of the ESI shows results obtained with B3LYP,
MO06-HF, and B-PBE (on 100 transitions) on NC1, along with
discussion regarding the other tested functionals.

The computed spectra reported here are shifted by +50 nm,
in order to better match the experimental spectra of NC1. The
spectrum translation in the wavelengths domain is a widely
employed procedure to ease comparison with the experiment
(see for example Ref. 22,54,55). This wavelength transla-
tion results in a non-linear scaling of the energies. We notice
that the scaling of frequencies (linear and non-linear) is also
a widely adopted procedure in reporting computed vibrational
spectra’®>°. The wavelengths have not been shifted in Table
2, nor in the ESI.

The adopted pseudo-potential for gold atoms is an improved
version® of the commonly used small core LanL.2DZ (here
referred to as “mod-Lanl.2DZ”) with added optimized n+1
|p) states to the basis set, imported in the calculations through
Basis Set Exchange®'. These computational choices were pre-
viously validated by benchmarking more than 20 functionals

and 5 pseudo-potentials on three gold NCs (two of them being

This journal is © The Royal Society of Chemistry [year]
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NC1 and NC2)3¢. The solvent in which the optical experimen-
tal spectrum of NC1 has been acquired (dichloromethane) has
been simulated with a linear response polarizable continuum
model®?. Dichloromethane is also the solvent used for the
cyclic voltammetry measurements on NC2. Since the number
of atoms of the full NC is very large (>250) for excited-states
investigations, test TD-DFT calculations have been performed
in order to choose the optimal basis set for PPhs, as reported in
Fig.S2 of the ESI. The 6-31++G basis set represents the best
compromise between accuracy and computational costs, and
has been subsequently adopted in all the calculations reported
here on simplified models for C and H atoms, while for P and
ClI atoms two polarization functions have always been added
(i.e. for them 6-31++G(d,p) has been employed). To simulate
the full NCs, the smaller 6-31G basis set had to be adopted for

C and H atoms to make computations feasible.

4 Results and Discussions

4.1 Models and Spectra

To dissect the electronic spectrum of NC1 into its components,
five basic models (Fig.1, left panel) have been set up starting

from its experimental three dimensional geometry.
1. isolated PPhs, the organic ligand [L];

2. Au;1(PH3)7Cl3, hereafter referred as the “Gold Inner

Core” [GIC];

3. Au;(PH3)¢PPh3Cl3, the Gold Inner Core with one ex-

plicit ligand molecule [GIC+L];

4. Au;1(PH3)¢PPh3Cl; with Mulliken charges (obtained

from full NC calculations with 6-31G basis set adopted

for the C and H atoms) for all atoms of the other 6 miss-
ing organic ligands, with exception of the C atoms sub-

stituted by H atoms of the PH3 groups, [GIC+L+Q];

5. Auj;(PH3)s5(PPh3),Cl3, with two PPh3 adjacent ligands

[GIC+2L].

6. full NC

On each of these models, TD-DFT calculations have been
performed to obtain the UV-Vis spectrum of NC1, as reported
in Fig.2 (panels A-E); panel F of Fig.2 also shows calculations
performed on the full NC1 with the reduced basis set, and in
panel G the experimental spectra®? are reported as reference.

The stick spectra in Fig.2 give a better view of transitions
density and intensity, while their convolutions with Gaussian
functions provide results more easily comparable to experi-
mental data (blue lines).

The main bands of the isolated PPhs (panel A of Fig.2) are
~ 100 nm far from those of the other models (panels B-F), a
striking feature of these model spectra. Moreover, the shape
and position of the bands (denoted with blue lines) of the mod-
els which include the gold core (panels B-F) are very similar
among them: the higher energy peak (i.e. the peak found at
shorter wavelengths) is somewhat slightly modified passing
from the GIC model (panel B) to the GIC+L model (panel C),
albeit the lower energy band seems largely unaffected. On the
contrary, transitions at shorter wavelengths are rearranged in
energetics and intensity by adding a ligand to the GIC model
(GIC+L model, panel C), but adding a second ligand to ob-
tain model GIC+2L (panel E) induces only minor changes.
Also the addition of the Mulliken charges of the other ligands

