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State-resolved investigation of the photodesorption dynamics of NO from
(NO), on Ag nanoparticles of various sizes in comparison with Ag(111)
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The translational and internal state energy distributions of NO desorbed by laser light (2.3, 3.5, and
4.7 eV) from adsorbed (NO), on Ag nanoparticles (NPs) (mean diameters, D = 4, 8, and 11 nm)
have been investigated by the (1 + 1) resonance enhanced multiphoton ionization technique. For
comparison, the same experiments have also been carried out on Ag(111). Detected NO molecules
are hyperthermally fast and both rotationally and vibrationally hot, with temperatures well above
the sample temperature. The translational and rotational excitations are positively correlated, while
the vibrational excitation is decoupled from the other two degrees of freedom. Most of the energy
content of the desorbing NO is contained in its translation. The translational and internal energy
distributions of NO molecules photodesorbed by 2.3, 3.5, and in part also 4.7 eV light are approx-
imately constant as a function of Ag NPs sizes, and they are the same on Ag(111). This suggests
that for these excitations a common mechanism is operative on the bulk single crystal and on NPs,
independent of the size regime. Notably, despite the strongly enhanced cross section seen on NP at
3.5 eV excitation energy in p-polarization, i.e., in resonance with the plasmon excitation, the mecha-
nism is also unchanged. At 4.7 eV and for small particles, however, an additional desorption channel
is observed which results in desorbates with higher energies in all degrees of freedom. The results
are well compatible with our earlier measurements of size-dependent translational energy distribu-
tions. We suggest that the broadly constant mechanism over most of the investigated range runs via a
transient negative ion state, while at high excitation energy and for small particles the transient state

is suggested to be a positive ion. © 2011 American Institute of Physics. [doi:10.1063/1.3581802]

I. INTRODUCTION

Understanding of elementary processes on surfaces is
a key issue in photochemistry of molecules for both fun-
damental and practical reasons. Photoinduced desorption of
molecules is the simplest surface reaction driven by photons.
Studies of these processes under ultrahigh vacuum (UHV)
conditions on well defined single crystal surfaces, often uti-
lizing simple test adsorbates such as CO and NO, have been
the major focus in the past decades.'™ Electronically driven
desorption processes usually lead to hyperthermal energies in
the products which can be investigated by state-resolved mea-
surements of the distribution of energy over the molecular de-
grees of freedom (DOF) of desorbing molecules, translation,
rotation, and vibration.'~> These energy distributions are in-
timately connected with the mechanistic steps, the excitation
and relaxation processes, and the motion of the representa-
tive wave packets on the potential energy surfaces (PESs) of
the excited and the ground states. They are typically inter-
preted in terms of basic semiclassical models (of which the
oldest is the Menzel-Gomer-Redhead (MGR) model®) or, if
sufficient information is available, by sophisticated theoreti-
cal calculations.>°
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However, results from studies on flat single crystal sur-
faces are not necessarily transferable to surface photochem-
istry on more complex materials, such as nanoparticles (NPs).
Interesting photochemical effects of NPs do not only derive
from their increased surface/volume ratio, but also from their
unique optical, electronic, and catalytic properties which can
be tuned by size, shape, and/or support material.”® In par-
ticular, the optical properties of metal nanoparticles (MNPs),
which are often dominated by the so called Mie plasmon ex-
citation, are rather well understood.” Nevertheless, the num-
ber of experimental investigations that address the effects of
size and/or plasmon excitation on the photochemistry of ad-
sorbates on MNP surfaces is very limited. Plasmon-induced
enhancement of the photoreactivity of adsorbates via field en-
hancement on roughened metal surfaces'®!'" and on MNPs
(Refs. 9, 12, and 13) or composite materials composed of
MNPs (Ref. 14) has been reported. Even a direct influence of
plasmon excitation on the photodesorption of Xe on alumina-
supported Ag NPs has been observed.'? Size effects have been
seen as well.!>!316 Apart from the plasmon excitation, con-
finement of the electronic excitations within the nanometer-
sized MNPs can be important, for instance, via influencing the
number and/or evolution of photoproduced hot electrons,'’°
which may correspondingly change the efficiency of photoin-
duced processes and lead to size dependences.” '3 1

To improve our understanding of these photochemical ef-
fects of NPs, we follow the strategy to compare experimental
results for a prototypical photochemical process on NPs as a

© 2011 American Institute of Physics
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function of particle size, and for the surface of a bulk crystal
of the same material, using various primary excitations. As a
model system we have chosen NO adsorbed on Ag NPs of
varying sizes and on Ag(111). It is known from extensive ex-
perimental and theoretical studies'»?! that at sample temper-
atures below 77 K which are needed for adsorption of NO on
Ag(111), NO forms adsorbed dimers. Upon heating or pho-
ton irradiation of the surface, the dimer partially dissociates
to (partly desorbing) NO monomers, or reacts to form ad-
sorbed N>O and O. Quite similar behavior of NO adsorption
was observed on Ag and NP surfaces.'? Previous work has
reported on cross sections and translational energies of pho-
todesorbed NO obtained by mass-selected time-of-flight (MS-
TOF) measurements yielding translational energies expressed
as translational temperatures on Ag(111)*? and on Ag NPs of
varying size.'>?3 In the present paper, we report on detailed
internal energy distributions (rotations and vibrations) of des-
orbing NO obtained by the resonance enhanced multiphoton
ionization (REMPI) method, for Ag(111) and for Ag NPs of
varying size, in order to fully characterize the dynamics in this
system and their dependence on size and excitation.

Il. EXPERIMENTAL

The experiments were carried out in two vertically con-
nected UHV chambers described previously. Briefly, the up-
per chamber was equipped with standard instruments for
checking surface morphology, cleanliness, and residual gas
pressure as described elsewhere.'®?%?* The lower chamber
could be alternatively equipped with MS-TOF, REMPI, and
two-photon photoemission spectroscopy’* detectors. Here we
used the REMPI setup.

