Downloaded via UNIV OF MISSISSIPPI on August 20, 2020 at 16:11:24 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

@& Cite This: J. Phys. Chem. C 2019, 123, 29484-29494

pubs.acs.org/JPCC

Crystal Structure of Au;,,Ag,(SPh-tBu),, Nanoalloy and the Role of
Ag Doping in Excited State Coupling

Naga Arjun Sakthivel,"® Mauro Stener,-

Luca Sementa,® Marco Medves," Guda Ramakrishna,”

Alessandro Fortunelli,*® Allen G. Oliver,” and Amala Dass*"

"Department of Chemistry and Biochemistry, University of Mississippi, Oxford, Mississippi 38677, United States

iDepartment of Chemistry, University of Notre Dame, Notre Dame, Indiana 46556, United States
SCNR-ICCOM & IPCF, Consiglio Nazionale delle Ricerche, Pisa I-56124, Italy
“Department of Chemistry, Western Michigan University, Kalamazoo, Michigan 49008, United States

lDipartimento di Scienze Chimiche e Farmaceutiche, Universita di Trieste, Trieste -34127, Italy

O Supporting Information

ABSTRACT: We report the X-ray crystal structure of Au,s_ Ag,(SPh-tBu),,
alloy nanomolecules, optical properties, and the substitutional disorder
refinement protocol to obtain a reliable structural model. Single crystal X-ray
crystallography (SC-XRD) revealed a composition of Ausz;;Ag,s3(SPh-
tBu),, with 2 Ag doped on the 28-atom face centered cubic core surface and
0.83 Ag distributed over metal atoms on dimeric staple motifs. Electrospray
ionization mass spectrometry revealed a composition of Aus, Ag;s(SPh-
tBu),, complementing the SC-XRD data. Optical properties were
investigated by steady-state and transient absorption spectroscopies and
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computational studies, showing faster excited-state decay for Ag-doped

clusters due to enhanced electronic coupling. A previously published SC-XRD based Ausq,Ag,(SPh-tBu),, structure used
positional disorder refinement and concluded that the structure is "solely motif-doped". But the structure has unusually large
and small thermal ellipsoids indicating potential problems with the atom assignment. Here, we have modeled our SC-XRD data
using both positional disorder and substitutional disorder. Subtitutional disorder modeling gave better R; and other refinement
indicators, and similarly sized thermal ellipsoids. The resulting substitutional disorder model structure has Ag atoms not as
“solely motif-doped” but is found both in the staple motifs and in the core. The substitutional disorder refinement for alloy
nanomolecules must be performed at each metal site with independent free variables to determine the partial occupancy of
hetero atoms. The positional disorder refinement should be performed for atoms or groups disordered over different positions

typically found in disordered tBu group ligands.

B INTRODUCTION

Alloy nanomolecules (NM) exhibit new or enhanced proper-
ties compared to that of the parent compound.'~® Alloying or
doping of a heterometal atom compound can be achieved by
co-reduction of different metal salts and thiolate ligand
mixture, by reacting a homometallic NMs with a heterometal
salt, and by reacting nanomolecules of different metals.’”"
Other types of ligands such as alkynyl, selenophenol, and
triphenylphosphines are also being employed as protecting
groups instead of thiolate ligands."*'® Each of these methods
have opened new avenues for making nanoalloys with
interesting properties.5’7’8’l7_20

A wide array of Au and Ag based alloy nanomolecules have
been reported and several have also been crystallographically
studied.””' ™" Single crystal X-ray crystallography (SC-XRD)
of the alloy NMs is crucial because it enables us to understand
how the properties are tuned by doping heteroatoms at the
atomic level.”**>* The structural model refinement of the
homometallic NMs are straightforward. However, alloy NMs
structural model must be performed by substitutional disorder
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refinement with individual free variables for each of the metal
sites to achieve a reliable model.

Auz with 28 core Au atom with four interpenetrating
cuboctahedra in a FCC arrangement is one of the stable
nanomolecules and it has been prepared with different types of
ligands: thiolates, selenolates, and alkynes.lz*’g’s_41 Ausg
protected by TBBT can be synthesized in high yields and
can be stored for several years.*”** Aromatic thiolate protected
Auzs NMs have two optical absorption bands ~370 nm and
~575 nm with an optical band gap of ~1.7 eV and an
electrochemical gap of ~2 V.>”** It has been shown to be an
electrocatalyst for oxygen reduction reaction with relatively low
overpotential and a 4e” process yielding water.”> Auyq also
reversibly interconverts to Auz, upon ligand exchange with the
tBuSH." Auy(TBBT),, has been studied with Ag doping at
various Au:Ag ratios and a unique evolution of absorption
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enhancement with doping levels was observed.”’ Auyq have so
far been alloyed with Ag and Cu, but both of these crystal
structures have not used individual free variables for substitu-
tional disorder modeling, leading to mis-assignment of
locations of heteroatoms (Ag/Cu), namely, the “solely motif-
doped” (vide infra).**** Aus, with a different type of kernel co-
capped by chloride and 4-tert-butylbenzyl thiolate ligands has
been reported.>’