(model GIC+L+Q, panel D) seems to have only minor effects,

4| Journal Name, 2010, [vol]1—15
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Fig. 1 The structural models adopted here to investigate NC1 (left) and NC2 (right). Acronyms are explained in the text. The picture has been generated

adopting the standard CPK color scheme (H is white, C is gray, N is blue, Cl is green, P is orange, S is bright yellow, Au is dark yellow). Positions of the partial

charges for NC1 (model GIC+L+Q, bottom left) are represented by blue dots.

both on spectra and transitions. While the 6-31++G basis set
has been chosen to better reproduce the PPhj3 spectrum, calcu-
lations employing smaller 6-31G basis set for triphenylphos-
phine ligands (panel F) give rise to a spectrum whose shape
and transitions are very similar to that of the GIC+2L model
(panel E) and in excellent agreement with the experimental
one, since it reproduces correctly the two main peaks as well
as the tail at longer wavelengths. The computed spectra of the
undecagold-based models (panels B-F) and of PPh3 (panel A)
yield results that can be easily compared to the experimental
ones (panel G, magenta line and green line for NC1 and PPhs,

respectively). It appears that the electronic spectrum of this

NC is mainly due to its metal core, at least in the A >300 nm
range, which corresponds to the experimental range*’. The
effects induced by the organic coating seem to be of only sec-

ondary relevance.

Calculations on NC2 were limited to its corresponding
GIC, GIC+L, and full NC models. In this case, L still refers
to PPh; (whose effect is the primary interest of this paper), yet
the GIC+L model retains a complete SPyr ligand because pre-
vious computations suggest that SPyr can establish with PPh3
m-stacking interactions *®. Analogous behavior is observed for
NC2. In fact, even for Auj;(PPh3)7(SPyr); the GIC, GIL+L

and full NC2 models provide very similar energetics and band

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 (A) Calculated electronic spectrum on L, (B) on GIC, (C) on GIC+L, (D) on GIC+L+Q, (E) on GIC+2L, and (F) of the full NC1 (with 6-31G basis
set for C and H atoms); (G) experimental spectrum of NC1 [Ref. 43] in toluene (magenta) and of PPhs [Ref. 16] in CH,Cl, (green). Blue lines represent the
UV-Vis spectra of the different models obtained from the convolution of 200 Sy —S,, transitions (red sticks) with Gaussians of half-width at half-height of 0.25
eV. Wavelengths obtained for the calculated spectra (panel A-F) are shifted of +50 nm to super-impose them with the experimental counterparts (panels G); the

computed values are reported in Table 2. Computations have been carried out at the cam-B3LYP/6-31++G level of theory.
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Fig. 3 (A) Calculated electronic spectrum on L, (B) on GIC, (C) on GIC+L, and (D) on the full NC2 (with 6-31G basis set for C and H atoms); Blue lines

represent the UV-Vis spectra of the different models obtained from the convolution of 200 So —S,, transitions (red sticks) with Gaussians of half-width at

half-height of 0.25 eV. Wavelengths obtained for the calculated spectra (panels A-C) are shifted of +50 nm in analogy to Fig. 2; the computed values are

reported in Table 2. Computations have been carried out at the cam-B3LYP/6-314++G level of theory.

shapes (Fig.3), despite the presence of SPyr ligands in place
of Cl atoms. Figure 4 compares the absorption UV-Vis spec-
tra of the two full NC models. The substitution of CI ions
with the thiopyridine ligands leads to redshifts of ~20 and ~5
nm for the main absorption bands at lower and higher energy,
respectively. Concerning the optical gap (i.e. the first opti-
cal transition 63), that of NC2 is red-shifted of about ~60 nm
(corresponding to ~0.4 eV) with respect to NC1 and it seems
to be correlated to the charge of the gold inner core. In fact,

