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ABSTRACT: The photophysics of the isolated trianion Agy,(BDT);,>~ (BDT =
benzenedithiolate), a ligand-protected cluster comprising BDT-based ligands, terminating
a shell of silver thiolates and a core of silver atoms, was studied in the gas phase by
femtosecond time-resolved, pump—probe photoelectron spectroscopy. UV excitation at
490 nm populates one or more singlet excited states with significant charge transfer (CT)
character in which electron density is shifted from shell to core. These CT states relax on
an average time scale of several hundred femtoseconds by charge recombination to yield
either the vibrationally excited singlet ground state (internal conversion) or a long-lived
triplet (intersystem crossing). Our study is the first ultrafast spectroscopic probe of a
ligand-protected coinage metal cluster in isolation. In the future, it will be interesting to
study how cluster size, overall charge state, or heteroatom doping can be used to tune the

corresponding relaxation dynamics in the absence of solvent.

Atomically precise, ligand-stabilized (“protected”) coinage
metal clusters are of great present interest due to their
size-tunable electronic structure, which has stimulated
applications in fields ranging from electrocatalysis to optical
sensing.'~'® While protected gold clusters have been explored
most extensively, there has also been much recent interest in
preparing and characterizing ligand-stabilized silver clusters'*
as well as protected nanoalloy clusters comprising mixed
coinage metal cores."® Several thiolate-protected silver clusters
ranging up to Ags;, have been crystallized."®

Like some thiolated organosoluble gold clusters, many silver
clusters show visible and near-infrared (NIR) emission. A
prototypical ligand-protected silver cluster with known X-ray
crystal structure is Ag,o(BDT),,(TPP),, first prepared and
characterized in solid state and liquid solution by Bakr et al.
(BDT, 1,3-benzenedithiolate; TPP, triphenylphosphine).'”
Upon near-UV excitation of Ag,o(BDT),(TPP),, long-lived
near-IR photoluminescence (PL) has been observed, which is
attributed to phosphorescence. It has also been reported that
this PL can be efficiently quenched by codissolved molecular
oxygen.'? Also, ultrafast intermolecular electron transfer occurs
upon UV photoexcitation of Ag,,(BDT),(TPP), when
methylviologen is added to the solution.

Electrospray mass spectrometry of Ag,,(BDT),,(TPP),
solutions yields trianions as the predominant negative charge
state in isolation (Agy(BDT),,(TPP),_>", where x = 0—4).
Bakr et al. have proposed that these trianions all reflect eight
valence electron species in a closed-shell 1s*1p® superatom
configuration (29 — (12 X 2) + 3 = 8)."” Density functional
theory (DFT) calculations have established that such a
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“superatom” grouping of valence orbitals is a characteristic of
particularly stable coinage metal clusters.” Correspondingly,
solid Agy(BDT),(TPP), has been proposed to consist of
Agyo(BDT),(TPP),* units surrounded by countercations
(which remain to be assigned)19 and as a corollary, the
corresponding solutions are thought to comprise predom-
inantly solvated Ag,o(BDT),,(TPP),>".

Time-dependent density-functional theory (TDDFT) calcu-
lations of the Ag,o(BDT),(TPP), cluster suggested that the
UV excitation giving rise to photoluminescence is of charge
transfer type—transferring negative charge from the shell
toward empty d-like superatom orbitals mainly associated with
the silver cluster core.'” A more recent linear response (LR)-
TDDFT calculation of Ag,o(BDT),,(TPP),>” comes to the
conclusion that UV excitation mainly involves ligand-to-metal
charge transfer.'” At this stage, the accuracy of TDDFT
excited-state predictions for this compound class, the
relaxation mechanism following photoexcitation (in particular,
the route to the PL emitting state) and the role of the
molecular environment in modulating these processes all
remain unclear.

We therefore studied this problem by removing the solvent
entirely. Specifically, we used femtosecond time-resolved, two-
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color, pump—probe photoelectron spectroscopy (tr-PES) to
examine the corresponding isolated multianions. These are the
first ultrafast spectroscopic measurements of ligand stabilized
coinage metal clusters in the gas phase. Previously, one-photon
PES of isolated multianionic ligand-protected coinage metal
clusters with pulsed nanosecond lasers has yielded information
on electron affinities (EA), repulsive Coulomb barrier heights
(RCB), as well as overall electronic structure.'”'¥*%?!
However, accessing fast decay dynamics following electronic
excitation requires tr-PES.