Although the crystal structure models hold valuable and rich
structure-bonding information to understand the properties of
nanomolecules and their alloy counterparts, care must be taken
in modeling the structure to provide a model which would best
represent the experimental diffraction data. In particular, the
substitutional disorder refinement of partial occupancies of
alloys must be done correctly using individual free variables. In
the literature, some alloy crystal structures have been
incorrectly refined using positional disorder (special position)
modeling with EXYZ and EADP cards, leading to mis-
assignments, and specifically assignments of heteroatoms to
locations, where there is none.

Here, we report the following: (1) X-ray crystal structure of
Auye,Ag (TBBT),,, (2) mass spectrometric analysis of the
nanoalloy to determine the Ag composition, (3) a detailed
substitutional disorder refinement protocol for alloy NMs, and
a comparison with previous crystal structure that incorrectly
used positional disorder modeling, (4) optical properties,
studied both in absorption and via (4a) electron dynamics and
(4b) computational studies.

B EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate(Ill) (HAuCl,
3H,0; Alfa Aesar ACS grade), silver nitrate (AgNOs; Alfa
Aesar ACS grade), sodium borohydride (NaBH,; Acros, 99%),
4-tert-butylbenzene thiol (TBBT; TCI America, >97%),
cesium acetate (Acros, 99%), and anhydrous ethyl alcohol
(Acros, 99.5%) were used as received. HPLC grade solvents
methylene chloride (DCM), tetrahydrofuran (THF), toluene,
methanol, and ethanol were purchased from Fisher Scientific.
All materials were used as received.

Synthesis. The Aus,,Ag,(SPh-tBu),, nanomolecule was
synthesized in two steps, first a polydisperse crude mixture of
(AuAg),(TBBT), was obtained and thermochemically etched
to obtain the product containing Auss Ag, as a major product.

Step 1. HAuCl-:3H,0 (S0 mg) and AgNO; (Auw:Ag =
1:0.33) were dissolved in THF (10 mL) and stirred (1200
rpm) for 10—15 min. Subsequently, TBBT ligand (AuAg:HSR
= 1:5) was added to the solution and stirred for 30 min. This
reaction mixture was reduced with NaBH, (AuAg:NaBH, =
1:10) dissolved in ice cold water (5 mL). The reaction was
stopped after S min and the solvent removed under reduced
pressure, yielding an oily crude product. The crude product
was washed with excess water and methanol to remove the
byproducts and excess thiols.

Step 2. The crude product was then thermochemically
etched”' with excess TBBT ligand at 65 °C for 2 d. The etched
product was washed with excess methanol to remove the
byproducts and excess thiols. Final extraction was from DCM
or toluene.

Crystallization. The single crystals of Aus,Ag.(SPh-
tBu),, alloy nanomolecules were grown by dissolving S mg
of the as obtained etched product in DCM (1.5 mL) and
layered with ethanol (1 mL) at 4 °C for ~2 months. The
block-like black single crystals were used for SC-XRD study.

Crystal Structure. Crystal structure for C,,Hj,Ag,s3-
Auyz 5S4 formula weight 10805.42; orthorhombic; space
group P2,22; a = 24.016(5) A; b = 28.775(6) A; ¢ =
22.090(4) A; a = 90°% B = 90°% y = 90°; volume = 15266(5)
A% Z =25 peg = 2.351 g/em®; p = 16.246 mm™'; F(000) =
9779.0; 20 range = 2.83° to 46.234°%; 225984 reflections
collected; 21503 unique (Rint = 0.0722); giving R; = 0.0331,
wR, = 0.0742 for 21503 with [I > 206(I)] and R, = 0.0385, wR,
= 0.0768 for all 225 984 data. Residual electron density (e--A-
3) max/min: 3.14/-1.30.

SC-XRD data collection was performed at 273 K on a
Bruker Apex II diffractometer with Mo Ka (4 = 0.71073 A)
radiation source. The reflections were indexed by using the
APEX 1II program suite. Data were corrected for absorption
effects with SADABS using multiscan methods.”” The structure
was solved with SHELXT’ and subsequent structure refine-
ments were performed with SHELXL®® using Olex2
program.”” All non C and H atoms were refined anisotropically
and the H atoms were added as riding atoms.