For details of sample cleaning and nanoparticle prepara-
tion, see Refs. 25-27. Briefly, thin alumina films on a NiAl
(110) surface were used as support for Ag NPs. Daily prepa-
ration included cleaning the NiAl (110) crystal, preparing a
thin oxide film on it, and depositing Ag atoms on the ox-
ide film evaporated from a molybdenum crucible (at an Ag
atom flux of 1 A/min, calibrated by a quartz microbalance)
at room temperature, to form the Ag NPs according to proce-
dures developed in this institute.”> Since the Ag NPs nucleate
only on surface defects whose density can be controlled by
the preparation of the oxide film, the NP mean size (& 20 to
30%) is given by the amount of evaporated Ag. The samples
were attached to a cryostat coolable by liquid helium and were
cooled to 30—40 K for photodesorption experiments. Heating
was accomplished either by radiation (<700 K) or by electron
bombardment from a tantalum filament mounted behind the
crystal (>700 K). The sample temperature was monitored by
type-E chromel-constantan thermocouples spotwelded to the
sides of the crystal. The Ag(111) crystal was mounted simi-
larly and cleaned by established procedures.??

The sample surface was dosed with NO molecules by
backfilling the chamber to a static pressure using a man-
ual leak valve. Photodesorption was initiated with the sec-
ond, third, or forth harmonic of an Nd-YAG laser at 2.3,
3.5, or 4.7 eV, at pulse durations of about 5 ns and a rep-
etition rate of 10 Hz. Pulse fluences of 0.5-2 mJ/cm? were
used. We stress that in this time/fluence regime all desorption
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effects are strictly linear; much higher photon densities are
necessary to cause nonlinear effects.”® In order to perform
desorption at a high, constant NO coverage the crystal was
kept at 60 K and continuously dosed with a background
NO pressure of 5 x 107 to 4 x 108 mbar (depending on
the laser energy, fluence, polarization, and desorption cross
section of NO) during the photodesorption experiment. The
background pressure was adjusted such that the REMPI sig-
nal stayed constant, keeping the dimer layer close to satu-
rated. This procedure ensures that the signal is dominated by
photodesorption from NO dimers.'*??> No evidence of any
accumulation of impurities (by temporal changes of mea-
sured parameters or postirradiation thermal desorption) was
seen during the measurements which in some cases had to be
extended for sufficient signal/noise ratio. Agreement of the
earlier MS-TOF spectra'? with the REMPI-TOF spectra ob-
tained here (see below) further corroborate this conclusion.
Desorbed NO molecules were detected state selectively by (1
+ 1)-REMPI via the A 2% (v =0, 1) < XTI (v =0, 1)
transitions,?® at a distance of 27 mm from the surface (spot
size ~2 mm). For detection, tunable ultraviolet (UV) radia-
tion between 216 and 237 nm (linewidth 0.3 cm™!, pulse en-
ergy ~1.5 mJ, and pulse duration ~15 ns) was obtained by
frequency doubling with a B-barium borate crystal of an ex-
cimer laser-pumped dye laser system operating at 432-474
nm with Coumarine-2 dyes. A computer-controlled motor-
ized filter wheel with various neutral density filters was used
to keep the probe laser energy roughly constant and at suf-
ficiently low values to avoid saturation effects. The resulting
ions were accelerated toward a multichannel plate assembly
by a repeller plate held at +1 kV and detected as an ion cur-
rent.

The REMPI signal obtained without desorption laser
pulse gives the background signal, while the REMPI signal
after photodesorption consists of the sum of the background
and photodesorbed NO signal. After background subtraction,
the REMPI signal is normalized with respect to the pump and
probe laser powers according to their power relations. For fur-
ther details see Ref. 27.

lll. RESULTS
A. Translational energy distributions

Quantum state resolved TOF spectra of photodesorbed
NO molecules (REMPI-TOF spectra) were obtained by plot-
ting the ion signal (at a known rovibrational transition) as a
function of pump-probe laser delay, Ar (with Ar varied be-
tween O and 300 ps). The translational energy distributions
for each internal state were obtained by fitting the resulting
REMPI-TOF spectra with a flux-weighted, shifted Maxwell—
Boltzmann (SMB) distribution, f{(f) = a/t4exp(—b(L/t — v0)2),
corrected for the decrease in detection efficiency with veloc-
ity as has been done before for the MS-TOF spectra.'? Here
a, b are the parameters of amplitude and spread, respectively,
t is the flight time of desorbate, L is the flight length (~27
mm), and v is the parameter related to the shift from the
thermal Maxwell-Boltzmann distribution.> The mean trans-
lational energy was obtained by numerical integration of the
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FIG. 1. TOF spectra for three different rotational states, J”, of NO (v = 0,
Q" = X2I,;,) photodesorbed from 8 nm Ag NPs at v = 2.3 eV. The solid
lines are fits to the shifted Maxwell-Boltzmann distribution. At lower J” a
slow contribution of thermal and/or scattered molecules is seen and can be
fitted with another SMB (light lines).

fitted function and can then be expressed by the translational
temperature, Ty, = <E>/2kg, where kg is the Boltzmann
constant.

Figure 1 shows an example of a series of REMPI-TOF
spectra measured from NO (for vibrations v = 0, spin state
Q" = % and various rotational states J”; many other parame-
ter combinations were recorded”’), photodesorbed by 2.3 eV
p-polarized photons from (NO), adsorbed on 8§ nm Ag NPs.
NO molecules photodesorbed with lower J” have broader
TOF spectra which are well fitted by the sum of two SMB
distributions, a fast and a slow (close to the sample temper-
ature of 60 K) channel. We ascribe them to photochemical
desorption and to scattered or thermally desorbed molecules,
respectively. The contribution of the latter channel decreases
quickly with increasing J” and disappears for higher J” states.
In parallel, the fast TOF component becomes narrower and
shifts to earlier pump—probe delays with increasing J”. In
contrast to this J” dependence of the translational energy, no
dependence of translational or rotational energy of desorbed
NO on vibrational excitation is observed: for molecules in
v” = 0 or 1, identical translational/rotational spectra are ob-
tained, as will be discussed in more detail below. The same
behavior—rotation and translation positively coupled, vibra-
tion decoupled—was observed for NO molecules desorbed
from other NP sizes or from Ag(111), and for the other
photon energies used in this work, even for a parameter set
(4.7 eV, small NPs) which yields distinctly different individ-
ual parameters (see below).

