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ABSTRACT: We report the first hyperpolarizability of the [Au,,(PP;),]Cl, cluster
(PP;: tris(2-(diphenylphosphino)ethyl)phosphine) using the Hyper-Rayleigh Scatter-
ing technique. This is the first determination of nonlinear optical properties of a
phosphine-protected “superatomic” gold cluster. Weak contributions of multiphoton-
excited fluorescence were observed in the spectral dispersion of the generated light
upon excitation at 1300 and 1064 nm. The first hyperpolarizability of the intrinsically
chiral cluster is weaker than that of thiolate-protected gold clusters of similar size and

inherent chirality.

B INTRODUCTION

Monolayer-protected metal clusters (MPCs) bridge the gap
between small molecules and complexes containing only a few
metal atoms and larger, metallic nanoparticles composed of
thousands of metal atoms. MPCs typically contain several tens
to a few hundred metal atoms.’ Among MPCs, thiolate- and
phosphine-protected gold clusters have been given the most
attention, because of their exceptional stability in solution.
Significant advances in synthesis,z’3 isolation,"™® character-
ization,”® and structure determination have been made in the
past decade.””'® Their stability can be explained by
delocalization of the valence electrons of the metal atoms
(6s' in the case of gold) and formation of “superatom
complexes”.'” MPCs bear potential for applications in
catalysis'® and sensing'”*” and are ideally suited to study the
emergence of the metallic state using bottom-up principles.
In 2003, Li et al. characterized a tetrahedral Au,, cluster in
the gas phase.”’ Subsequently, attempts have been made to
prepare a ligand-protected analogue of this compound in
solution.”” Phosphine ligands were chosen, since thiolate
ligands would alter the geometry and electronic structure of
the parent TjAu,, cluster. Phosphine ligands are generally
regarded more “innocent” in this respect. While mass
spectrometry reveals the successful synthesis of clusters
composed of 20 Au atoms and 4 (or 8) phosphine ligands,
the structure of the cluster was not revealed by single-crystal X-
ray crystallography. Substitution of two of the phenyl groups in
triphenylphosphine by 2-pyridyl (bis(2-pyridyl)-phenylphos-
phine, PPhpy,) yields a 20-atom cluster as well. The structure
of this cluster, [Au,y(PPhpy,),oCl,]CL,, was solved by single-
crystal structure determination and features a rodlike core.”®
The electronic structure of this cluster can be understood by

-4 ACS Publications  © 2016 American Chemical Society

“superatomic bonding” of two 7-electron units (each of which
being one electron short of the closest magic number, 8).>* The
formation of a rodlike structure (in contrast to the tetrahedral
structure observed in the gas phase and assigned to the
[Au,,(PPh,),]** compound) is ascribed to interaction between
the cluster core and the N atoms of the pyridyl groups. Thus,
the ligand structure can have significant influence on the cluster
structure.

Recently, the crystal structure of the [Au,,(PP;),]Cl, cluster
(1) (PPj: tris(2-(diphenylphosphino)ethyl)phosphine) was
determined independently by Wan et al.”> and Chen et al.*®
In this case, the ligand is tetradentate. The cluster features a
remarkable arrangement of the Au atoms, which form a
centered icosahedron with a triblade Au, ad-motif (Figure 1).
This ad-motif bestows chirality to the cluster. Since the ligand is
achiral, the cluster is obtained as racemate, and the separation
of its enantiomers has not been achieved to date. The electronic
structure of 1 was explained as a 16-electron superatom
complex,”” with a superatomic orbital occupation of 1S* 1P°
1IDS 2S% The 1D orbitals are nondegenerate under the
influence of the C; symmetry Au,, core of the cluster, and
the 28 level is stabilized.

Little is known about the nonlinear optical (NLO) properties
of ligand-protected noble-metal clusters. Thiolate-protected
gold clusters were identified as efficient two-photon absorb-
ers.”¥?’ Open-aperture z-scan measurements suggest a
transition from molecule-like to plasmonic behavior in the
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Figure 1. Structure of the [Auyy(PP;),]*" cluster. Coordinates are extracted from ref 25. (A) Arrangement of the Au atoms; the central atom is
shown as a large sphere. The Au, ad-motif is right-handed in this case. (B) Au,P;s framework; phosphorus is shown in red. (C) The full
[Au,o(PP;),]** cluster; carbon is shown in gray, and hydrogen is not shown, for the sake of clarity. (D) Structure of the tris(2-

(diphenylphosphino )ethyl)phosphine (PP;) ligand.

range of Au,,(SR)g, " and transient absorption spectroscopy
reveals metallic relaxation for this cluster.”"** Second-order
nonlinear scattering was performed on small Au:thiolate
clusters.”*° No correlation between the superatomic electron
count of the cluster and the first hyperpolarizability f (a
molecular measure for the efficiency of second-order nonlinear
scattering) was found in a recent density functional theory
(DFT) study; instead, the symmetry of the clusters dominates
the first hyperpolarizability.”® The NLO properties of thiolate-
protected silver clusters recently have also become the focus of
study”’

Here, we report on the second-order nonlinear light
scattering properties of the [Au,o(PP;),]Cl, cluster. We
determined the first hyperpolarizability fyps of the cluster
using the Hyper-Rayleigh Scattering (HRS) method in
solution.” To our knowledge, this is the first determination
of NLO properties of phosphine-protected gold clusters.