Alloy Crystal Structure Substitutional Disorder
Refinement. The structure solution from the experimental
diffraction was obtained by assigning all the metal atoms as Au,
i.e, a formula of C,,S,4Auss was used. The solution was then
refined by SHELXL’* least-squares method. One by one, all
metal atom sites are assigned individual free variables in two
PART instructions for Au and Ag partial occupancy along with
EXYZ and EADP cards and refined (Figure S1). For a two
component substitutional disorder refinement, the site
occupancy factor (sof) for each metal site has to be modified
from 11.0000 to 21.0000 (in PART 1), -21.0000 (in PART 2),
and 31.0000 (in PART 1), -31.0000 (in PART 2) and so forth
for all the metal sites (Figure S1). Accordingly, the element
symbol in atom name and positional number in the SFAC line
to indicate atom type for PART 2 instruction should be
modified (Figure S1). After several cycles of refinement, sites
with >10% Ag occupancy are retained for partial occupancy
and the remaining are reverted to Au only. Then, followed by
the several cycles of refinement, sites with >10% Ag occupancy
are retained for partial occupancy, and the remaining are
reverted to Au only. After repeating this procedure, sites that
possess significant Ag occupancies can be reliably modeled for
the nanoalloy molecule. The detailed ellipsoidal models,
anisotropic displacement parameter (ADP) values, and partial
occupancies during the various steps of substitutional disorder
refinement are shown in Figures S2—S5.

Transient Absorption Measurements. Femtosecond
transient absorption measurements were carried out at the
Center for Nanoscale Materials, Argonne National Laboratory
on Auys and Ag-doped Auy,® Briefly, a Spectra Physics
Tsunami Ti:sapphire, 75 MHz oscillator was used to seed a 5
kHz Spectraphysics Spitfire Pro regenerative amplifier. 95% of
the output from the amplifier is used to pump a TOPAS
optical parametric amplifier, which is used to provide the pump
beam in a Helios transient absorption setup (Ultrafast Systems
Inc.). A pump beam of 370 nm was used for the
measurements. The remaining 5% of the amplified output is
focused onto a sapphire crystal to create a white light
continuum that serves as the probe beam in our measurements
(450 to 750 nm). The pump beam was depolarized and
chopped at 2.5 kHz and both pump and probe beams were
overlapped in the sample for magic angle transient measure-
ments. Optical absorption measurements were carried out to
monitor the stability of the clusters with laser excitation.
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Figure 1. X-ray crystal structure of Auys Ag,(SPh-tBu),, NMs. (a) 4 tetrahedral central Au atoms (red). (b) 24 metal atom sites following the
central atoms, where 4 tetrahedrally symmetrical vertices sites are doped with Ag (16, 16, 18 and 18), contributing 2 Ag to the total composition.
(blue, Au and gray, Ag partial occupancy sites) (c) 4 dimeric staples with 8 metal sites of which two metal sites (13, 13) has no Ag occupancy and
rest of the sites contribute 7.17 Au and 0.83 Ag to the total composition. (d) 28 metal atom core protected by 4 dimeric staples and 12 bridging
ligands. The anisotropic displacement parameter (ADP) is a key indicator to identify sites occupied by hetero metal atoms. Thermal ellipsoids’ size
and shape are visual indicators which reflects the ADP value and it is not revealed by typical ball and stick models. Therefore, metal sites are
intentionally displayed as thermal ellipsoids to reveal the equally sized ellipsoids after modeling for substitutional disorder refinement (vide infra).
Black bonds are bonds between metal atoms in core, gray bonds are S bonds to the metal sites. C and H groups of the ligand shell are excluded for
clarity. Site-wise composition for the 36 metal sites is listed on the right-hand side table. SC-XRD and ESI-MS based (Au,Ag) composition are
(33.17,2.83) and (32.5,3.5), respectively. The site numbers were assigned as in the crystallographic information file (CIF). Two sites have same site
number (e.g., 16, 16) as the asymmetric unit in the crystal structure is half a molecule. Refer Figures S6 and S7 for ball and stick model view and the
24 surface atom site numbers, respectively. In the discussion below, some metal sites are described with a prime (*) for clarity, they are symmetric
sites generated from the asymmetric unit (for example, Agl6/Agl6’).

motifs (-(R)S—Au—S(R)—Au-S(R)—)*"*’ (for an alternative
one see Theivendran et al.*’). The truncated tetrahedral 28
metal atom core is made up of 4 interpenetrating cuboctahedra
consisting of 4 atom tetrahedron in the center and 24 atoms on
the surface (Figure 1). On the core-surface, four dimeric staple
motifs protect 8 metal atoms and the remaining 16 metal
atoms are protected by 12 bridging ligands. In the Ag-doped
Augq, the 4 sites on the surface of the core are heavily doped
(~50%) by Ag while the remaining 20 surface atoms and 4

Instrumentation. Electrospray Ionization mass spectrum
(ESI-MS) was collected using a Waters Synapt HDMS
instrument with THF as the solvent. Cesium acetate dissolved
in anhydrous ethanol was used to facilitate the ionization. UV—
vis absorption spectrum was collected using a Shimadzu UV-
1601 spectrophotometer with toluene as the solvent.