B. Internal (rotational, vibrational, and spin-orbit)
state energy distributions

The rotational state distributions of photodesorbed NO
were extracted from the intensity distributions of the REMPI
spectra measured at a fixed At (i.e., for a fixed velocity) af-
ter weighting them with degeneracy and line strength (Honl-
London) factors.®?%2° Figure 2 shows typical data with (a)
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FIG. 2. (a) Typical (1+1) REMPI spectrum of NO (v/ = 0, At = 29
us) desorbed with 3.5 eV photons in p-polarization from 8 nm Ag NPs.
(b) Boltzmann plot of the rotational distribution of NO (v = 0, Az = 29 us)
desorbed with 3.5 eV photons in p-polarization from 8 nm Ag NPs. Empty
triangles: Q" = X2I1y,, filled triangles: Q" = X>IT3/,.

a REMPI spectrum measured from NO (v’ = 0, velocity
= 950 m/s; again many additional conditions were
examined””) desorbed from 8 nm Ag NPs with p-polarized
photons of 3.5 eV and (b) the corresponding Boltzmann plot.
The latter is characterized by a single straight line in the given
units (i.e., by a thermal rotational distribution), which yields
a rotational temperature of T, = ~485 K. The contributions
from the two spin—orbit states (X2IT,,, and X?IT3), which
are energetically separated by about 124 cm™, fall along the
same line in the Boltzmann plots which suggests that the
spin—orbit excitations are in equilibrium with the rotational
excitations.

The vibrational temperatures (7yi,) were estimated by
comparing the signal intensities in v/ = 1 and v” = 0 states
with similar J”, after intensity normalization with Franck—
Condon factors (0.17 and 0.11 for the (0,0) and (1,1) NO
transitions, respectively”’), assuming a Boltzmann distribu-
tion and equal detection efficiencies for the v’ = 0 and
1 states.

The REMPI-TOF spectra were recorded from various Ag
NP sizes and excitation photon energies and the correspond-
ing Ty and T, were determined. Figures 3 and 4 collect the
data in pseudo-3D plots. Table I lists the numerical values.
As can be seen the results for mean translational, rotational,
and vibrational energy content of the desorbing molecules are
essentially constant, independent of excitation energy, and
particle size (including Ag(111): 1/R = 0), with one no-
table exception. The delay time-dependent spectra of pho-
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FIG. 3. Pseudo-3D plot of the mean rotational excitation (given as the ro-
tational temperature) of desorbed NO, as functions of excitation energy and
particle size (given as inverse radius, 1/R, including Ag(111) at 1/R = 0).
Very little variation is seen except for 4.7 eV excitation and smallest size
(4 nm or 1/R = 0.5 nm™"), where slow molecules show normal rotational

excitation (filled square), while this is much higher for fast molecules (empty
square).

todesorbed NO measured from small Ag NPs (D = 4 nm) at
hv = 4.7 eV were found to exhibit an additional faster com-
ponent compared to results measured from larger particles or
Ag(111) at 4.7 eV, and for all samples and lower photon ener-
gies (see Figs. 3 and 4). This finding corroborates the results
of the REMPI-TOF measurements above and also those of
the previous MS-TOF measurements which had investigated
more NP sizes.!? At this special condition (high excitation
energy, very small particles) considerably changed final state
energies are found, with higher energies in all DOF (Figs.
3-5). In Ref. 13, we have interpreted this as the opening of
a new channel for these conditions; we will return to the in-
terpretation below. To characterize it and separate it from the

normal photochemical channel as far as possible, we have

measured REMPI spectra at two different A which contain

strong contributions from one or the other of the two chan-
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FIG. 4. Pseudo-3D plot of the mean vibrational excitation (given as vibra-
tional temperature) of desorbed NO, as functions of excitation energy and
particle size (given as inverse radius, 1/R, including Ag(111) at 1/R = 0).
Very little variation is seen except for 4.7 eV excitation and the smallest size
(4 nm or 1/R = 0.5 nm™"), for which very fast NO (1500 m/s, empty square)
shows very high vibration, but also slow NO (filled square) possesses higher
vibrations than all the other conditions (see text for discussion).
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FIG. 5. REMPI-TOF spectra of photodesorbed NO (v =0, J" =25.5, Q" =
X210, 12 state) measured from 8 (upper spectrum) and 4 nm (lower spectrum)
Ag NPs at hv = 4.7 eV. The lower spectrum for 4 nm NPs is decomposed into
the sum of two SMB functions, first with the shape of the 8 nm TOF spectrum
(light line), and the remaining fast component is fitted with a second SMB
function (blue filled area). The vertical dotted lines on the TOF spectrum

show the velocities for which rotational and vibrational distributions were
obtained.

nels. The REMPI signal at At = 29 us (velocity ~950 m/s) is
dominated by the internal state population distribution of the
normal, slower component, while the internal state population
distribution of the new, faster component was maximized by
measuring the REMPI spectrum at a shorter At, 19 us (i.e.,
molecules with a velocity of ~1500 m/s) where it is strong
(though not dominant). As shown in Fig. 6 the correlation of
translation and rotation also exists for the new component, al-
beit with a distinctly higher gradient.

