COMMUNICATION

JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Electronic and Vibrational Signatures of the Au,y,(p-MBA)44 Cluster
Eero Hulkko, Olga Lopez—Acevedo,* Jaakko Koivisto,” Yael Levi-Kalisman,” Roger D. Kornberg,* Mika Pettersson,”"

and Hannu Hakkinen®"®

"Nanoscience Center, Department of Chemistry, P.O. Box 35, FI-40014 University of Jyvaskyla, Finland
*Department of Structural Biology, Stanford University School of Medicine, Stanford, California 94305, United States
SNanoscience Center, Department of Physics, P.O. Box 35, FI-40014 University of Jyvaskyla, Finland

eSupporting Information

ABSTRACT: Optical absorption of a gold nanocluster of
102 Au atoms protected by 44 para-mercaptobenzoic acid
(p-MBA) ligands is measured in the range of 0.05—6.2 eV
(mid-IR to UV) by a combination of several techniques for
purified samples in solid and solution phases. The results are
compared to calculations for a model cluster Au;o,(SMe) 44
based on the time-dependent density functional theory in
the linear-response regime and using the known structure of
Au,0,(p-MBA) 4. The measured and calculated molar ab-
sorption coefficients in the NIR—vis region are comparable,
within a factor of 2, in the absolute scale. Several character-
istic features are observed in the absorption in the range of
1.5—3.5 eV. The onset of the electronic transitions in the
mid-IR region is experimentally observed at 0.45 £ 0.05 eV
which compares well with the lowest calculated transition at
0.5S eV. Vibrations in the ligand layer give rise to fingerprint
IR features below the onset of low-energy metal-to-metal
electronic transitions. Partial exchange of the p-MBA ligand
to glutathione does not affect the onset of the electronic
transitions, which indicates that the metal core of the cluster
is not affected by the ligand exchange. The full spectroscopic
characterization of the Au;g,(p-MBA),4 reported here for
the first time gives benchmarks for further studies of
manipulation and functionalization of this nanocluster to
various applications.

hiol-stabilized gold nanoclusters are robust particles that are
currently under intense research owing to their fascinating
size-dependent electronic, optical, chiroptical, photolumines-
cent, and bioconjugate proper‘cies.l'2 Recent total-structure
determinations of Au;g,(p-MBA)4,”> Auys(SPhC2),5 ,*° and
Auzg(SPhC2),,° clusters have shed light on the atomistic
structure of the gold—thiolate interface and the nature of the
surface-covalent Au—S bond. All these clusters have molecule-
like electronic structures, with a stabilizing HOMO—LUMO gap
that can be correlated to observed optical and/or electrochemical
gaps.” Density functional theory has yielded insights into the
electronic structure of these particles and has given predictions
on their apparent energy gaps and specific shell closings of
delocalized electrons in the gold core.”*™"?
Among the “generations”® (stable sizes) of the thiolate
protected gold clusters in the mass range of 5—29 kDa, the
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cluster with the gold mass of about 21 kDa attracted special
attention when the total-structure-determination of its water-
soluble variant synthesized by using p-MBA thiols succeeded in
2007, yielding a definite assignment as Aujg,(p-MBA),4.> The
analysis of the structure revealed a central decahedral Au,g core
protected by 19 RSAuSR and 2 RS(AuSR), units (Supporting
Information Figure $1).>° Earlier computations by using density
functional theory had predicted bonding motifs and composi-
tions where Au” atoms form the metallic core and Au' atoms are
chemically bound in the protecting thiolate layer."*

Experimental data on optical or electrochemical gap of this
cluster has not been available, mainly due to the fact that it was
first obtained (and crystallized) from a mixture in which it was
present in a trace amount.”> However, a procedure that yields the
compound in abundant, essentially pure form was very recently
reported.> Here, we report, for the first time, a complete
spectroscopic characterization of pure Au,g,(p-MBA) 4, samples
in the spectral region of 0.05—6.2 eV (mid-IR to UV) by using a
combination of several techniques in solid and solution phases,
and study the electronic structure and electronic transitions by
linear-response time-dependent density functional theory (LR-
TDDFT). We will show the vibrational signatures of the p-MBA
layer in the mid-IR region, give a definite demonstration of the
quantum size effects in the electronic structure of this nanoclus-
ter by reporting the onset of electronic transitions in the NIR
region where the calculated and measured absolute molar
absorption agree quantitatively, and discuss signature features
of absorption in the VIS region. Furthermore, we show that
ligand exchange to glutathionate does not affect the electronic
structure of the Auyq core.

