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Photon-Induced Thermal Desorption of CO from Small Metal-Carbonyl Clusters
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Thermal CO desorption from photoexcited free metal-carbonyl clusters has been resolved in real
time using two-color pump-probe photoelectron spectroscopy. Sequential energy dissipation steps be-
tween the initial photoexcitation and the final desorption event, e.g., electron relaxation and thermal-

ization, have been resolved for Au,(CO)~ and Pt,(CO)s ™.

The desorption rates for the two clusters

differ considerably due to the different numbers of vibrational degrees of freedom. The unimolecular
CO-desorption thresholds of Au,(CO)™ and Pt;(CO)s™ have been approximated by means of a statistical
Rice-Ramsperger-Kassel calculation using the experimentally derived desorption rate constants.

DOI: 10.1103/PhysRevLett.88.076102

Thermal desorption of a molecule from an equilibrated
surface takes place due to statistical energy fluctuations
among all degrees of freedom. There is a certain probabil-
ity that energy is accumulated in a specific chemisorptive
bond that exceeds the desorption threshold of an adsorbed
molecule. As thermal desorption is a statistical process,
which is usually described in terms of stochastic time evo-
lution of the energy content of the dissociative mode [1],
the desorption rate depends first of all on the desorption
threshold and the total number of degrees of freedom. In
isolated particles, the energy cannot simply be released
to the surrounding by diffusion or heat transport as in
solids. Therefore in small metal-adsorbate clusters a finite
probability exists to release the energy by thermal electron
emission (thermionic emission) or thermal desorption of a
ligand molecule after reaching thermal equilibrium. The
energy redistributes either into a particular degree of free-
dom, i.e., a particular electronic state having one electron
less, or a dissociative final state.

For photon-induced desorption processes, many
dissipation steps are involved between the initial energy
absorption and final ligand evaporation. Energy dissipation
in photoexcited systems proceeds via electron relaxation
and vibrational relaxation where the former process is
usually faster than electron-vibrational coupling. Inelastic
electron-electron scattering with time constants much
less than 100 fs have been observed in optically excited
bulk metals [2]. Similar relaxation times have also been
observed for Pd and Au nanoparticles [3]. Even the
smallest transition metal clusters of Pt, Pd, and Ni show
electron relaxation times of about 100 fs [4,5]. Thermal-
ization between the electronic and vibrational system is
usually slower ranging to the ps regime.

Transition metal-carbonyl clusters such as Pt,(CO),,~
are excellent candidates to study photon-induced thermal
desorption processes. In these clusters decarbonylation
thresholds are smaller than both the electron affinity
(thermionic emission threshold) and the metal-metal dis-
sociation energy [6,7]. Besides fluorescence, evaporation
of a ligand molecule should thus be the only process by
which energy can be released from carbonyl clusters.
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PACS numbers: 68.43.Vx, 33.80.Eh, 36.40.—-c, 42.65.Re

Here, photon-induced thermal desorption from a clus-
ter has been observed in real time for Pt;(CO)s~ and
Auy(CO)™ using pump-probe photodetachment spec-
troscopy. The low electron affinity of metal cluster anions
allows one to monitor the chemically active metal core
during desorption. In particular, the time-resolved photo-
detachment measurements of the mono-carbonyl-gold
cluster exemplarily show the transition from a reacted
cluster to a clean metal “surface” while CO desorption
from the penta-carbonyl-platinum cluster shows the
transition from a saturated to an unsaturated cluster. Our
time-resolved data display directly the pathway and time
scales of energy transfer from the hot electron system to
the vibrational system. From the time-dependent photo-
electron distribution on fs and ps time scales, it becomes
evident that the primarily excited electronic state is fully
thermalized before a CO ligand evaporates.

The experimental setup has been described in [8].
Unreacted metal clusters are produced in a laser vaporiza-
tion source using a pulsed high pressure He-carrier gas.
CO is injected via a second solenoid valve downstream
of the cluster condensation zone. Anionic clusters are
mass selected from the cluster beam with a time-of-flight
mass spectrometer. When the desired carbonyl cluster
anion enters the time-of-flight magnetic-bottle electron
spectrometer [9], an electron is detached via pump-probe
spectroscopy using two unfocused femtosecond pulses.
The fundamental (1.5 eV) and second harmonic of a
Ti:sapphire laser have been used as pump (~1 m],
~80 fs, ~4 mJ/cm?) and probe (~0.3 mJ) pulses. The
point of zero delay has been determined by polarization
gating using the rear window of the spectrometer chamber
(optical Kerr effect).