Specifically, we generated isolated Ag,o(BDT),,*” as the
system for tr-PES study by electrospray ionization of
Ag,o(BDT),,(TPP), solutions (with associated loss of all
four weakly bound monodentate phosphines). The probable
Ag)(BDT);,*” molecular structure (based on the X-ray
structure of Ag,o(BDT),(TPP), and DFT calculations—see
the Supporting Information) is illustrated in Figure 1. Using tr-

- 18.2A

Figure 1. Molecular structure of Ag,o(BDT),,*” based on the X-ray
crystal structure of Agy(BDT),(TPP), as reported in ref 17 (after
removal of four TPP ligands and DFT structure reoptimization of
Ag,o(BDT),,*>” without symmetry constraints (see the Supporting
Information)). Color scheme: core comprising 13 silver atoms
(orange); shell comprising 12 fully coordinated (light purple) and 4
partially coordinated silver atoms (green—after TPP removal), 24
sulfur atoms (blue), and 12 terminating benzyl-derived ligands

(gray).

PES we find that resonant pulsed laser excitation of this species
at 490 nm (2.53 €V) can lead to rapid population of a long-

lived excited state, which we identify as the carrier of the
photoluminescence observed under similar irradiation con-
ditions in solution.

The Ag,o(BDT),(TPP), solid was synthesized following a
previously reported method and used without further
purification.”” Approximately 5 uM of clusters in dimethylfor-
mamide (DMF) was electrosprayed and probed using an ion
beam apgaratus—parts of which have been previously
described.”*™** It has recently been modified to incorporate
a velocity map imaging (VMI) setup and a new femtosecond
laser system.

In brief, after transfer into the high-vacuum machine,
electrosprayed multianions were accelerated into a time-of-
flight (TOF) mass spectrometer and selected therein by their
mass-to-charge ratio. The selected ions entered a perpendic-
ularly oriented VMI spectrometer mounted within the TOF
flight tube. There the trianions interacted with either one (one-
color) or two femtosecond laser pulses (two color pump—
probe) leading to photoelectron detachment. Three open
electrodes in an Eppink-Parker like*® design (pulsed)
accelerated the photoelectrons toward an imaging micro-
channel plate detector (MCP) equipped with a phosphor
screen. The corresponding electron impacts were recorded
with a charge-coupled device (CCD) camera. Angle-resolved
one-color photoelectron (PE) spectra (as well as two-color,
time-resolved pump—probe PE spectra (tr-PES)) were
obtained from these raw data using the polar onion peeling
algorithm developed by the Verlet group.”” The VMI setup
was calibrated using one-color, one-photon photodetachment
of I at several different wavelengths.

The femtosecond laser system consisted of a Ti:sapphire
pump laser (Astrella, Coherent) with a fundamental output
wavelength of 800 nm (1.55 eV), generating 35 fs pulses at a
repetition rate of 1 kHz and pulse energy of 7 m]. This
pumped a wavelength tunable TOPAS Prime (Light
Conversion) optical parametric amplifier (OPA), which
delivered the 490 nm pump pulses (and also UV wavelengths
for one-photon detachment). We used an optical delay line to
vary the pump—probe timing. The instrument response
function in the vacuum chamber was S0 + S fs. The full
width at half-maximum (fwhm) bandwidths of pump and
probe pulses were ~56 and ~51 meV, respectively. Further
details, including laser pulse energies, polarization and focusing
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Figure 2. One-photon PES spectra of Ag,o(BDT);,*" at various UV detachment wavelengths as indicated (at photon energies of 3.81 (black), 4.20
(red), and 4.68 (blue) eV. Normalized photoelectron counts are plotted vs EKE for determination of the RCB height and vs electron BE toward

determination of the third electron affinity, EA(3).
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Figure 3. (left) One-color PE spectrum recorded at a detachment wavelength of 490 nm (2.53 eV). Note the presence of two EKE components.
Gaussian deconvolution yields features centered at EKEs of 2.66 = 0.02 and 3.41 + 0.02 eV. (right) The integral intensities of these features scale
quadratically with laser intensity indicating that both originate from two-photon processes taking place within the same laser pulse.

conditions, OPA wavelength range, data acquisition, and
deconvolution procedures used to obtain either “stationary”
one-photon spectra or time-resolved pump—probe PES
measurements are described in the Supporting Information.