Auy0,(p-MBA),, was synthesized as recently described.”
Briefly, p-MBA and HAuCl, (3:1 ratio of p-MBA/gold) are
combined in water and 47% methanol at a final gold concentra-
tion of 3 mM as follows: To 3.94 mL of water, we add 5.64 mL of
methanol, 1.286 mL of 28 mM HAuCl, solution, and 1.134 mL
of 95 mM p-MBA, 300 mM NaOH solution. The mixture is kept
for 1 h at room temperature on a rocking platform. A total of 0.48
mL of 150 mM fresh NaBH, solution is added (2:1 ratio of
BH, :gold) and the reaction is allowed to proceed from a
minimum of 5 h to as long as overnight at room temperature.
The product is precipitated with ammonium acetate (80 mM
final concentration) and methanol (80% v/v) and the pellet
is then dissolved in a minimum amount of water. Further
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Figure 1. Absolute molar absorption coefficient of Au,g,(p-MBA),
(red curve) compared to the LR-TDDFT absorption spectrum of
Auj,(SMe) 44 (blue). Inset A shows the full data up to 6.2 eV and inset
B the baseline-corrected experimental spectrum in the region 1.5—3.5 eV.
The feature at 4.5 eV in A is attributed to the p-MBA thiol."® Signature
features in the vis range are labeled both in the experimental and
theoretical spectra. The error bars in the red curves are determined based
on estimation of uncertainty in concentration, optical path, and molar
mass of the sample.

purification to get rid of contamination of larger clusters if
formed is obtained by fractional precipitation with ammonium
acetate (0.12 M final concentration) and methanol (60% v/v).
The supernatant (pure Au;o,(p-MBA),,) is then precipitated as
described above and in ref 18.

Ligand exchange was performed by reacting equal volumes of
Auyg,(p-MBA) 44 and glutathione (100 mM final concentration)
for 1 hat 37 °C. Excess glutathione was removed by precipitation
with ammonium acetate and methanol (as described above) and
redissolved in water.

The liquid samples for spectroscopic experiments were pre-
pared by dissolving solid material in H,O or D,O (¢ = 0.020—3
mM). Dry samples were prepared by placing a drop of solution
on a CaF, window and letting the solvent evaporate leaving a thin
film of dry material on the substrate. For photoacoustic measure-
ments, the sample was dried in an aluminum cup. The spectra
from the solution were measured with an FTIR spectrometer
(Nicolet Magna 760) in the mid-IR to NIR region (1000—12
500 cm ') and with a UV/vis spectrometer (PerkinElmer
Lambda 850) in the 200—900 nm region. The dry samples were
measured in the mid-IR to NIR region (400—10 000 cm™ ') with
an FTIR in transmission geometry or by using a photoacoustic
detector (Gasera PA301).

Energy calculations and structure optimizations for the model
cluster Au;o,(SMe),y, starting from the crystal structure of the
Auygy(p-MBA),4,° were performed using the real-space finite-
difference DFT code GPAW.'® We used the outermost 11 ,6,and
4 electrons as valence for Au, S, and C, respectively. GPAW uses
the all-electron density, where the electrons are described using
the projector augmented wave (PAW) method in the frozen core
approximation. The PAW setup for Au(5d"°6s") valence config-
uration included scalar-relativistic effects. Exchange and correla-
tion effects were included through the Perdew, Burke, and
Ernzerhof (PBE) energy functional.'” The Kohn—Sham wave
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Figure 2. FTIR photoacoustic (A) and transmission (B) absorption
spectra of the solid Aujg,(p-MBA),, samples, compared to (C)
theoretical IR spectrum of a single p-MBA thiol and (D) LR-TDDFT
absorption spectrum of Au,g,(SMe)4,. The vertical gray line separates
the approximate regions of vibrational and electronic transitions. The
arrow indicates the lowest calculated electronic transition at 0.55 eV.

functions were expanded directly on a real space grid with a grid
spacing of 0.2 A. Optimizations of the considered structures were
performed until the maximal force was below 0.05 eV/A on any
atom. LR-TDDFT calculations used the local density approx-
imation for the kernel (with wave functions obtained from PBE).
To compare to experiment, the absolute molar absorption
coefficients were obtained by summing folded dipole moments
and oscillatory strengths as explained in refs 11 and 18. The
vibrational modes of a single p-MBA thiol were calculated from a
finite difference approximation of the dynamical matrix and the
IR intensities from a finite difference approximation of the
gradient of the dipole moment."

The absorption spectrum from the solution phase is shown in
Figure 1 between 0.25 and 3 eV together with the calculated
absorption spectrum. Inset A shows the data to 6.2 eV and inset B
shows a portion of the experimental spectrum for which a
baseline correction was done in order to highlight specific
spectral features (labeled I to IV) in the region 1.5—3.5 eV.
Measurement of this region with varying concentrations repro-
duced these features invariantly (see Supporting Information
Figure S2). The overall agreement between the experimental and
calculated spectrum up to 3 eV is nearly quantitative. The
absolute molar absorption coefficient matches within a factor
of 2 and the signature features in the 1.5—3.5 eV region are
reproduced by the calculation (also labeled as I to IV). Both the
experimental data and calculations indicate a band gap near
0.5 eV.