Figure 1 shows pump-probe photoelectron spectra of
Auy(CO)~. The pump photon (1.5 eV) projects the oc-
cupied level density of ground state Auy(CO)~ onto the
unoccupied one. This so-called joint density of states
is monitored by the probe photon (3 eV) after a vari-
able delay [5]. During this period, the dynamics within
the photoexcited cluster is probed by the evolution of the
photoelectron distribution. While a rapid decay for the
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FIG. 1. Time-resolved pump-probe photoelectron spectra of
Auy(CO)~. The probe-only (single-photon) photodetachment
spectrum of Au,(CO)~ is shown at the top while the probe-only
spectrum of Au,” is shown at the bottom.

electron transients at low binding energies (<1 eV) is ob-
served, a sharp peak evolves at 2 eV with increasing de-
lay. This peak surmounts the underlying single-photon
photoelectron spectrum (probe only) at delays larger than
200 fs. The emerging peak matches perfectly the photo-
detachment peak of unreacted Auy~ (bottom of Fig. 1).
Obviously, the photoexcited Au,(CO)™ cluster dissociates
into ground state Au,” and CO. The position, width, and
line shape of the Au,~ peak does not change although
the intensity continuously increases. Therefore we as-
sume a statistical desorption of CO where the dissipated
energy redistributes into a dissociative channel. An ex-
ponential fit to the transient intensity of the Au,~ peak
reveals a dissociation time constant 74i;, = (474 = 52) fs
(Fig. 2a). Using the rate constant, k(E*) = 1/74is, and
applying a quantum Rice-Ramsperger-Kassel (RRK) for-
malism [10], k(E*) = vvib%, a dissociation
energy Eo = 0.91 eV is calculated where a vibrational fre-
quency vy, = 1.16 X 10'3 Hz (48 meV) along the Au-C
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FIG. 2. Transient photoelectron intensities of Au,(CO)~ [(a)
and (b)] and Pt,(CO)s~ [(c) and (d)]. (a) Partial two-photon pho-
toelectron intensity at 2 eV as a function of the delay. The tran-
sient peak intensity is directly related to the increase of the Au,™
fragment. The full line shows an exponential fit from which the
desorption time constant has been deduced. (b) Two-photon
photoelectron intensity above HOMO (0—-0.8 eV) as a function
of the time delay. The fit (solid line) shows a convolution of the
probe pulse and an exponentially decaying transient population
(see text) from which the electron-vibration relaxation constant
has been deduced. The lasting intensity drop above 400 fs in-
dicates dissociation which has been fit by a single exponential
(dashed line). (c) The intensity ratio of the vibrational com-
ponents at 1.8 (v = 0) and 2.1 eV (v = 1) (see Fig. 3) as a
function of the time delay. The transient shows the increase of
the fragment Pt,(CO)4~. From an exponential fit (solid line) the
desorption time constant has been derived. (d) Two-photon pho-
toelectron intensity above the HOMO (0-1.5 eV) of Pt,(CO)s~
as a function of the time delay. The fit (solid line) shows a
convolution of the probe pulse and an exponentially decaying
transient population (see text) from which the electron-vibration
relaxation constant has been deduced.

internuclear axis [11] and a maximum initial cluster tem-
perature of E; = 300 K were used [12]. In the RRK
approach, it is assumed that the activated cluster with n
atoms has j = E*/h(vy;p) quanta of vibrational excita-
tions, where E* = Ej,, + E; is the total energy of the
cluster. s is equal to the number of vibrational degrees
of freedom where (vyip) = 53 meV is the mean frequency
of all vibrations of the cluster [11]. Dissociation along the
Au-C coordinate requires m = Ey/hv, quanta.

The quantum-RRK result is in good agreement with den-
sity functional calculations on bent Au,(CO)~ where a dis-
sociation energy of 0.77 eV has been calculated [11] for
the ground state potential. The bent geometry of the an-
ion (LAu-C-O = 132.3°) is attributed to a Renner-Teller
distortion of the degenerate lowest unoccupied molecular
orbital (7) of neutral linear Au,(CO) [13]. The agreement
between the RRK result and the quantum calculation sup-
ports our interpretation of a statistical loss of CO.