the metal core of the full NC1 is less negatively charged3®

than that of the full NC2 of more than +0.8|e| (as computed

% |e| being the unsigned charge of the

from Hirshfeld charges
electron), probably due to the greater electronegativity of Cl
atoms with respect to SR groups. This results in a more stable
HOMO state for NC1 (E"OMO(NC1)—EHOMONC2)= —0.83
eV at cam-B3LYP level of theory). Also the LUMO of NC1
is lower in energy than the LUMO of NC2, but this effect
is smaller (E“UMO(NC1)—E""™MO(NC2)= —0.27 eV at cam-
B3LYP level of theory), thus resulting in an estimated net
shrinking of the gap of NC2 of ~0.56 eV, in qualitatively

agreement with the energy redshift of ~0.4 eV previously dis-

cussed. The shrinking of the optical gap is observed only for

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-15 |7



Physical Chemistry Chemical Physics

T T T T T T T T T T T T T L —

Absobance / arb. units

I [ T R R h
200 300 400 500
wavelength / nm

T RO
600 700

Fig. 4 Comparison between the computed spectra of full NC1 (blue line)
and NC2 (red line). Each spectrum is the convolution of 200 So —S,,
transitions with Gaussians of half-width at half-height of 0.25 eV.
Wavelengths are shifted of +50 nm in analogy to Fig. 2; the computed values
are reported in Table 2. Calculations have been carried out at the

cam-B3LYP/6-31++G level of theory.

Full NC models because for the simplified GIC models of
NC1 and NC2 the computed optical gaps are indeed much
closer (difference between them <0.1 eV) and the NC1 metal
core is more positively charged®* than the NC2 metal core of

less than +0.3|e|, as reported in Table 1.

The thiol ligands also somewhat affect the electronic Den-
sity of States (DoS), resolved per atomic components with
the Multiwfn software® and here summarized by follow-
ing Figure 5. With this procedure, it is possible to sort out
the contributions due to the core and the ligands. As can be
appreciated, both the total DoS and its atomic components are
largely superimposable for NC1 and NC2. The virtual orbital
zone (energy > 0) is very similar between them, and also the
components due to Au, P, and the rest of organic ligands (C,
H, and possibly N atoms for NC2). Still, some differences due

to Cl and S atoms can be pointed out. CI atoms contribute to

some low energy bands in NC1 (<18 eV), which are absent in
NC2, while the effect of the S atoms in NC2 seems more rele-
vant because it occurs near the HOMO-LUMO gap (centered
at 0 eV in Fig. 5). In fact, while in NC1 a small gap is present
among the occupied orbitals DoS (at ~-3.5 eV), this gap is
absent in the NC2 DoS due to the contribution of S atoms. In
particular, the small peak at ~3.5 eV of the NC2 DoS is due to
the |/ = 1) orbitals of S atoms, absent in NC1, which therefore
help closing the gap.

Albeit the nature of the ligands (SPyr vs Cl) affects the
charge of the metal core, and, thus, the position of the peaks
in the optical spectra, the similarity between the absorption
spectra of GIC and full NC models suggest that the spectra is
dominated by Metal—Metal transitions.

Therefore, the conjugation between aromatic 7-electrons
and metal electrons, advocated by Wu and Jin'® to explain
the spectra of Auj;(PPh3),X3 clusters in terms of a shifting
of electronic transitions involving ligands, is not observed in
the NCs studied here. However, even if of secondary impor-
tance, some small effects due to the coating are observable in

the computed spectra.

4.2 Energetics of the Transitions

The analysis of the DFT-computed molecular orbitals involved
into the various optical transitions for the model GIC+L of
both clusters has been carried out to investigate the effects of
ligand—ligand, metal—ligand and ligand—metal transitions.
Table 2 lists the features of the 8 more significant Sg —S,,
transitions (of the 200 investigated in this work) of the GIC+L
model of NC1 (higher panel). The Kohn-Sham molecular or-

bitals interacting in these transitions are represented as con-

8| Journal Name, 2010, [vol]1—15

This journal is © The Royal Society of Chemistry [year]

Page 8 of 15



Page 9 of 15 Physical Chemistry Chemical Physics

— total DoS
Au

— P

— Cl

electronic Density of States

-14 12 10 8 6 4 -2 0 2 4 6 8
energy / eV

AW
-18 -16

Fig. 5 Total and partial Density of electronic States for the full NCs. The center of the band gap has been set to 0 eV for clarity porpuses. Calculations were

performed at the cam-B3LYP/6-31++G level of theory.