We begin with the stationary measurements (one-color
photodetachment with fs laser pulses), which were recorded at
detachment wavelengths of 325, 295, and 265 nm as indicated
in Figure 2 (corresponding to photon energies of 3.81, 4.20,
and 4.68 eV, respectively). In all cases, isotropic angular
distributions were observed. The corresponding PE spectra
show essentially only one component. Plotted versus electron
binding energy (BE), the data allow to determine the third
electron affinity (EA(3)) of Ag,(BDT);,* as 0.9 + 0.1 eV
(with hv — EA(3) = electron kinetic energy (EKE)). The
estimated error is a result of the experimental noise, the
extrapolation procedure used to determined EA(3), and the
spectral width of the laser pulses. Plotted versus electron
kinetic energy, the spectra also allow to determine the repulsive
Coulomb barrier (RCB) height (as measured from the dianion
ground state) to be 1.7 + 0.1 eV.

It is of interest to compare RCB and EA(3) with the
predictions of classical electrostatics for charging a metallic
sphere of radius corresponding roughly to that of the molecule
in question (see structure in Figure 1). Agyo(BDT);,*” can be
thought of as consisting of a central 13-atom silver icosahedron
(of radius ca. 2.8 A), surrounded by a silver sulfide shell (of
outside radius ca. 5.1 A), which is capped by terminating
ligands (to yield a total radius of 9.1 A). Assuming a
polycrystalline silver work function (WF) of 4.26 eV, classical
electrostatics predicts that a third electron affinity of 0.9 eV is
obtained for a conducting sphere of radius R = 10.7 A (WF —
2.5 */4me R = 0.9 eV), that is, larger than the actual molecular
dimensions.

Similarly, the RCB height can be contrasted with a classical
electrostatic calculation of the Coulomb repulsion between a
single negative and a twofold negative point charge at distance
R. This reaches a value of 1.7 eV at a separation of 17 A—well
outside the actual molecule. The RCB can also be compared to
the height of a Coulomb barrier associated with charging a
metallic sphere of radius R, from 27 to 37. According to eq S in
ref 28 an RCB of height 1.7 eV requires an R of ca. 16 A, that
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is, again a radius significantly outside the perimeter of
Agz9(BDT)1237-

We conclude that the electronic ground state of
Ag,o(BDT),*>" is not well-described by a classical metallic
sphere, implying that “metallic” valence electron delocalization
does not extend uniformly throughout the ligand-stabilized
cluster. This is consistent with the previous TDDFT
calculation'” already alluded to. This ascribes the first strong
UV absorption band at ca. 450 nm (see solution absorption
and PL excitation spectra in the Supporting Information) to a
charge-transfer excitation from localized electron orbitals on
the silver sulfide shell to D-like, superatom lowest unoccupied
molecular orbital (LUMO+1) orbitals on the silver cluster
core.

We next explored the relaxation dynamics associated with
490 nm (2.53 eV) excitation. This wavelength was chosen as a
compromise between TOPAS emission intensity and cluster
absorption cross section in an overall range attributable to
charge transfer excitations.'” We first performed one-color
photoelectron spectroscopy (PES) measurements at 490 nm at
a number of different laser intensities. A typical PE spectrum (at
an intermediate laser intensity of 5 X 10° W/cm?) is shown in
Figure 3. Again, the corresponding velocity map image on
which it is based was found to be isotropic (over the full
intensity range probed). In contrast to the UV measurements
shown in Figure 2, the PE spectrum now manifests at least two
components. This is highlighted by a corresponding two-
component Gaussian deconvolution. Systematically varying the
laser intensity and recording the corresponding PE spectra
shows that both Gaussian components (centered at 2.66 +
0.02 and 3.41 + 0.02 eV, respectively) manifest a two-photon
intensity dependence. This is consistent with the above
determination of EA(3) and RCB. One 490 nm photon
(2.53 eV) alone cannot surmount the RCB, which lies at 2.6 +
0.2 eV (RCB + EA(3)) when referred to the trianion ground
state.