Besides the observed desorption dynamics, a preced-
ing electronic relaxation of the “hot” electrons is evi-
dent from Fig. 1. This is obvious by the time-dependent
photoemission intensity at binding energies below the
electron affinity, i.e., at binding energies below 1 eV.
In this energy region, the photoelectrons originate from
photoexcited states. With increasing delay a shift from
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FIG. 3. Time-resolved pump-probe photoelectron spectra of
Pt,(CO)s ™. The spectrum at the top shows the probe-only spec-
trum. At the bottom the probe-only spectrum of Pt;(CO),~ is
shown together with the time-resolved spectrum of Pt;(CO)s™~
at 500 ps from which the contribution of direct photoemission
(top spectrum) has been subtracted.

smaller to higher binding energies of the hot-electron in-
tensity is observed. Such a dynamics is characteristic
for inelastic electron scattering where the initially ex-
cited nonequilibrium population relaxes within the elec-
tronic system via scattering among various degenerate
electronic states [2,5]. As long as the energy does not
flow into the vibrational system, the relaxation leads to
multiple-excited electron-hole pairs with secondary elec-
trons excited at larger binding energies (inelastic scat-
tering). The hot-electron intensity shifts towards the
binding energy of the highest occupied molecular orbital
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(HOMO) as experimentally observed in the enlarged re-
gion of Fig. 1.

The electron-electron and electron-vibration relaxation
times of the hot electrons can be extracted from the time-
dependent hot-electron intensities. Applying a pure decay
model, the probed photoelectron intensity as a function of
the delay is P(Ar) o« [~ I(t — At)N(¢)dt, where I(t —
At) is the temporal intensity profile of the delayed probe
pulse and N(z) is the population as taken from a first order
rate equation. From the fit of the integrated hot-electron
intensity between 0 and 0.3 eV binding energy, an inelastic
electron-electron scattering time constant of 7,, = (65 *
20) fs is deduced. The electron intensity in this binding
energy range represents the electron population for which
a pure decay by inelastic electron-electron scattering can
be assumed [5]. This assumption is justified by the fact
that electrons usually release half their excitation energy
in a single scattering event leading to the removal of the
electron from the integrated energy range [14]. Moreover,
secondary electrons are not expected in that area due to
energy conservation.

Not only the partial intensity but also the total two-
photon electron intensity above HOMO decreases as is
obvious by the intensity transient of Fig. 2b. This is in-
terpreted by an energy transfer from the electronic to the
vibrational system. A value of (126 = 36) fs is revealed
for the electron-vibration relaxation time constant 7,.yip
from a fit according to the above rate model. Note that the
intensity of hot electrons still decreases continuously even
after reaching thermal equilibrium. This lasting intensity
drop is a result of CO evaporation by which the electron
intensity of Au,(CO)~ continuously reduces. An exponen-
tial fit to the dropping intensity at a delay >300 fs reveals
a thermal desorption time constant 7g;ss of (455 = 105) fs.
This value agrees with the desorption time constant evalu-
ated from the intensity transient of the Au,™ peak.

Increasing the number of atoms, the time constant
of thermal desorption should dramatically increase due
to the larger number of vibrational degrees of freedom.
Figure 3 shows time-resolved photodetachment spectra of
Pt;(CO)s ™. The probe-only spectrum at the top reveals an
adiabatic electron affinity of 1.8 eV. The first two peaks
belong to a progression of the CO stretch vibration. The
vibrational energy of ~263 meV hardly differs from that
of free CO (269 meV). The vibrational splitting indicates
an electronic saturation effect upon which the electronic
configuration of Pt changes from d°s' — d'° [15]. The
extra electron of the anion is located in a 7*-derived CO
orbital making the appearance of the CO stretch vibration
on the adiabatic peak plausible.