Table I collects the rotational and vibrational tempera-
tures of photodesorbed NO measured for various Ag NP sizes
and Ag (111) for hv = 2.3, 3.5, and 4.7 eV contained in
Figs. 3 and 4. Errors (estimated from reproducibility) are

TABLE I. Summary of the rotational and vibrational temperatures of NO
photodesorbed with 2.3, 3.5, and 4.7 eV from Ag NP surfaces of varied size.
The results from Ag(111) are also shown for comparison.

hv (ev) Polarization

Substrate Velocity (m/s) Tyor(K)  Tyin (K)
2.3 P Ag (111) 950 425 780
P 4 nm Ag NPs 950 405 692
P 8 nm Ag NPs 950 462 667
p 11 nm Ag NPs 950 452 697
3.5 P Ag (111) 950 438 797
P 4 nm Ag NPs 950 370 687
P 8 nm Ag NPs 950 485 655
s 8 nm Ag NPs 950 490 700
p 11 nm Ag NPs 950 470 670
4.7 P Ag (111) 950 432 788
P 4 nm Ag NPs 950 400 1390
P 4 nm Ag NPs 1500 620 1540
P 8 nm Ag NPs 950 440 686
p 11 nm Ag NPs 950 474 726
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FIG. 6. Correlation between translation and rotation for the three excitation
energies used, as indicated. Mean translational energy, given by the trans-
lational temperature, Ty = (Ei)/2kg, is plotted as a function of rotational
energy of NO (v =0, Q" = X?I1,), desorbed with hiv = 4.7 eV from 4 nm
Ag NPs (filled stares), 8 nm Ag NPs (filled circles), 11 nm Ag NPs (empty
circles), and Ag (111) (filled triangles). In all cases roughly linear correla-
tions are found, which are about identical for all conditions except for 4 nm at
4.7 eV, where consistently higher excitations result.

about + 50 K. At hv = 2.3, 3.5, and 4.7 eV, the Ty, of
photodesorbed NO with a velocity of 950 m/s is almost
constant (within the experimental error) at ~450 £+ 50 K
throughout the D range and including Ag(111). However,
those molecules desorbed with a velocity of 1500 m/s (fast
component) from 4 nm Ag NPs with 4.7 eV have a clearly
higher T;o, ~620 K.

Similarly, at 2.3 and 3.5 eV the vibrational level v’ = 1
is populated with ~2%-3% of the photodesorbed molecules,
which corresponds to a Ty, of ~700-800 K and does not sig-
nificantly change with D. On the other hand, at 4.7 eV and for
D = 4 nm Ag NPs the vibrational level v/ = 1 is populated
with ~14% (T, ~1390 K) for the normal, slower compo-
nent of photodesorbed NO and ~17% (Tyi, ~1550 K) for the
faster one. At 4.7 eV excitation even the slower component
shows a somewhat increased vibrational excitation. One pos-
sible reason could be that there is sufficient extension of the
distribution of the “new” channel down to this velocity in the
v” = 1 state (although the decomposition in Fig. 5 makes this
doubtful). Since there is no coupling of translation and vibra-
tion, selection of the velocity does not select the vibrational
excitation for the fast or slow molecules.

In view of the strong effect of plasmon excitation on
the photodesorption cross section,'®?* it is particularly in-
teresting to check for an effect of plasmon excitation on
the rotational and vibrational energy distributions of the
photodesorbed NO molecules. We therefore carried out
REMPI measurements with photons on-resonance (3.5 eV in
p-polarization) and off-resonance (3.5 eV in s-polarization)
of the (1,0) plasmon. For these two cases the cross sections
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FIG. 7. Individual population ratios for the spin—orbit I}/, and IT3/, states of
NO desorbed from 8 nm Ag NPs at v = 3.5 eV (p-pol.) at various rotational
states, J”.

differ by a factor of ~8 for 8§ nm Ag NPs (Ref. 13). The
Tior and Ty, of photodesorbed NO molecules measured from
8 nm Ag NPs were found to be ~485 K and ~660 K at hv
= 3.5 eV in p-polarization, and ~490 K and ~700 K at
hv = 3.5 eV in s-polarization, respectively; i.e., they were
about the same. Similarly, the state resolved translational tem-
perature of photodesorbed NO does not change significantly
between p- and s-polarization, as shown in Table II. These
observations show that the plasmon excitation has no signifi-
cant influence on the rotational and vibrational excitations of
the photodesorbed molecules, corroborating the earlier find-
ing of unchanged translational energies on and off the plas-
mon resonance.'® The conclusion of unchanged mechanism
is thereby reinforced.

The REMPI spectra obtained from a wavelength scan can
also probe the populations in the two spin—orbit states of the
ground state of NO [an example has already been shown in
Fig. 2(b)]. The spin—orbit state population can be determined
by comparing the peak heights (after normalizing with the
Honl-London factors) for transitions originating in X2IT/
and X>I13, spin states. Figure 7 shows the individual popula-
tion ratios in the spin—orbit I, and ITs/, states as a function
of J” of NO desorbed from 8 nm Ag NPs at hv = 3.5 eV (p-
pol.). As can be seen from the figure the two spin—orbit states
are always roughly equally populated, although some fluctu-
ations occur.

C. Energy partitioning

From the energy provided by the photon, Ay, a part will
be needed for dimer dissociation and subsequent breaking of
the adsorption bond. The remainder will be available for ex-
citations of translational and internal DOF of the desorbed
NO, as well as for dissipation into the substrate. Due to the
weak dimer’® and adsorption (derived from thermal desorp-
tion) bonds (of about 0.1-0.15 eV each), the first part is small
(~0.2-0.3 eV) and constant for varied excitation.

The total energy in the translational and internal DOF
of the desorbed NO molecules can be determined from
the translational and internal energy distributions presented
above. The average translational energies of photodes-
orbed NO molecules have been taken from the MS-TOF
measurements.'> Since these measurements are already
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TABLE II. Comparisons between the translational temperature of NO (v
= 0, Q" = X2I,,) photodesorbed with 3.5 eV in p-polarization (on-
plasmon resonance) and in s-polarization (off-plasmon resonance) from
8 nm Ag NPs.