The two different electron kinetic energy (EKE) compo-
nents that are fit to the 490 nm one-color PE spectra can be
interpreted as deriving from two separate excited electronic
states, each of which is accessed during the same ca. 54 + S fs
wide laser pulse (ion packets spend ca. SO ns in the VMI
extraction zone; the next laser pulse arrives 1 ms later). Most
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J. Phys. Chem. Lett. 2020, 11, 2675—-2681


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00482/suppl_file/jz0c00482_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00482/suppl_file/jz0c00482_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00482?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00482?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00482?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00482?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c00482?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Parallel

=)

Delay Time / ps
Delay Time / ps

1 2 3 4
Kinetic Energy / eV

Magic Angle

3

Kinetic Energy / eV

100

Perpendicular

=)

Delay Time / ps

4

Kinetic Energy / eV

Figure 4. Two-color pump probe measurements (490 nm (2.53 eV)/800 nm (1.55 eV)) recorded for parallel (a), magic angle (b), and
perpendicular (c) relative (linear) laser polarizations as indicated. Shown are contour plots of the transient photoelectron counts vs electron kinetic
energy and pump—probe delay. The three data sets look very similar indicating that they are not influenced by rotational dephasing. The expanded
scale insert in (a) highlights the dynamics during the first 400 fs following 490 nm excitation.

likely, only the higher-lying state is initially (photo)-populated
and can relax very rapidly to the lower state within the laser
pulse. The lower electron kinetic energy component then
results upon electron detachment from this state with an
additional photon. By contrast, the higher electron kinetic
energy feature derives from direct photoionization of the
initially populated excited state.

Interestingly, there is no clear indication of excited-state
electron tunneling detachment (ESETD) in this multianion
system. ESETD has been previously observed by some of us
and others in tr-PES measurements of a wide variety of
different organic and inorganic multianions (having both
negative and positive electron affinities).”*>>**7>* For
Ag,o(BDT),,*, ESETD should give rise to PE spectral
features at EKE < 1.63 eV (=2.53—0.9 eV), which are not
observed. Perhaps, tunneling barriers (also contributed to by
the ligands) are so wide that ESETD in this system occurs on
much longer time scales that are inaccessible by our tr-PES
setup.”’

To further explore the ultrafast decay implied by the 490 nm
one-color PES data, we performed time-resolved pump—probe
measurements (490 (2.53 eV pump) and 800 nm (1.55 eV
probe)). The results are shown in Figure 4, which plots
pump—probe transients (i.e., after subtraction of the pure
pump contributions to the corresponding PE spectra).
Specifically, we present contour plots of electron signal versus
electron kinetic energy as a function of pump—probe delay for
three different relative laser polarizations: perpendicular,
parallel, and magic angle. Again, the corresponding velocity
map images showed no significant anisotropy, that is, all three
contour maps show essentially the same time-dependent
behavior. Consequently, the transients are not significantly
contributed to by rotational dephasing.’* Note that the free-
rotor orientational correlation time of Ag,,(BDT);,>” at 300 K
is expected to be ~13 ps based on the DFT-derived ground-
state structure.’ Apparently, excitation anisotropy is not
conserved over this time scale.

Two further qualitative observations from the pump—probe
measurements are also noteworthy. (i) Consistent with the 490
nm (2.53 eV) one-color PE spectra, we observe ultrafast decay
of the initially populated state on an average time scale of less
than 100 fs. This is associated with a systematic decrease in
EKE during the course of this decay from 3.0 to ca. 2.1 eV
(slope of ca. 0.01 eV/fs; see inset in Figure 4a). (ii) Within less
than 150 fs after the initial 490 nm excitation, we clearly see a
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long-lived state with characteristic EKE of 2.1 eV, which
remains populated at probe delay times greater than 100 ps—
that is, beyond the delay time range accessible to our
experiment. Given the EA(3) determination, this translates
to an excitation energy of ca. 1.45 eV (2.1 + 0.9—1.55 eV)
relative to the trianion ground state. This is roughly consistent
with the photoluminescence spectroscopy of
Ag,o(BDT),(TPP),, in condensed phase, which shows an
NIR emission maximum at ca. 1.61 eV for the room-
temperature solid, which has been assigned as phosphor-
escence on the basis of its greater than microsecond lifetime
(see also the Supporting Information). Conceivably, the long-
lived pump—probe feature observed in tr-PES can be assigned
to detachment from a vibrationally excited triplet state.