B RESULTS AND DISCUSSION

Crystallography. The Aus, Ag, (SPh-tBu),, NMs crystal-
lized in an orthorhombic unit cell in the P2,2,2 space group
with 2 molecular units per unit cell. The final
Aug; 1,Ag, 5s(SPh-tBu),, structural model has a R, value of
3.31%. The crystal structure of Aus; ,Ag,s; nanoalloy is
presented in Figure 1. The structural framework of the
Augy1,Ag, ¢3(SPh-tBu),, nanoalloy is identical to that of the
parent compound Auss(SR),,. This framework can be
described in two different way; here we adopt the original
description based on 28 metal atom FCC core protected by 12
bridging thiolate ligands (—Au-S(R)-Au-) and 4 dimeric staple

29486

center atoms are Au only (Figure la and 1b). The four Ag
atoms (Agl6, Aglé’, Agl8, and Agl8’, designated ExTd by
Theivendran.””) on the core-surface are doped in a
tetrahedrally symmetrical fashion on the vertices of inter-
penetrating cuboctahedron protected by dimeric staple motifs
(Figure 1b, only Ag containing sites are labeled for clarity, site
numbers were assigned as in the crystallographic information
file (CIF)). The partial occupancies at Agl6/Agl6’ and Agl8/
Agl18' are 44% and 56%, respectively. These 4 heavily doped
sites on the core contribute to 2 Ag in the overall composition
(accounting for ~71% of Ag in the overall composition). The
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Figure 2. Comparison of X-ray crystal structure models refined for substitutional disorder by Ag doping in Auss(SPh-Bu),, nanomolecules.
Auy.Ag,(SPh-Bu),, alloy structure model (a) from this present work, (b) from 2016 report with one free variable fixing 50% occupancy for 8
metal atom sites on dimeric staple motifs, and (c) structural model from 2016 report re-refined with independent free variables for each metal sites.
Three of the thermal ellipsoids in (b) are indicated by red arrows revealing relatively higher ADP value than other Au atoms and in (c) ADP for the
same site drops upon refinement for Ag partial occupancy leading to ~40—50% Ag occupancy on those sites. Blue arrow in (b) indicates a staple
motif metal site (shrunk) with low ADP value whereas after refining for substitutional disorder, in (c) that site has only Au and the thermal ellipsoid
is of similar size as neighboring sites. Totally in frame 2c, there are four Ag occupancy sites on the 28 atom FCC core surface, same as the structure
obtained in the present work (Figure 1). Refer to the Experimental Section and Figures S2—SS for detailed explanation on the substitutional
disorder refinement. The work by Zhu et al.*® is referred to as 2016 Zhu in (b) and (c).

remaining 0.83 Ag is spread out on the 6 dimeric staple motif
sites (Agl4/Agl4’, named ExSt-Near and AglS/AglS’ and
Agl7/Agl7’, named ExSt-Far in Theivendran et al."’) with
partial occupancies of 12.5%, 11%, and 18%, respectively
(Figure 1C). The remaining two dimeric staple sites (Aul3/
Aul3’) are exclusively Au only (Figure 1C). Clearly, the level
of Ag doping here achieved is smaller than that investigated
previously,”’ so that we do not observe here phenomena such
as the nonmonotonic behavior of optical properties as a
function of doping content, as reported in our previous work.
In the case of phenylethanethiolate protected Au,; Ag, and
Auge Ag, Au atoms were doped exclusively on the core
surface. In the case of aromatic TBBT ligand protected
Auy Ag,, it was reported that the Ag atoms are exclusively
doped on the 8 Au atoms in dimeric staple motifs with 50% Ag
occupancy at each of those sites (using positional disorder)
contributing to 4 Ag atoms in the overall composition.**
However, here we show that better modeling with improved R,
values is obtained allowing for partial Ag occupancy by refining
for substitutional disorder,>’ leading to a significant population
of the core surface sites (Figure 2), similar to the results
discussed in Figure 1. This directly contradicts with the “solely
motif-doped” conclusion from the earlier report.** This finding
is more consistent with computational results indicating that
Ag doping on the core surface is energetically preferred.”’
Substitutional Disorder vs Positional Disorder Re-
finement of Aus,Ag,. One of the key indicators for
substitutional disorder in metal sites is the presence of large or
small atomic displacement parameter (ADP) values compared to
other sites which are occupied by only one element. The ADP
values of the sites occupied with multiple elements, vary
significantly after refining for substitutional disorder with
individual free variables (Figure 2) and is reflected in the size
of the ellipsoids. Figure 2 shows the comparison between
ellipsoidal models for SC-XRD data from this work, 2016
report’® and 2016 model re-refined following the protocol

described above (detailed protocol is provided in the
Experimental Section).