V=0, =12
J'=35 J' =165 J'=235 J' =285
Tyathv =3.5¢eV,ppol. 304K 640 K 111K 1345 K
Tyathv =3.5¢eV,spol. 291K 577K 156K 1262K

averaged over the internal quantum states, no further
averaging 1is necessary. An average rotational en-
ergy, (E.(v")), of the photodesorbed NO in a spe-
cific vibrational state, can be obtained by calcu-
lating a weighted average sum, (Emt(v”)> =({/N
VN Y NtV T E(V", J"), between J” = 3.5 and
28.5, where N, denotes the population of the rotational
level with energy E... The total rotational energy has to
be weighted by the vibrational population for the v’ = 0,
and v/ = 1 states (higher vibrational states can be safely
neglected). We stress that there may be errors in the result
since we determine the average rotational energies only
for molecules desorbed at a specific velocity. Due to the
translation—rotation coupling, these average energies may
not represent the total average rotational energy of the entire
velocity distributions. This means that the actual mean
rotational energy may be somewhat larger. Similarly, the
average vibrational energy,(E,), of photodesorbed NO can
be calculated by using (Evip) = (1/N) Y, Nyib(vV")Eyin(V"),
where Ey;,(v”) is the vibrational state energy and Ny, (v”) is
the population of the corresponding vibrational level (v = 0
or1).

The results found for the individual average energies
which go to the different DOF of the desorbate are summa-
rized in Table II1. The total energy (Ey) can then be obtained
from the sum of the contributions of all DOF:(E,,,) = (E)
+ (Erot) + (Evip). As can be seen from Table III, only small
fractions of the available energy are released into the pho-
todesorbed NO molecules (~0.17 eV for the normal, slower
component and ~0.51 eV for the fastest component). So the
major part of the primary excitations will be dissipated in the
substrate, partly by recoil and partly by returning hot electrons
(see Sec. I'V). In addition, the energy is not equally partitioned
into the different DOF of the desorbing NO: the majority of
the energy goes into the translation. This conclusion is not
changed by a possible error in the determination of the mean
rotational anergy discussed above.

D. Correlations

In addition to the individual final state energy distribu-
tions, knowledge of the correlations between them is very
important for conclusions about the dynamics of the desorp-
tion process and for comparison with calculations. Evaluation
of the mean translational energy of photodesorbed NO from
the measured TOF spectra at various J” have been shown in
Fig. 6. As already mentioned, the translational and rotational
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FIG. 8. Absent correlations between (a) rotation and vibration. Rotational
plots of NO from 8 nm Ag NPs at hv = 3.5 eV (p-polarization) for v’
= 0 (plus signs) and v’ = 1 (solid squares). The rotational temperatures are
about equal (485 and 497 K, respectively). (b) Translation and vibration. The
translational temperatures of photodesorbed NO [same conditions as in (a)]
for v = 0 (solid circles) and v = 1 (open circles), measured for various
rotational states, J”.

state energies of the photodesorbed NO are positively cor-
related. The positive correlation between the two DOF sug-
gests their coupling during the desorption process, i.e., they
are likely due to a common step in the dynamic sequence.
So it contains information on the dynamics and may be influ-
enced by the adsorbate geometry.

On the other hand, as can be seen in Fig. 8(a), the trans-
lational and rotational energies do not show any significant
change between the v’ = 0 and v = 1 states. Similarly, the
rotational distributions of photodesorbed NO are remarkably
similar for both vibrational states [see Fig. 8(b)]. This de-
coupling of the vibrational excitation from the rotational and
translational DOF is found for all D [including Ag(111)] and
all photon energies used in this study. It must be a very basic
property of the mechanism.

IV. DISCUSSION

Many aspects of our findings are similar to those
reported before for other systems.?® Clearly, we see elec-
tronically mediated desorption, with distinct and uneven
distributions of energies over the degrees of freedom of the
desorbing molecule. Strong predominance of the translation,
positive correlation between translation and rotation, and de-
coupling of the vibration from them, has been seen in many
other NO adsorbate systems (see the reviews in Refs. 1-3
and 28). The relative energies going into the various DOF,
and even the total energies, vary considerably. For desorp-
tion from condensed (NO), considerably higher total energies
have been reported, with most of it in the vibrations.?"3? The
two spin—orbit-split states were also about equally populated
in the desorbing NO in these cases, while in many reports
of NO desorption from adsorbed NO monomers on metals
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TABLE III. The average translational, rotational, and vibrational energy contents in the photodesorbed NO
from “normal” and the fast, new channels (all values are given in eV). Note that the rotational energies may be

somewhat underestimated (see text).

Species Substrate (Exr) (Erot) (Evib) (Etor)
Normal at 2.3 eV 4,8, 10 nm Ag NPs and Ag(111) 0.125 0.04 0.006 0.17
Normal at 3.5 eV 4,8, 10 nm Ag NPs and Ag(111) 0.125 0.04 0.006 0.17
Normal at 4.7 eV 8, 10 nm Ag NPs and Ag(111) 0.126 0.039 0.006 0.17
Normal at 4.7 eV 4 nm Ag NP 0.126 0.039 0.035 0.20
Fast at 4.7 eV 4 nm Ag NP 0.414 0.055 0.042 0.51

(Ew), ( Eror), and (Eyp) are the average translational, rotational, and vibrational energies, respectively.

and an oxide®?® this was not the case. Since Ref. 3 gives
an extensive survey of these results and a thorough discus-
sion of their interpretation, we need not go into details here,
but can take over from this in-depth treatise what is directly
applicable for the present case. We first briefly summarize
the main distinctive aspects of our results reported above, and
point out which aspects need discussion. We then go through
these points, reaching conclusions where possible.