GIC model Full NCs
NC1 NC2 NC1 NC2
Auyy -1.048 -1.319 -1.276 -2.079
P +0.327 +0.302 +0.352 +0.294
S — -0.264 — -0.236
Cl -0.414 — -0.401 —

Table 1 Partial average Hirshfeld charges of some selected elements for GIC and full NC models of NC1 and NC2 in unsigned electron charge (i.e. |e|). The

charge of Auj; is the sum of all metal charges. Computations have been carried out at the cam-B3LYP/6-31++G level of theory

tour plots in Fig.6. As can be observed, at low energies (<4.5
eV, corresponding to the longer wavelength band of Fig.2)
the transitions involve only orbitals localized on the metal
core, with some contributions of P and CI atoms. No signif-
icant contribution due to the aromatic molecules is apparent
and only GIC—GIC transitions are found. Only at energies
>4.80 eV (corresponding to the shorter wavelength band of

Fig.2) GIC—L charge transfer bands start appearing, as in

case of the transition =68, which is also one of the most
intense in this range of observed energies. Some small contri-
butions from L—L and L—GIC excitations occur for transi-
tions n=144 (5.44 eV) and n=170 (5.60 eV), respectively. In
particular, a small contribution (CI coefficient =0.10) to the
144" excited state is given by the transition between the or-
bitals HOMO-25 (orbital #228) and LUMO+8 (orbital #262),

both localized on the ligand molecule. This transition is blue-

This journal is © The Royal Society of Chemistry [year]
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NC1
n (occ.orb.| — |virt.orb.) CI coeff. osc.str. (-1014) energy/eV Amm
1 HOMO — LUMO +0.65 41 291 426
13 HOMO-2 — LUMO+3 +0.34 1971 3.48 357
14 HOMO-2 — LUMO+4 +0.46 1713 3.57 347
15 HOMO — LUMO+4 +0.42 2903 3.58 346
15 HOMO-2 — LUMO+3 -0.39
40 HOMO-3 — LUMO+3 +0.29 1436 4.46 278
68 HOMO — LUMO+10 +0.37 701 4.83 256
68 HOMO — LUMO+11 +0.26
144% HOMO-25 — LUMO+8 +0.10 158 5.44 228
170% HOMO-26 — LUMO -0.11 450 5.60 221

NC2
n (occ.orb.| — |virt.orb.) CI coeff. osc.str. (-101%) energy/eV Amm
1 HOMO — LUMO +0.65 42 2.51 495
11 HOMO-2 — LUMO +0.54 2418 3.25 382
12 HOMO-2 — LUMO+2 +0.41 2202 3.34 372
13 HOMO-2 — LUMO+1 +0.35 2596 3.36 369
52 HOMO-2 — LUMO+6 +0.18 803 4.27 290
65 HOMO-1 — LUMO+13 +0.22 1058 4.42 280
67 HOMO-1 — LUMO+12 +0.33 936 4.46 278
75 HOMO-12 — LUMO+1 0.26 1684 4.60 270
77 HOMO-3 — LUMO+9 0.20 984 4.62 268
80 HOMO-9 — LUMO+2 0.29 1546 4.65 267

T These orbital pairs are reported due to their significance for the discussion even if

they are not the main contributions to transitions n=144,170 of the spectrum of NCI.

Table 2 Selected optical Sg —S,, transitions of GIC+L model and their orbital contributions for NC1 and NC2. The table lists the transition number (1), the
occupied (occ.orb.) and virtual (virt.orb.) orbitals involved into the transitions, their relative contribution (CI coeff.), oscillator strengths (osc. str.), energies
(energy), and corresponding wavelengths (4). Calculations are performed at the cam-B3LYP/6-31++G level of theory. Full details for 45 most significant

transitions of NC1 can be found in Table S1 of the ESI.