The two-photon photoemission intensity at binding
energies above the electron affinity, ie., >1.8 eV, is
strongly superimposed by direct photoemission of nonex-
cited Pt;(CO)s~ (compare with probe-only spectrum at
the top of Fig. 3). With an increasing delay a continuous
change of the spectrum is recognized by a relative intensity
increase above 2 eV and a reduction of the vibrational fine
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structure indicating a fragmentation of Pt;(CO)s ™ into

Pt;(CO)4~ and CO. Usually vibrational splitting does not
occur on the leading photoemission feature of unsaturated
platinum-carbonyl clusters, such as Pt;(CO),~ [15]. This
is demonstrated in Fig. 3 (bottom panel) where the normal
photodetachment spectrum of Pt,(CO),~ is displayed.
Only a smooth edge is seen at the position of the leading
edge, but no vibrational fine structure. In the same plot
the time-resolved photoelectron spectrum of Pty(CO)s™*
at 500 ps is shown from which the probe-only spectrum
of nonexcited Pt;(CO)s~ has been subtracted. The nearly
perfect agreement between the two spectra supports the
interpretation of photodissociation into Pt,(CO)s~ + CO.

Fitting an exponential curve to the decreasing intensity
ratio of the vibrational peaks at v = 0 and v = 1, which
is proportional to the increasing amount of Pt,(CO),~, a
dissociation time constant 745 of (3 = 2) ps is deduced
(Fig. 2¢). Using a Pt-C vibrational energy of 60 meV [6]
and a maximum initial cluster temperature of 300 K, a
quantum RRK analysis gives a desorption threshold Ej
of 0.60 eV (58 kJ/mol). This energy is comparable to
the calculated Pt-CO dissociation energy of linear Pt,CO
(75 kJ/mol) [16] and half the terminal CO-dissociation en-
ergy of saturated Pt3(CO)s~ (109 kJ/mol) [6]. We assume
the loss of a terminal CO since the dissociation energy of
bridged CO is distinctly larger, e.g., 210 kJ/mol (2.2 eV)
for bridged Pt,CO [6]. The calorimetric desorption heat of
CO from a Pt(111) surface amounts to —118 kJ/mol [17]
at a saturation coverage of ~0.5 monolayer.

The desorption rate of Pty(CO)s~ is smaller than that
of Auy(CO)~ by a factor of 6. This is due to the num-
ber of vibrational degrees of freedom which is larger for
the pentacarbonyl (s = 30) than for the monocarbonyl
(s = 6).

The intensity at binding energies smaller than 1.8 eV
reveals an electron relaxation which precedes the ther-
mal desorption of CO. This two-photon emission inten-
sity, which is not observed in the probe-only spectrum
(Fig. 3, top), belongs to detachment of hot electrons above
HOMO. Near zero delay, the intensity above HOMO looks
very similar to the single-photon photodetachment spec-
trum. With increasing delay, the hot electron intensity
redistributes from lower to higher binding energies and
finally decreases. As for Au,(CO)~, this evolution of
the hot-electron distribution can be explained by inelas-
tic electron scattering and thermalization due to electron-
vibrational coupling. Fitting the transient intensity of hot
electrons above the HOMO with the above rate model, a
time constant 7,.ip of (36 * 12) fs is deduced (Fig. 2d).
The thermalization between the electronic and the vibra-
tional systems, which proceeds about 100 times faster than
the desorption of CO, is completely independent from the
desorption process itself.

In summary, thermal desorption of CO from small
transition-metal clusters has been measured in real time.
Sequential energy-dissipation processes such as inelastic
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electron scattering, electron-vibration relaxation, as well
as thermal desorption have been resolved in the time-
resolved photoelectron spectra. While CO desorbs from
Au,(CO)~ with a time constant of ~500 fs, the desorption
constant of Pt;(CO)s~ amounts to 3 ps. The much larger
desorption time constant of the pentacarbonyl cluster can
be explained by the larger number of degrees of freedom.
Inelastic electron scattering processes with time constants
below 130 fs precede the thermal desorption in both
clusters. Using the measured dissociation rate constants
and a statistical RRK analysis, a desorption energy of
0.91 eV for Auy(CO)~ and of 0.60 eV for Pt,(CO)s~ has
been derived. The low desorption threshold of Pt;(CO)s™
suggests the loss of a terminal CO ligand. The metal-
ligand desorption energies for Pt,(CO)s~ and Au,(CO)~
are similar to the CO-desorption energies from the respec-
tive crystal surfaces.

We thank A. Bringer, Forschungszentrum Jiilich GmbH
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