The detailed data presented on the distributions of en-
ergy over the DOF of the photodesorbed NO molecules
from (NO), adsorbed on silver surfaces show that we
can distinguish two regimes, as defined by the sets of
DOF energies. The first one, termed “normal” subsequently,
is found for all surfaces—from Ag(111) to the smallest
NPs— if excitation is induced with 2.3 or 3.5 eV, for
the latter also irrespective of polarization (i.e., on and off
the plasmon resonance), or by 4.7 eV for Ag(111) and large-
to medium-size particles. This shows that in this wide range of
varied samples and excitation conditions the intrinsic mecha-
nism does not depend on the excitation mode or on particle
properties. In particular, there is no mechanistic difference
between excitation on and off the plasmon resonance, even
though the desorption cross sections vary widely: a factor of
40 lies between plasmon excitation at the optimum particle
size, and excitation at the same energy on Ag(111)."> The
independence of this main channel of the excitation energy
must mean that only one excited state is active throughout the
range. Also, the fact that 2.3 eV photons suffice to reach this
common excited state of PES shows that the energy of the rel-
evant excited state must be lower than this energy. The decou-
pling of the mechanism from the excitation step and the cross
sections had already been deduced in the earlier work'? using
only the translational energy to characterize the mechanism.
Corroboration by the full DOF energy distributions strongly
supports this conclusion. The data also provide a much more
solid ground for discussion of this common intrinsic mecha-
nism.

The second regime becomes detectable for 4.7 eV exci-
tation and small particles; it is already noticeable for some-
what larger particles, and is characterized by higher energies
in all DOF compared to the “normal” regime. In particular,
the vibrational excitation is considerably enhanced; the pos-
itive correlation of translation and rotation persists but with
increased gradient. The possibility that the known smaller ad-
sorption energy on small particles'® simply leads to a shift of
the accessed area of the excited PES can be excluded since
then the effect should also occur at lower photon energies.

This conclusion is also corroborated by the translational dis-
tributions (Fig. 5) which suggest two components under these
special conditions. The necessity of the higher excitation en-
ergy to access this regime shows that a different excited state
comes into play. Therefore, this second regime must be char-
acterized by a different mechanism, which possesses a higher
energy threshold and is more pronounced for smaller the par-
ticles. This implies absence of this new mechanism for des-
orption from Ag(111), in agreement with experiment.

A. The “normal” regime

In general, photoinduced processes work by the fact that
electronically excited states possess PESs with gradients in
the Franck—Condon range of the ground state, so that energy
is transferred from the electronic system to the nuclei during
the lifetime of the excited state, as well as when the system
returns to a de-excited state at a different geometry. In pho-
todesorption of adsorbed molecules from metal and semicon-
ductor surfaces, this semiclassical picture is exemplified by
semiclassical two-step models, e.g., the MGR (Ref. 5) and
Antoniewicz®® models. A very important point is that the life-
times of electronically excited states of adsorbates on a metal
surface are extremely short (of the order of 1 fs), so that in
general the success rate of an excitation is very low for va-
lence excitations.'™* An important differentiation of systems
is whether the primary excitation is directly induced in the
adsorbate (by light absorption or slow electron collision), or
whether excitation accumulated in the substrate is transferred
onto the adsorbate complex. Usually, the former is found for
higher excitation energies, in particular for excitation of lo-
calized adsorbate excitations;* the latter process dominates at
low energies, where the substrate is strongly absorbing and
excitations are delocalized. An important specific mechanism
here is the transient negative ion (TNI) model.>** Accord-
ing to it, a hot electron produced by photoabsorption in the
bulk tunnels into the adsorbate’s lowest unoccupied molecular
orbital (LUMO). The resulting TNI will, at least for weakly
bound species, have a stronger surface bond due to the im-
age potential interaction, so that the adsorbate is accelerated
toward the surface accumulating kinetic energy. When the ex-
cited electron jumps back into the substrate, the adsorbate will
fall back onto the ground state PES at a repulsive position,
possibly leading to bond breaking and desorption (Fig. 9).
The energy exceeding the bond strength can appear as the
desorbate’s translational (by center-of-mass acceleration of
the adsorbate) and rotational energy (when a torque exists due
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+

M+A" or M+A

Energy

Distance from the surface

FIG. 9. Sketch of a one-dimensional version of the TNI model, which in
the lowest approximation can also be envisaged for the TPI process (albeit
with a different excited state curve). The ground state (M + A) and excited
state (M + A" or M + A™) curves are indicated, together with some energy
differences.

to the angular situation); the recoil of the desorbed molecule
can transfer part of the surplus energy into the substrate. Fur-
thermore, since in most cases the LUMO is antibonding for
the adsorbate molecule, the internal bonds will be stretched
during the lifetime of the TNI; when the latter is neutralized,
energy will remain in the fragment vibrations.

In agreement with earlier work on flat and roughened
Ag(111) (Ref. 3 and 11) we have argued before'*?>?3 that
this mechanism very likely applies to the photodesorption of
NO from (NO);, on silver surfaces, both on Ag(111) and on
Ag NPs. In fact, the persistence of the mechanism indicated
by our DOF energy distributions combined with the strong
variations of cross sections point to an excitation in the sub-
strate. The TNI mechanism is also supported by the agree-
ment of the calculated position of the (NO), 7 * unoccupied
molecular orbital [~2 eV above Er (Ref. 35)] with the pho-
ton energy dependence of desorption cross sections.'®?? Qur
extensive data on energy distributions support this conclusion
as well. Based on the description above, a hot electron cre-
ated in the Ag substrate will tunnel into the 7* LUMO of
an adsorbed (NO);. The resulting TNI will be accelerated to-
ward the surface; at the same time all bonds will be stretched,
since the 7 * LUMO is antibonding for both the N-N and N-O
bonds of the dimer;® in fact the weak N-N bond may already
be broken in this regime. When the hot electron tunnels back
into the substrate, the evolving complex ends up on the re-
pulsive part of the respective (dimer or monomer, see below)
ground state potential. As the system evolves potential energy
is transferred to kinetic energy of the fragments.