The gas-phase absorption spectrum of Ag,o(BDT),,*” is not
(yet) available. However, on the basis of our inference that
triplet-state energies are comparable in gaseous and condensed
phases we also expect comparable absorption spectra. The
solution measurement (see the Supporting Information) in
DMEF shows an absorption peak at 450 nm and a shoulder at
520 nm. Bakr et al. have performed TDDFT calculations of
Ag,o(BDT),(TPP), in an attempt to assign these features.
They come to the conclusion, that there are nine separate singlet
excited states in this (unscaled) absorption energy range from
1.87 (663 nm) to 2.60 eV (480 nm), all of which have
significant charge-transfer character (with corresponding shifts
of electron density from shell to core). The systematic
temporal decay of EKE from ca. 3.0 to 2.1 eV observed over
several hundred femtoseconds following photoexcitation may
reflect a cascade of rapid internal conversion (IC) (also
involving intramolecular vibrational redistribution) through
several such states. Note that our tr-PES transients show no
clear indication of “mechanical” low-frequency breathing-like
vibrational modes (observed in many time-resolved pump—
probe transient absorption spectroscopic probes of gold
nanoparticles and clusters*®), which for Ag,(BDT),,>" are
calculated by DFT to have a period of ca. 400 fs.

We deconvoluted the transient PES measurements using the
Glotaran global analysis package®” assuming sequential decay
of the initially excited state through a detectable intermediate
to a detectable long-lived final state. This yields rate constants
of greater than 10, ~2, and less than 0.01 ps~', respectively.
The corresponding decay-associated difference spectra are
shown in the Supporting Information. Such a sequential decay
process would, for example, correspond to population of one
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or more singlet excited states, which can rapidly decay (>10
ps™') to a “doorway” singlet state (presumably S1) from which
intersystem crossing (~2 ps™') to the long-lived triplet can
occur—as indicated schematically in the Jablonski diagram
shown in Figure 5.
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Figure S. Jablonski diagram illustrating the proposed relaxation
mechanism. The 490 nm (2.53 €V) irradiation populates a singlet
charge transfer state, S, which rapidly relaxes via a cascade of IC steps
to S, (also involving intramolecular vibrational redistribution). From
there, either rapid ISC to a long-lived triplet state (T,), or internal
conversion to the vibrationally excited ground state can occur—
mediated by charge recombination. Singlet excited states (S, — S,) as
well as the triplet state T, are selectively detected via their
characteristic EKE features in the transient pump—probe PES
measurements (using 800 nm (1.55 eV) probe photons). For a
brief discussion of final state energetics see the Supporting
Information.

In the absence of higher-level calculations, we speculate that
the triplet state is localized near the “surface” of the cluster. PL
in solution can be quenched by O, (which is expected to be
able to diffuse within the ligand shell)."” This would imply that
the initial excitation involving charge transfer from shell to the
cluster core is rapidly followed by charge recombination to
yield either a vibrationally hot ground state or a triplet state
localized on the cluster shell. Charge recombination induced
intersystem crossing is known for coupled organic chromo-
phores photoexcited to a charge transfer state.”®” Charge
recombination is also thought to mediate ultrafast ISC in
certain transition-metal conlple)(es.23’40_46 However, in such
cases the sequential relaxation steps usually invoked following
singlet excitation are (symmetry breaking) charge transfer and
then charge recombination to either triplet or ground states.
For the silver clusters studied here, the initial singlet excitation
is already of charge transfer type; no further symmetry
breaking step is needed to rationalize the observations.

Previous ultrafast spectroscopy of protected coinage metal
clusters—comprising almost exclusively gold clusters—has
been confined only to condensed phase. Such studies are
subject to environmental effects, which cannot occur in
isolation (e.g., quenching of cluster-surface localized excita-
tions by the solvent).””~* Here we have for the first time
measured what we interpret to be an intrinsic ISC rate for free
Ag)(BDT),,*". Should ultrafast ISC via charge transfer
excitation followed by charge recombination be a common
relaxation mechanism for other protected coinage metal
clusters in gas-phase, it will be of interest to see how tuning
cluster size, overall excess charge, and composition can affect
the corresponding triplet quantum yields.

In summary, we have studied the photophysics of isolated
Ag,o(BDT),>” by pump—probe photoelectron spectroscopy.
UV excitation (at 490 nm) populates one or more singlet
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charge transfer states in which electron density is shifted from
silver sulfide moieties on the shell to the silver cluster core. We
suggest that the charge transfer states can relax very rapidly (on
an overall time scale of several hundred fs) by charge
recombination mediated intersystem crossing to yield a long-
lived triplet state on the cluster shell.
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