In spectra of liquid solutions, the solvent absorptions may mask
the onset of the electronic transitions. To rectify this problem, the
spectral region of the expected band gap was studied in more detail
from the dry samples by using the FTIR. The experimental spectra
are shown in Figure 2 together with the calculated absorption
spectrum. Spectrum A was measured by the photoacoustic
method, and spectrum B by FTIR in the transmission geometry
from a thin film. Both data sets give a consistent result for the onset
of electronic absorption at 045 % 0.05 eV. More accurate
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Figure 3. Comparison of IR absorption of the pure Au,,(p-MBA) 4,
(A and B) and glutahionate-exchanged Au,; clusters (C and D) in the
mid-IR to NIR region. Data sets A and C originate from photoacoustic
measurements and B and D are from transmission FTIR.

determination is hindered by the strong broad vibrational absorp-
tion feature around 0.4 eV. The absorption threshold is in a very
good agreement with the calculation that predicts the lowest
transition at 0.55 eV (spectrum D). Taking into account the
bandwidth of the transition, the agreement with the experiment is
excellent. Thus, we are able to establish here the onset of electronic
absorption for the Au;g,(p-MBA),, cluster, unambiguously, for
the first time.

The broad absorption feature at 0.3—0.45 eV region con-
tains contributions from various vibrational transitions
(Figure 2). The C—H and O—H groups of the ligand absorb
in this region. In addition, some water is adsorbed on the
clusters and various hydrogen bonding structures between
water and carboxylic groups probably contribute to the broad
bandwidth. Evidence of adsorbed water was obtained by
observation of reversible changes in the band shape upon
IR-irradiation in dry air atmosphere or upon pumping the
sample to vacuum (Supporting Information Figure S3). The
complicated structure with narrow peaks in the region 0.05—
0.2 eV is due to vibrational fingerprint of the p-MBA ligand
shell. Both transmission and photoacoustic spectra are similar
in this region. Theoretical IR intensities for a single p-MBA
thiol are shown in Figure 2 (data set C) and shown to match
with the main experimental features in data sets A and B (see
also Figure S4).

The ground state electronic structure of Au;,(SR)4, (with
SR = SMe or SR = p-MBA) has already been discussed before in
the context of the superatom electronic structure model.*” It was
shown that the electronic structure is stabilized by an opening of
an energy gap (HOMO—LUMO gap) of ~0.5 eV at the shell-
closing after 58 delocalized electrons in the gold core. The
current data confirms this theoretical picture. The theoretical
analysis (details shown in Figure SS) reveals that the lowest
energy transitions just after the onset have predominantly Au-
(6sp) to Au(6sp) intraband character, with the onset of strong
contributions from the Au(Sd) band around 1.7 eV. This is
consistent with earlier data on alkylthiolate-passivated Au clus-
ters with core masses of ca. 14 kDa (70 Au atoms), 28—29 kDa
(140—150 Au atoms), and 66 kDa where a “deflection point”

(clear increase in the slope of the molar absorbance coefficient vs
excitation energy) has been reported around 1.5—1.6 eV and
interpreted as the onset of interband Au(Sd) to Au(6sp)
transitions.'® Thus, it is interesting to note that the clusters even
below 2 nm have the position of the upper edge of the Au(5d)
band consistent with the band structure in the bulk.”’ However,
finite-size effects are still manifested by the calculated and
measured optical band gap of about 0.5 eV.

It is interesting to note here that no discernible HOMO—
LUMO gap is reported from the electrochemical studies for the
slightly larger nanocluster with 140—150 Au atoms,” which
agrees with the theoretical determination of the electronic
structure of the model cluster Auj.(SR)go.>" Consequently,
the possible (meta)stable cluster sizes between Au, o, and Au; 40—
150 should be interesting regarding the detailed studies of the
disappearance of the band gap.

Figure 3 shows solid phase FTIR data on the pure Au,g,(p-
MBA),, (upper curves A,B) compared to partially glutathionate-
exchanged Auy, cluster (lower curves C,D). Three main ober-
vations can be done: (i) differences in the vibrational spectrum
confirm that ligand-exchange has occurred; (ii) the onset of
electronic absorption is not affected by the ligand-exchange,
indicating that the electronic shell structure of the Ausq core is
not affected; and (iii) the ligand-exchange is not complete as
evidenced by the remaining strong peaks characteristic of
p-MBA.

The full spectroscopic characterization of Au;g,(p-MBA),,
and Au,o,(p-MBA) 44(SG), clusters facilitates further spectro-
scopic studies. The existence of the electronic band gap at about
0.5 eV suggests the possibility for luminescence in the IR
region.”” Rapid relaxation within the electronic manifold facil-
itates Raman spectroscopic studies as a further probe. Theore-
tical advancements shown here demonstrate the power of the
LR-TDDFT to reliably yield absolute molar absorption coeffi-
cients for thiolate-protected gold clusters in a scale fully compar-
able to experiments.
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