On Ag surfaces NO adsorbs as a dimer with the N-N
axis in the surface plane and an <NNO bond angle of ~120°
[Fig. 10].>" As mentioned above, the bond to the surface, as
estimated from the peak temperature'® of temperature pro-
grammed desorption (TPD) is very weak (of the order of
0.1-0.15 eV, i.e., barely larger than the dimer bond;*"); so
the assumption of a more strongly bound TNI is justified.
In the impulsive model® de-excitation of the TNI dimer (or
the evolved complex) to the repulsive region of the dimer
ground state PES (or the PES of the fragments) leads not
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FIG. 10. Sketch of the impulsive model for NO translational and rotational
excitation. Momentum transfer from the substrate (Py) and impulsive rupture
of N=N bond (P3) of the NO dimer can lead to rotationally excited NO.

only to acceleration of the center of mass of the complex
(and consequently to excitation of the translational DOF) but
also to torques which create rotational excitation of the des-
orbate. If the breaking of the N-N and the surface bond are
not happening separately, another possible source for rota-
tional excitation of NO can be the impulsive rupture of the
weak N-N bond in a 120° tilted ON-NO configuration of
the NO dimer (Fig. 10) after it is de-excited to the ground
state PES (Fig. 9) of the dimer; the latter must be connected
with the PES of the monomer as we observe desorbing NO
monomers. So the main energy transfer to translation and ro-
tation happens upon return into the ground state, on the re-
pulsive part of the corresponding PES. This explains the pos-
itive coupling of translational and rotational energies. The ab-
sence of coupling to vibrations may be understood within the
same model. As noted above, the vibrational excitation of the
desorbing molecule stems from the stretching of the adsorbate
in the excited state; the energy transferred in this way remains
in the molecule when the excitation is transferred back to the
substrate, and is converted to vibration of the fragment. Since
the translational/rotational excitations mainly result from
the evolution on the repulsive part of the ground state, while
the vibrations stem from the stretching during the TNI life-
time, these two sets of DOF are decoupled. The predominance
of the translational part in the total energy content of the des-
orbed molecule must stem from the steep gradient of the re-
pulsive potential sampled.

Admittedly, this evolution must be quite complex in the
case of the NO dimer, and the discussion here can only be
qualitative and approximate as no quantitative theoretical cal-
culations are available. It is likely that the “relevant” neutral
PES to which the system reverts after the hot electron has
jumped back into the substrate, and on which the main evolu-
tion occurs, is at least in part that of the final molecule, the NO
monomer. Indeed as mentioned, positive coupling of trans-
lation and rotation, and decoupled vibration, have been ob-
served before in many cases of NO monomer desorption. >3
They are even seen in molecular beam scattering of NO,
in which only the ground state PES is sampled. Obviously
a calculation of the ground and excited state PESs and the
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evolution of the corresponding wave packet on them would be
very interesting. The detailed data reported here would pose a
critical test for such calculations. We stress again that in this
“normal” regime the influences of MNP properties, including
size, are limited to changes of cross sections,? i.e., on the
attempt rate to this (constant) intrinsic mechanism. The dy-
namics of the intrinsic mechanism does not at all depend on
the size of the NPs, even down to very small particle sizes.
This suggests that the PES involved do not change apprecia-
bly with NP size; they must even essentially be the same as
on Ag(111). This also excludes an important influence of the
ground state adsorption energy which does decrease with de-
creasing particle size, as we showed earlier,> or of possible
complex adsorption sites on small NPs.

An interesting aspect of our findings, in line with previ-
ous observations for NiO,?® is the small fraction of the total
photon energy which ends up as energy content of the des-
orbing molecule. Together with the energies needed for bond
breaking, it amounts to only 10%—-20% of the photon energy.
The major part is eventually converted to phonons of the sub-
strate. Partly this happens by the recoil in the collision of the
molecule with the repulsive PES; most of it probably is con-
nected with the back-transfer of the hot electron in the decay
of the TNI, to be eventually converted to phonons of the sub-
strate as well. It should be noted, however, that this heating of
the substrate is not sufficient to lead to noticeable thermal des-
orption. This claim is supported both by the linear dependence
of yield on fluence and by estimates of heating (using models
as discussed in Ref. 3). It is also corroborated experimentally
by the survival of adsorbed N,O (produced in the photodes-
orption as well>?) after photodesorption of all (NO),, which
turns up in post-irradiation TPD to desorb below 120 K.>

Our result of equal population of the two spin—orbit-
split states differs from many reports for adsorbed monomers,
for which different, sometimes J-dependent ratios have been
seen;>>® as mentioned above, it agrees with results for con-
densed NO dimers®"?? which, however, differ in other as-
pects. As discussed in detail in Ref. 3, the populations of these
two states can be connected with the rotational axis of the des-
orbing NO and a possible tilt angle of the adsorbate ground
state, the adsorbed monomer. Our result must mean that there
is no preferential orientation. We believe that this is connected
to the mixing of dimer PESs and (outgoing) monomer PES
which destroys any preference. Again, calculations would be
helpful.