10| Journal Name, 2010, [vol], 1-15 This journal is © The Royal Society of Chemistry [year]
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LUMO+4
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Fig. 6 Contour plots of the orbitals involved in the transitions of NC1 described in Table 2, computed at the cam-B3LYP/ 6-31++G level of theory. Blue color
denotes the negative part of the DFT wavefunction, while red denotes the positive part. The underlying molecular skeleton is fixed and shown from the same
point of view for better clarity, adopting the standard CPK color scheme. A more detailed description of the shape of 24 virtual and occupied orbitals can be

found in Figures S5 and S6 of the ESI.

shifted of 8 nm and shows a very small oscillator strength Moreover, the excited state n=170 presents a small contribu-

compared to the first transition of the isolated PPh; molecule. tion (CI coefficient=-0.11) given by the transition between the

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-15 | 11



Physical Chemistry Chemical Physics Page 12 of 15

Fig. 7 Contour plots of the orbitals involved in the transitions of NC2 described in Table 2, computed at the cam-B3LYP/ 6-31++G level of theory. Blue color

denotes the negative part of the DFT wavefunction, while red denotes the positive part. The underlying molecular skeleton is fixed and shown from the same

point of view for better clarity, adopting the standard CPK color scheme. A more detailed description of the shape of 24 virtual and occupied orbitals can be

found in Figures S5 and S6 of the ESI.

HOMO (orbital #253) and LUMO+22 (orbital #276, reported
in Fig.7) that are localized on the gold core and on the PPhj
molecule, respectively. However, it has to be highlighted that

these two types of transitions occur only very sporadically in

the range of energy investigated here, and that never consti-
tute the main contribution to any absorption peak (red sticks
of Fig.2). A much more detailed analysis is reported in Table

S1 and Figures S5 and S6 of the ESI.

12| Journal Name, 2010, [vol], 1-15

This journal is © The Royal Society of Chemistry [year]



Page 13 of 15

Physical Chemistry Chemical Physics

The interacting orbitals giving rise to the main optical ab-
sorption bands of NC2 (Table 2, lower panel) are reported in
Fig.7. Most observations done for NC1 are still valid for NC2:
in particular, most of the spectrum is due to GIC—GIC tran-
sitions, with the first GIC—L charge transfer state (n=52)
found at 4.27 eV. This latter energy value is about 0.53 eV
lower than the corresponding GIC—L absorption peak of
NCI1, which is similar to the aforementioned red-shift of
~0.56 eV observed on the HOMO-LUMO energy difference
of NC2. It should also be pinpointed that some high energy
transitions (>4.6 eV) occur between states that have a non-
negligible electronic density on SPyr toward the PPhs ligand

(e.g. state n=T77).

5 Concluding Remarks

The main optical features of Au;;(PPh3);Cls have been cor-
rectly reproduced at increasing levels of sophistication of the
model (inner core, addition of ligands, effect of the point
charges) and the computational procedures adopted (function-
als, basis sets for the ligands). In this way, each effect has
been taken into account in order to provide a more realistic
picture of the interactions occurring in the nano-cluster. The
electronic properties of Auj;(PPh3);SPyr3 have been also in-
vestigated finding many similarities with the previous cluster,
besides a more negatively charged metal core and a red-shift
of the whole optical spectrum, which suggests that ligands in-
duce mainly a sort of small “solvent effect” on the electronic

spectra.

It appears that the optical spectra of undecagold nano-

clusters are mainly due to transitions localized on metal atoms,

and the atoms directly bound to them (P, Cl, and S). The opto-
electronic effects due to the triphenilphosphine and thiopyri-
dine ligands are negligible in first approximation, giving some
(minor) contributions only to the higher energy band. In par-
ticular, ligand—ligand transitions are not observed in the Vis
region of frequencies, and only sporadically in UV region,
contrary to what has been previously reported in literature 6.
The conjugation between 7-electrons of the aromatic ligands
and metal electrons might occur out of the Vis region, and the
experimental peak at ~320 nm cannot be explained as due to
an hypothesized red-shift of triphenilphosphine bands. In fact,
the most relevant features of the spectrum can be reproduced
also excluding the aromatic part of the ligand from the calcu-

lations.

The approach adopted here has been shown to be valuable to
dissect optical spectra of hybrid metal-organic nano-particles,

and can be extended to larger nano-systems.
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