B METHODS

Synthesis of [Au,(PP5),ICl,. [Au,(PP;),]Cl, clusters
: : . 26

were prepared according to a previously published protocol.
Analytical data (absorption spectra and mass spectrometry) are
. : . . 25,26
in agreement with previously published data.

Characterization. Ultraviolet—visible—near-infrared (UV-
vis-NIR) spectra were measured on a PerkinElmer Lambda 900
spectrophotometer. A cuvette of 10 mm path length was used.
All spectra were measured in chloroform. For the determi-
nation of the molar extinction coefficient, a dilution series was
measured.

Hyper-Rayleigh Scattering. All HRS measurements were
carried out in chloroform. Before measurement, all solvents and
samples were filtered over a syringe filter (polytetrafluro-

ethylene (PTFE), 0.20 ym). Lambert—Beer correction terms
were included (path length of 1 mm) in the analysis. All
measurements were performed using a SpectraPhysics In-
sightDeepSee+ laser, at 1300 and 1064 nm. The collection
optics are coupled to a Bruker 500is/sm spectrograph, together
with an EMCCD camera (Andor Solis model iXon Ultra 897).
As a calibration standard, neat CHCl; was used. The first
hyperpolarizability Byrs of chloroform was taken from ref 41
(Brrs,1064 = 0.208 X 107 esu; Prpsi300 = 0.2000 X 107%).
Errors of 10% were assumed for each measurement. The static
hyperpolarizability was extrapolated using the following formula
(two-state model):*

0 foser j‘laser )“HRS
where Aj,., = 1300 and 1064 nm, respectively, Ayrg = 650 and
532 nm, respectively, and 4, = 490 nm.

Density Functional Theory (DFT) Calculations. DFT
calculations were carried out using the ADF2014.01 software
package.” Structures were optimized at the Xa/TZP level, and
relativistic effects were included via the zeroth-order relativistic
approximation (ZORA).** All optimizations were performed
under vacuum. We used the coordinates provided in ref 25. We
also consider model structures in which the phenyl groups of
the ligands were replaced by H atoms and methyl groups. The
optimized structures of cluster 1 are denoted as 1-H, 1-Me, and
1-Ph, respectively. The static first hyperpolarizability f, was
calculated using the LB94 model potential,” and the 27 tensor
components f3; were averaged using the Kleinman formula® to
yield the orientationally averaged f, ygs:
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Figure 2. (Left) Absorption spectra of [Au,((PP;),]Cl, in chloroform (10 mm) at different concentrations. (Right) Absorbance at 532 (black) and
650 nm (red) and their linear fit, as a function of concentration. The slopes reflect the molar extinction coefficients of 16 458 and 4858 L mol™"

cm™!, respectively.
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Figure 3. (Left) Hyper-Rayleigh Scattering (HRS) of [Au,(PP;),]Cl, in chloroform upon excitation at 1300 nm. The HRS peak centers at 650 nm
and increases in intensity with increasing concentration (the black trace is the pure solvent). The contribution from multiphoton-excited
fluorescence is also observed. (Right) Linear fit of the HRS peak areas versus concentration of the cluster. The peak areas were corrected for
reabsorption of the second-harmonic light at 650 nm, using the Lambert—Beer law.
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The T = AB convention was used.?’

B RESULTS AND DISCUSSION

The molar extinction coefficient of [Au,o(PP;),]Cl, was
determined in chloroform by measurement of the absorption
spectrum at four different concentrations (path length = 10
mm). Knowledge of the extinction coefficient at the second-
harmonic wavelengths of 650 and 532 nm is important to
correct the measured HRS signals for reabsorption (see below).

10502

The absorption spectra show a distinct peak at 490 nm and
shoulders at 535 and 755 nm, giving rise to ruby color in
solution. The extinction coefficient at 532 nm is 16 458 L cm™
mol ™" and 4858 L cm™ mol ™" at 650 nm (see Figure 2). These
values are comparable to typical organic dyes. The onset of
absorption is observed at 1000 nm. The influence of solvent
could not be addressed since the cluster is exclusively soluble in
chloroform and dichloromethane (for the latter, no significant
influence is expected).