The erroneous use of positional disorder modeling (instead
of substitutional disorder modeling) resulted in the conclusion
that the Ag atoms are “solely motif-doped”. For the 2016 Zhu
paper, we extracted the data from the published crystallo-
graphic information file (CIF) embedded with hkl data, we
hypothesized that the small and large thermal ellipsoids arise
from substitutional disorder. We modeled it for substitutional
disorder (instead of positional disorder as in 2016 Zhu paper)
and the resulting model after refinement resulted in equally
sized thermal ellipsoids and improved R; values. The Ag
occupancy sites and percentage Ag partial occupancies in the
re-refined model of 2016 Zhu paper (Figures 2b, S4, and SS)
are very similar to the findings in this work (Figures 1, 2a, S2,
and S3).

To describe this in crystallographic terminology, Figure 2b
was modeled by using positional disorder modeling for Au/Ag
partial occupancy of the 8 staple motif metal sites with a special
position, site occupancy factor (sof) of 10.5000 for Au and Ag
sites in PART instructions coupled with EXYZ and EADP
cards. (EXYZ assigns same x, y and z parameters to the named
atoms, for example, EXYZ Aul8 Agl38, instructs two elements
to occupy the same position (coordinates). EADP assigns same
isotropic or anisotropic displacement parameters for the
named atoms.) This led to fixed 50% Ag occupancy on staple
motifs metal sites and unusually large and small thermal
ellipsoid sizes, as indicated by the red and blue arrows in
Figure 2b, respectively. The sof value of 10.5000 for an atom in
an ordered structure conveys that the site is at a special
position located on a 2-fold axis or on an inversion center.”” In
the 2016 report, using the special position sof for substitutional
disorder refinement lead to the “solely motif-doped” structure
with 50% Ag occupancy on staple metal sites. In Figure 2c,
after substitutional disorder modeling (Figures S4 and S5), the
thermal ellipsoids were equally sized and Ag occupancy sites
are similar to Figure 2a result from our work. We also refined
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Figure 3. ESI mass spectra of Auss.,Ag,(SPh-tBu),, alloy NMs with x = 1—6. Aus, Ag,(SPh-tBu),,Cs,>* peaks of the alloy NMs. Each peak has a
m/z difference of 89/2 Da corresponding to the 2+ charge state and mass difference between Au and Ag. The total Ag contributed to overall
composition based on mass spectrometry is determined based on the peak intensity and are listed in the table.

our SC-XRD data similar to 2016 Zhu paper instead of
substitutional disorder to illustrate how that affects the
structure model (Figure S8). The staple motif metal sites
were modeled for 50% partial occupancy by positional disorder
refinement. It led to an increase in R, value from 3.31% to
4.73%, unusually large and small thermal ellipsoids, and site 13
which has no significant Ag occupancy showed a non-positive
definite.

In the Auyq Cu, structure report, the model has several
metal sites linked by only two free variables for Au/Cu partial
occupancy with sof values of 21.0000,-21.0000 (4 sites) and
31.0000,-31.0000 (10 sites) instead of 14 independent free
variables.*”” This led to a Cu partial occupancy of 21.5% and
13.3% in 4 sites and 10 sites, respectively (Figure SS).49 Figure
S9 reveals the unusually elongated thermal ellipsoids on 4
staple motif sites with 21.5% Cu occupancy linked by one free
variable, instead of four independent free variables.

Mass Spectrometry. The composition of Ause,Ag,(SPh-
tBu),, alloy NMs was determined by ESI-MS to independently
verify the composition determined by SC-XRD.
Auy ,Ag,.(SR),, alloy NMs ionized in its +2 charge state
with two Cs" adducts facilitating the ionization of the neutral
compound. The m/z peaks were observed at 5617, 5572, 5527,
5482, 5438, and 5393 Da with a difference of ~45 Da
corresponding to half the mass difference between an Au and
Ag atom (89 Da/2; Figure 3). The Ag, ranges from 1 to 6 and
the average Ag contribution to the total composition was
determined by considering the peak intensities, yielding an
average composition of Aus,4Ags s (SPh-tBu),, (Figure 3).
The relative contribution from each Auyq,Ag.(SR),, species
(AugsAg), AuyAg,, AugsAgs, AuypAgy, AuyAgs and AugAg)
are 4.96, 15.8, 29.6, 28.9, 15.0, and 5.86%, respectively (Figure
3 table). The average Ag composition determined by mass
spectrometry is in reasonable agreement with the crystallo-
graphically determined formula of Ausj;;Ag,s;(SPh-tBu),,.
The difference in AuAg composition between mass spectrom-
etry and SC-XRD could stem from the fact that the
crystallographic model accounts only for significant Ag partial
occupancies (>10%) over several cycles of refinement and/or
difference in ionization efficiency. The SC-XRD re-refined
model of the previous report’® has a composition of
Aug, ggAgs 1,(SPh-Bu),, and it is also in close agreement
with our results and similar site occupancies.