B. The regime of high excitation energy and small
particles

In this regime considerably more energy is transferred
to all DOF of the desorbing NO. This is most notable for
the translational energy (see Table III and Ref. 13), but can
be seen also in the other modes, especially in the vibration.
The total energy transferred is about three times larger than in
the “normal” regime. As we discussed above, a simple shift
of the sampled PES area cannot explain the combination of
differences. So a different mechanism has to be considered.
To reiterate, the new fast channel is present only for 4.7 eV
excitation, and is observable only for small particles.
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Molecule

Substrate

FIG. 11. Schematic view of the various photoexcitation schemes: (A) Ex-
citations to the TNI state (electron transfer from sp-band of substrate to the
LUMO of the adsorbate), creating a hole in the sp band (see text). Short arrow
(red): 2.3 or 3.5 eV; long arrow (green): 4.7 eV. (B) Excitation of d-band elec-
trons: not possible for 2.3 or 3.5 eV (broken short red arrow); to the empty
sp states above Ef at 4.7 eV (long green arrow). (C) Direct excitation from
occupied adsorbate orbital to the empty sp-band of the substrate at 4.7 eV.
(D) Direct excitation from HOMO to LUMO of the adsorbate (possibility
questionable). (E) Electron transfer from occupied adsorbate state (HOMO)
to the d-hole created in the excitation mechanism (B) at 4.7 eV (green).

Considering what excitation channels could open up at
4.7 eV but remain closed at 3.5 eV, we see that at the lower
photon energy only Ag s-electrons can be excited, while at
the higher energy also Ag d-electrons can be lifted above the
Fermi level. This suggests that the new mechanism could be
creation of a transient positive adsorbate ion (TPI) by tunnel-
ing of an electron from the highest occupied molecular orbital
(HOMO) of the adsorbate into a surface d-hole. This mech-
anism has been suggested by us before in Ref. 13; a simi-
lar suggestion has been made recently for a more complex
surface photochemical reaction.” Another equivalent process
would be a primary charge transfer excitation from the ad-
sorbate HOMO to the empty Ag density of state of the NP.
In both cases a TPI in the adsorbate and a (low energy) hot
electron in the Ag would result. These processes are depicted
in Fig. 11. The TPI would have to evolve such that more
energy—in particular more translational energy—would be
transferred to the desorbing NO. We have suggested before'?
that this may derive from a closer approach of the TPI to the
surface than of the TNI, due to the TPI likely being more
compact, as suggested in the original Antoniewicz model for
positive ions.>* Applied to the comparison of TNI and TPI
processes, this simple argument assumes that for both TPI and
TNI the chemical interaction with the surface is small, so that
the corresponding potential energy curves are dominated by
the (equal) image charge interaction (Fig. 9). However, we
cannot exclude chemical changes as well, which would make
this simple argument inapplicable. We also note that 4.7 eV
most likely is not sufficient to cause a direct HOMO-LUMO
excitation on the adsorbed dimer, although information on the
modification of the HOMO-LUMO gap of the dimer (which
is about 6 eV in the free molecule®®) by screening at the
Ag surface is lacking. This direct mechanism was suggested
for NO desorption from condensed (NO), on Ag(111),*! and
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monolayer (NO), on LiF(001).>> Calculational effort to ob-
tain states and PESs concerned would be highly desirable; the
detailed data of the DOF energy distributions would be good
points of comparison.

We want to point out that both variations of the suggested
TPI mechanism do explain why the corresponding channel is
strong only in very small particles. With change of the NP
size—all other parameters being equal—the number of hot
electrons produced scales with the number of Ag atoms in
the NP, i.e., ~D’. Due to the large mean free path of these
quasifree s-electrons, which considerably exceeds the size of
the NPs, all of them can become effective, so that the proba-
bility scales with the volume. The number of surface d-holes
(which are quite immobile), as well as the number of adsor-
bate molecules, scales with the NP surface area, i.e., ~D?.
So with decreasing particle size the TPI channel (whichever
its details) becomes stronger compared to the TNI channel,
but the latter stays active as well. We conclude that the com-
bination of necessary excitation energy and predominance in
small particles makes the correctness of the suggested TPI
mechanism very probable, even though details need theoreti-
cal work.

V. SUMMARY AND CONCLUSIONS

In summary, we have investigated the detailed photodes-
orption dynamics of NO from NO dimers adsorbed on Ag
NPs of varied size, supported on alumina films on NiAl(110)
substrates with nanosecond laser pulses of 2.3, 3.5, or
4.7 eV, and compared them to the corresponding processes on
Ag(111), measured in the same apparatus. Nonthermal des-
orption which results in translationally and internally hot NO
molecules is found. Translational and rotational energies are
positively correlated which must be due to a coupled energy
transfer mechanism, while the vibrational excitations are de-
coupled from these modes. These characteristics are found
under all conditions of excitation and NP size, from the flat
Ag(111) surface to the smallest particles. The confinement
of electrons in the NPs and the enhancement of the pho-
todesorption cross section by plasmon excitation, which are
known to strongly and size dependently change the desorption
cross sections, do not alter the individual desorption dynam-
ics of NO under these “normal” conditions. The findings are
well compatible with the earlier conclusion that the common
mechanism proceeds via a transient negative ion state. In this
model, the coupled translational and rotational excitations of
the photodesorbed NO stem from the impulsive interaction of
the neutralized TNI on the ground state potential, while the
vibrational excitation is the remnant of the stretching of the
molecule during its residence time in the TNI. Elucidation of
the motion of the desorbing NO on the PESs of dimer and
monomer will require calculational effort.

However, for 4.7 eV photons and small NP sizes, a new
channel appears in which the desorbing NO carries consider-
ably (~3x) more energy in translation, rotation, and vibra-
tion, and which we attribute to a different excitation pathway
under these conditions. We argue that this new mechanism
proceeds via a transient positive ion which can only be excited
at such a high photon energy. These species can be caused
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either by excitation of d-band holes at the Ag NP surface
and hole transfer into an adsorbate occupied orbital or by di-
rect charge transfer excitation from the adsorbate HOMO into
the Ag NPs sp-band above Er. The increasing contribution
of these mechanisms with decreasing size can be explained
by the concomitant change of the surface to volume ratio.
The detailed information on the energy distributions over the
desorbate modes, which must be intimately related to the po-
tential energy surfaces of ground and excited states and the
desorption dynamics running on them, should form a good
basis for model calculations.
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