HRS was measured at two excitation wavelengths: 1300 and
1064 nm. This leads to second-order nonlinear scattering at
650 and 532 nm, respectively. Our instrument is capable of
detecting the spectral dispersion of the light generated by NLO
processes; thus, information about multiphoton-excited fluo-
rescence is also available (the latter was not quantified).

When using an excitation wavelength of 1300 nm, a (weak)
HRS signal is observed. The HRS signal is superimposed with
that of the pure solvent and increases with concentration
(Figure 3, left). The spectrum also reveals the contribution of a
multiphoton-excited fluorescence signal. Since the maximum of
the MPEF signal lies at a shorter wavelength than the second
harmonic of the exciting laser, the emission is assumed to origin
from a three-photon absorption process. Such a process has not
been observed in MPCs of this size. The peak areas of the HRS
signals were determined by fitting the measured spectra with
Gaussian functions and integrating the HRS peaks centering at
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650 nm. Next, the peak areas were corrected for reabsorption of
the second-harmonic light assuming a path length of 1 mm.
The corrected peak areas are linearly dependent on the
concentration of the cluster (Figure 3, right). The first
hyperpolarizability was then calculated from the slope of the
peak areas versus the concentration using pure chloroform as
an internal reference. A value of fygg 1300 = (55 £ 5.5) X 107
esu was calculated (Table 1).

Table 1. First Hyperpolarizabilities of [Au,o(PP;),]Cl,
Determined at Fundamental Wavelengths of 1300 and 1064

a
nm
A (nm) Prmrs (X 107 esu) Poprs (X 107 esu)
1300 55+ S.5 205 +2
1064 93 +9.3 11.1 + 1

“For extrapolation to the static hyperpolarizability, we used the
extinction maximum at 490 nm.
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Figure S. Dependence of the HRS signal with the square of the
normalized laser power (P/P,,.,)* at 1064 nm. The linear correlation
indicates that, indeed, a second-order nonlinear optical (NLO) process
is observed (quadratic dependence on the laser intensity).

When using an excitation wavelength of 1064 nm, linear
correlation of the HRS signal with the concentration is
observed when reabsorption of the second-harmonic light is
considered (see Figure 4). This makes sense since the
absorption of the cluster is ~3.4 times stronger than at 1300
nm. Weak two-photon excited fluorescence centered at ~555
nm is observed. A value of fugs 106 = (93 £ 9.3) X 107 esu
was calculated (Table 1). In order to confirm that the observed
NLO effect is indeed a second-order process, we measured the
dependence of the response on the laser intensity. For second-
order processes, a quadratic dependence with the intensity is
expected (or a linear dependence with the square of the
normalized power, (P/P,)*). Such dependence is indeed
observed (Figure 5). We did not succeed in measuring a similar
dependence at 1300 nm, because of the low signal intensity
observed, even at the highest laser power.

We also calculated the first hyperpolarizability of 1 using
DFT. We consider three structures:

(1)
)
)

the phenyl groups in the cluster are replaced by hydrogen
(1-H);

the phenyl groups were replaced by methyl groups (1-
Me); and

the full cluster (1-Ph).

After geometry optimization, the static first hyperpolarizability
Bors © was calculated using the LB94 functional and the DZP
and TZP basis sets for 1-H and 1-Me and the DZP basis set for
1-Ph. Details on the computational methods can be found in
ref 36. The calculated first hyperpolarizabilities of 1-H and 1-
Me are very similar (Table 2), indicating that the effect of these
model ligands is negligible in this cluster. The differences
between the DZP and TZP basis sets are negligible, which is
due to the fact that ADF per default uses the TZP basis set for
gold, instead of the requested DZP basis set. Thus, the smaller
basis set is only used for carbon and phosphorus. Notably, the
influence of methyl substitution, compared to hydrogen, is
more subtle in the present case, while it is fairly drastic in
thiolate-protected gold clusters.” The static first hyper-
polarizability of 1-Ph is significantly larger than those of 1-H
and 1-Me, at least at the LB94/DZP level. We relate this to the
fact that the aryl groups in the ligands can participate in the
electronic structure of the gold cluster via m-acceptor
interactions. Arylphosphines are better m-acceptors than
alkylphosphines; this could expand the conjugated system
and account for a larger hyperpolarizability.