Optical Studies. The Ausq,Ag.(TBBT),, alloy nano-
molecule exhibits absorption features at ~373 and ~565 nm
and a prominent shoulder at ~425 nm whereas the

homometallic Auy(TBBT),, nanomolecule has two prom-
inent absorption bands at ~376 nm and ~575 nm and a broad
shoulder at ~412 nm (Figure 4). The 373 and 376 nm features

® Augg ,Agy ® | Auy Ag,
_ Augg Augg
E] —
s =
x <
: :
£ cr
<] ]
3 E
<
400 600 800 1000 1.5 20 25 3.0 35 4.0

Wavelength (nm) Photon Energy (eV)

Figure 4. (a) UV—vis absorption spectra and (b) photon energy plot
of Ausq,Ag,(SPh-tBu),, alloy compared with the parent compound
Auy((SPh-tBu),,. red is Ause,Ag, alloy and blue is Aug. *
instrumental artifact.

are almost similar in both the systems whereas there is a red
shift in the shoulder at ~412 to ~425 nm and a blue shift in
the ~575 nm peak to ~565 nm. Apart from these details, one
can observe that at this low level of Ag doping the overall
appearance of the optical absorption spectra is similar for both
pure Au and Ag-doped species. The optical band gap of the
Auss Ag,(TBBT),, alloy is not altered, and it is ~1.7 eV. The
static optical response of the Ausq,Ag,(TBBT),, alloy
nanomolecule is similar to the previous report by Zhu et
al.*® This indicates that independent of the synthetic route the
doping pattern and property of Auys system is constant.
However, we will see that Ag doping brings about significant
differences in the dynamical optical response of
Auyq,Ag,(TBBT),, alloy nanomolecules.

Transient Absorption Analysis. Metal doping of gold
clusters can affect both ground and excited state optical
properties. However, the optical absorption measurements of
Auyg and AgAusg reported above show no striking differences,
suggesting that Ag-doping at this low level has little effect on
the ground state optical properties. It is however still
interesting to see the influence of Ag-doping on the excited
state optical properties. Shown in Figure 5a are the excited
state absorption (ESA) spectra at different time delays for Ausg
after excitation at 370 nm. Immediately after photoexcitation, a
transient with a maxima around 480 and 660 nm is observed.
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Figure S. (a) Excited state absorption spectra at different time delays for Auyq and (b) species-associated spectra obtained from global fit analysis.
Excited state absorption spectra at different time delays for Aus, Ag, (noted as AuAgy) after excitation at 370 nm: (c) 150 fs to 20 ps and (d) 20
to 700 ps. (e) Species associated spectra obtained from global fit analysis. (f) Kinetic decay comparison at 490 nm (black) and 595 nm (red)
showing the early relaxation and long-lived at two different wavelengths for AuAgss.

This transient grows and decays, giving rise to a bleach with a
maximum around 570 nm. Species-associated spectra obtained
from global fit analysis (Figure Sb) show three main
components: the first one with a time scale of 480 fs, a
second one with 10 ps and a long-lived transient. Subpico-
second relaxation of the 480 fs transient is assigned to intracore
state relaxation, while the 10s of picosecond relaxation is
related to the growth of the transient and is assigned to the
thermalization that was observed only for Auys with aromatic
ligands. The long-lived transient has a lifetime of 160 ns as
determined from time-resolved luminescence measurements.
The observed excited state relaxation is typical of most ligand-
protected gold clusters. Let us now examine how the metal-
doping altered the excited state relaxation dynamics.
Contrary to what is observed in steady-state measurements,
the excited state absorption measurements show that Ag-
doping has a significant effect on the excited state relaxation
dynamics. Shown in parts ¢ and d of Figure S are the excited
state absorption at short and long-time delays for AgAusg after
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excitation at 370 nm. A decay of ESA from 150 fs to 20 ps at
490 nm followed by an increase between 550 to 630 nm is
observed (Figure Sc). However, a consistent decay is observed
at all wavelengths from 20 to 700 ps (Figure Sd) suggesting
that the excited state relaxation became faster with Ag-doping
with respect to pure Auzq. For a better understanding, species-
associated spectra were obtained from global fit analysis and
are shown in Figure Se. Interestingly, 4 components can be
derived from this global fit analysis. The first component has a
time scale of 250 fs that can be assigned to ultrafast intra-core
state relaxation for AuAgse. It appears that the intra-core state
relaxation becomes faster with Ag-doping. The 4.1 ps
component spectral properties matched well with long-lived
excited state of Aus, indicating that the faster intra-core state
relaxation populates the lowest excited state of Ausg but that
decays to give rise to another state which decays with 170 ps
and 2.8 ns. A comparison of kinetic traces at 490 and 595 nm
(Figure Sf) shows the 250 fs and 4.1 ps decay components
followed by faster charge recombination back to ground state
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when compared to Auss. A comparison of long-lived states
(Figure S10) of Auss and AuAgs, shows that overall lifetime of
Ausy4 has decreased to around 2 ns from 160 ns of Ausg.
Overall, the excited state relaxation of Ag-doped Aus4 can be
summarized as shown in Scheme 1. Intra-core state relaxation