We also included solvation effects on the first hyper-
polarizability by using a COSMO solvent model®® for
chloroform (e = 4.8). The inclusion of solvent effects leads
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Figure 4. (Left) HRS of [Au,,(PP;),]Cl, in chloroform upon excitation at 1064 nm. The HRS peak centers at 532 nm and increases in intensity
with increasing concentration (the black trace is the pure solvent). The peak at 553 nm is the Hyper-Raman Scattering signal of the solvent. The
contribution from multiphoton-excited fluorescence is also observed. (Right) Linear fit of the HRS peak areas versus concentration of the cluster.
The peak areas were corrected for reabsorption of the second-harmonic light at 532 nm, using the Lambert—Beer law.
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Table 2. Calculated Static First Hyperpolarizabilities of
[Auy(PP3),]* (1)

cluster solvent basis set Boprs (X 107 esu)
1-H vacuum TZP 11.6
1-H vacuum DZP 10.61
1-H CHCI, TZP S1.3
1-H CHCl, DZpP 46.6
1-Me vacuum TZP 11.1
1-Me vacuum DZP 10.85
1-Me CHCl, TZP 38.5
1-Me CHCI, DZP 372
1-Ph vacuum DZP 15.48
1-Ph CHCI, DZpP 66.1

“All values were calculated with the LB94 functional and DZP or TZP
basis sets, using geometries obtained at the Xa/TZP level. Solvation
effects (chloroform, e = 4.8) were included using the COSMO
model.

to improved accuracy of the calculated first hyperpolarizability
of Ausg(SCH;),, clusters, when compared to the experiment.*”

In order to compare the experimentally determined hyper-
polarizabilities, we extrapolated the values at 1300 and 1064 nm
to zero frequency, using the two-state model (4., = 490
nm).”” The peak at 490 nm was ascribed to a core-ligand
charge transfer band.”” For excitation at 1300 nm, we obtain
Pors values of (20.5 +2) X 107 esu and (11.1 + 1) X 107*°
for excitation at 1064 nm. This stark difference is due to the fact
that, in both cases, the same absorption band was used as a
reference. We acknowledge that the use of a two-state model
may be inaccurate, since multiple transitions are observed in the
absorption spectrum of the cluster. Regardless, both exper-
imental values for ;s are well below the computed ones,
especially when including solvation (Table 2). We suspect that
the DFT method used here leads to severe overestimation of
the first hyperpolarizability. Including solvation and methyl-
thiolate model ligands leads to good agreement between
computed and extrapolated (e;gperimental) static hyperpolariz-
ability in Ausg(SR),, clusters.” This indicates that phosphine
ligands are less straightforward to treat computationally when it
comes to the interaction with the cluster core. Furthermore, it
is well-known that the choice of basis set is crucial when
calculating nonlinear optical properties and diffuse functions
should be included whenever pos.sible.49 However, the use of
larger basis sets in huge systems, such as the title compound, is
limited by the available computational resources. This prohibits
usage of the QZ3P-nD basis set where diffuse functions would
be included.

Comparison with thiolate-protected gold clusters is difficult,
since only few experimental studies are available.’>?*
[Au,s(SR) ;5] ™" clusters protected with chiral thiolates (gluta-
thione, captopril) yield values of the first hyperpolarizability
between 64 X 107" esu and 163 X 107*° esu, but we note that
these were measured at excitation wavelengths of 1300 and 800
nm and, therefore, are not even directly comparable between
themselves. In major contrast to the [Au,o(PP;),]Cl, cluster,
the centrosymmetry of the [Au,s(SR);5]™"" clusters was
broken using chiral ligands or doping with silver, whereas the
title compound in the present study exhibits intrinsic chirality.
The Auyy(SCH,CH,Ph),, cluster is intrinsically chiral and has a
considerably larger hyperpolarizability (161 x 107 esu).*

This indicates that phosphine ligands have significantly different
influence on the second-order NLO properties than thiolates.

B CONCLUSION AND OUTLOOK

In summary, we determined the first hyperpolarizability of a
phosphine-protected gold cluster for the first time using the
Hyper-Rayleigh Scattering technique. The chosen cluster,
[Au,o(PPy),]Cl, is intrinsically chiral and therefore non-
centrosymmetric. This leads to significant second-order non-
linear scattering. When using an excitation wavelength of 1300
nm, three-photon excited fluorescence is observed.

Since the available data for comparison are scarce, we suggest
systematic studies on the influence of cluster size and
composition (including the structure of the phosphine ligands)
on the first hyperpolarizability to obtain a broader picture. This
will also help in predicting trends regarding the transition from
molecule-like clusters to larger nanoparticles, whose second-
order nonlinear optical properties are of completely different
origin.50 Other ligand classes, such as selenolates® ™ or
alkynyl ligands,”* ™" also were recently used to protect noble-
metal clusters, as well as mixtures of phosphines and
thiolates.”®*” The effects of these protection modes should
be addressed in future studies as well.
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