Scheme 1. Cartoon Diagram Depicting the Excited-State
Relaxation in Auzs and AgAu;4 Clusters

Augg AgAug
480fs 250fs
= 0P e Aao41ps
N
—_
170 ps,
160 ns 2.8ns

and thermalization followed by 160 ns decay with photo-
luminescence is observed for Auss. Upon Ag-doping, the intra-
core state relaxation became faster ending with the lowest
excited state of (AuAg)ss which decays to give rise to dark
states with probable contributions from the shell-gold
comprising of Ag. These shell-gold states decay nonradiatively
with lifetimes of 170 ps and 2.8 ns, which are much faster than
those observed in Aus,.

Theoretical Analysis of the Optical Response. The
structural and static optical properties of Ag,Auss. (TBBT),,
nanomolecules were investigated using first-principles density-
functional theory (DFT) and time-dependent DFT (TDDFT)
modeling, along the lines of our previous work.*” Within our
computational method, we cannot achieve a statistical
occupation of sites by Ag, therefore we have taken the
experimental X-ray structure and produced a few isomers
(homotops) by replacing selected Au atoms with Ag. In
particular, in the following we will focus on two models with
composition Ag,Auy,(TBBT),,, in which we replaced either
the [17,17/,18,18'] Au atoms (Ag,Aus,-ExTd-ExStFar in the
nomenclature of Theivendran et al.*”) or the [15,15",16,16]
Au atoms (Ag,Au;,-ExTd-ExStNear in the nomenclature of
Theivendran et al.*’). The coordinates of the (Ag/Au,S) atoms
were frozen to those of the AgAu,q, (TBBT),, crystallo-
graphic structure, while the organic part (CH atoms) were
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Figure 6. ICM-OS plots (x Cartesian component) for Auzs(SPh-fBu),, and the two homotop Ag,Au;,(SPh-Bu),, model clusters considered in
this work in the energy region corresponding to the S80 nm (upper boxes) and 500 nm (lower boxes), see text for details.
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relaxed at DFT level. DFT calculations were performed by
employing the CP2K code™ within the hybrid Gaussian/
Plane-Wave scheme (GPW). Core electrons were described
with pseudopotentials derived by Goedecker, Teter, and
Hutter’® whereas DZVP basis sets®’ were used for representing
the DFT Kohn—Sham valence orbitals. The cutoff for the
auxiliary plane wave representation of the density was 400 Ry.
Calculations were performed spin-unrestricted. The semi-
empirical Grimme-D3 correction®’ was added to Perdew—
Burke—Ernzerhof (PBE)® exchange and correlation (xc-)
functional to take into account dispersion interactions. It can
be noted that the Ag,Aus,-ExTd-ExStFar homotop is more
stable than the Ag,Aus,-ExTd-ExStNear homotop by 0.19 eV,
in contrast with the findings of Theivendran et al,*” Table S1,
suggesting that the use of experimental geometries can tune
the theoretical predictions, as previously observed.”®

On the so-derived geometries, optical spectra were simulated
using TDDFT via a complex polarizability algorithm,’*** the
ADF package,® and the LB94 exchange-correlation poten-
tial®” while the exchange-correlation kernel in the TDDFT
part was approximated according to the Adiabatic LDA
(ALDA).°® A STO basis set of TZP quality was employed,
which has proven to provide accurate results.”” The Zero
Order Regular Approximation (ZORA)”® was employed to
include relativistic effects. The imaginary frequency employed
to introduce finite lifetime of the excited state was fixed to
0.075 eV. Calculations were performed spin-restricted for
predicting TDDFT response.

TDDFT/LB94 spectra were also analyzed in terms of
Individual Component Maps of Oscillator Strength (ICM.-
0S) plots, as proposed in Theivendran et al.*’ These plots
visualize the contribution to the Oscillator Strength from
single-particle excitations in the (virtual/occupied) molecular
orbital plane for an excited state at a given energy and in a
given Cartesian direction of the exciting electric field.

The calculated photoabsorption profiles of Auys(SPh-tBu),,
and the two homotop Ag,Au;,(SPh-tBu),, model nano-
molecules are reported in Figures S11 and S12. A qualitatively
similar profile was obtained for the pure and doped clusters in
agreement with the experimental data. It is reasonable
considering the low level of doping and the fact that most of
Ag atoms occupy the ExTd sites which are energetically
favorable (and should thus be preferably occupied when
doping achieves thermodynamic equilibrium) but induce a
smaller effect on optical absorption®’ (a more detailed
discussion is provided in the SI). Although the absorption
spectrum is not strongly affected by silver alloying, the
transient absorption analysis has identified, for the silver doped
clusters, two-state dynamics. This indicates that the decay
mechanism passes through a higher exited state (at S00 nm)
whose population constantly decreases, followed by a low-lying
excited state (at 580 nm) whose population increases before
eventually decaying to the ground state. To shed light on this
mechanism however being unable to model long-time excited-
state dynamics, we investigated the nature of the excited states
at the ICM-OS level, which corresponds to the experimental
features at 500 and 580 nm. ICM-OS plots are reported in
Figure 6. The nature of the low-lying excited state (upper
panels) is similar for the pure gold clusters and the two alloy
homotops containing 4 silver atoms: the presence of only one
spot on the straight line corresponding to orbital energy
differences equal to the excitation energy suggests a
“molecular” behavior without coupling. In contrast, the nature
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of the higher-energy excited state (lower panel) is more
complex: two spots on the straight line are supplemented by a
third spot which is off-diagonal and suggests a strong coupling
with lower-energy configurations. The third off-line spot
corresponds to the low-energy excited state, so that a coupling
between higher- and lower-energy excited states is disclosed
from this analysis. Even more interestingly, such off-diagonal
spot is much more pronounced in the silver alloys than in the
pure gold cluster, suggesting that such coupling is much more
effective in the presence of silver. This helps rationalize the
dynamics observed in the transient absorption experiment:
while in pure gold cluster the decay to the ground state is
direct, since there is weak coupling with the low-lying state, in
silver alloys such coupling is stronger and the decay to this
intermediate low-lying excited state is favored. To give a more
complete description of the different excited states, in Figures
S13, S14, and S15 of the SI we report plots of the molecular
orbitals involved. These plots show that all occupied and
virtual orbitals mostly contributing to the single-particles
excitations here involved are localized on the cluster ligand
shell and outer metal core, with strong S contribution as well as
significant contributions from metal staple atoms and atoms on
the cluster surface, while the contribution of the organic
residues are smaller although not negligible. The present
analysis demonstrates the usefulness of the ICM-OS analysis to
reveal coupling between excited states. Finally, the ICM-OS
plots in Figure 6 also reveal that the similar absorption
intensity between pure and Ag-doped systems actually results
from a compensation (negative interference) between single-
particle contributions giving rise to increasing and decreasing
intensity: as discussed in Theivendran et al,”’ absorption
intensity corresponds to an absolute value and can therefore
mask subtle quantum effects which are revealed in dynamics.

B CONCLUSIONS

In summary, the crystal structure of TBBT protected Ausq Ag,
nanomolecules has revealed that the core-centered metal sites
are occupied by Au atoms only (Au,), Ag hetero atoms
significantly populates 4 sites on the core-surface (Auy,Ag,),
and Ag occupies 10—20% on 6 metal sites in the dimeric staple
motifs while 2 sites are occupied by Au only. The doping
pattern observed here is more consistent with computational
results indicating that Ag doping on the core surface is
energetically preferred.”” The composition of the Ausq Ag,
nanomolecules determined by mass spectrometry agrees
reasonably well with the SC-XRD structure. The optical
absorption spectrum of the nanoalloy has absorption features
at ~373, ~ 425, and ~56S nm. It is similar to the previous
report by Zhu et al.*® and the re-refined structural model of
their data also exhibits a similar doping pattern as determined
in this work. It indicates that care must be taken in performing
the substitutional disorder refinement to obtain a reliable
structural model.

We also studied the excited state optical properties of the
Ausg and Ausyg  Ag, alloy nanomolecules and ICM-OS analyses
to provide insights into the experimental results. Transient
absorption studies revealed that, Ag doping leads to faster
excited state decay lifetimes compared to the Au;s nano-
molecules. ICM-OS analyses revealed that Ag doping in Ausg
leads to a stronger coupling between higher- and lower-energy
excited states complementing the results from transient
absorption measurements.
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