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Abstract

We present density functional theory modeling of time-resolved oppaap/x-ray
spectroscopic probe data of CO desorption from Ru(0001). The BEEF vahadds
functional predicts a weakly bound state as precursor to desorptioropiical pump
leads to a near-instantaneous (<100 fs) increase of the eledeomperature to nearly
7000 K. The temperature evolution and energy transfer between eledutstrate
phonons and adsorbate is described by the two-temperature model and dound t
equilibrate on a timescale of a few picoseconds to an elevataldtémperature of ~2000
K. Estimating the free energy based on the computed potentialasf foece along the
desorption path, we find an entropic barrier to desorption (and byréwneesal also to
adsorption). This entropic barrier separates the chemisorbed andsprestate, and
becomes significant at the elevated temperature of the exgrer{ml.4 eV at 2000 K).
Experimental pump-probe x-ray absorption/x-ray emission spectroscagigzate
population of a precursor state to desorption upon laser-excitation ofystem
[Dell’Angela et al., Science 339, 1302 (2013)]. Computing spectra along the desorption
path confirms the picture of a weakly bound transient state afieingultrafast heating

of the metal substrate.

Keywords. CO desorption, potential of mean force, two-temperature model, pump-
probe, x-ray spectroscopy, density functional theory



Introduction

CO bonding to a metal surface is a prototypical process reléwamtiarge number of
important chemical transformations, sucheg.,, the water gas shift reaction converting
CO and HO to CQ and H, the Fischer-Tropsch process to synthesize alkanes as
synthetic fuels, as well as in conversion of CO to, @Ocar emission control catalysts.
The adsorption, bonding and desorption of CO at a metal catalyst stimfiadeecome of
fundamental importance to understand in detail.

The static CO bond to a metal surface has been studied bgeanamber of
authors, both experimentallgg., refs.[1-5], and theoretically.g., refs.[6-16]. The
bonding is popularly described in termsastionation andt* back-donation in a frontier
orbital scheme, but detailed experimental measurements usiray >emission
spectroscopy (XES) in combination with density functional theoryT{D§pectrum
simulations have revealed a different picture. The bonding is foundcto ot theTr
system where the three interacting orbitalg, (2 and metal 8;) hybridize to form
totally bonding (&), non-bonding(a,,) and totally antibonding27t*) states in an allylic
configuration [1; 2; 4-6; 16; 17]; the tilde (~) indicates that thmtalrhas been modified
through the metal-adsorbate interaction. The closed-statirbital, on the other hand,
generates exchange repulsion againsttktates of the metal [1; 2; 4; 10; 17]. We note
here that therbonding in terms of the allylic model was described alreadBlplyolder
[6] using extended Huckel theory while tlerepulsion became most evident from
experimental XES studies of CO adsorption in different sites on Ni(100) [2].

Here we will expand on previous reports [18; 19] on the time-resealestironic
structure changes in CO desorption from a transition-metal sufRag@001), studied
using the Linac Coherent Light Source (LCLS) free-electronyxlaaer. We will, in
particular, focus on the interplay between theory and experiméhé ianalysis of time-
resolved XES and x-ray absorption spectroscopy (XAS) data measuibsdquent to
heating the substrate with an optical pump laser. DFT calculatiotiee temperature-
dependent free-energy potential energy surface were performdedEaand XA spectra
calculated along the path to desorption. Through this interplay be®wgeniment and
theory we could unambiguously spectroscopically identify the proposed goestate to

desorption and adsorption [18; 19].



Methods
Computational methods

The Ru(0001) surface was modeled as periodically repeated thezeslaps of
which the bottom two layers were kept fixed during structure atilax (unit cell given
in the Supplementary Material). Increasing the slab with oyex laads to no significant
difference in the simulated spectra and the variations in CO masorenergy were
deemed negligible for the results in the present study. A 2%%vitklperiodic boundary
conditions was used in which a CO molecule was adsorbed at the detopesice a
coverage of 0.25 ML. From the top of the CO molecule to the bottom afiffaeent slab
a separation of 10 A of vacuum was employed in the surface nomeetdioln. The DFT
calculations of the potential energy surface of CO desorptioa penformed using the
BEEF-vdW exchange-correlation (XC) functional [20] as implememetie grid-based
real-space projector-augmented wave GPAW code [21; 22]. BEEF-vdudéscvan der
Waals (vdW) interactions through a functional describing non-local latoe; to
establish the effects of including the vdW interaction the gemethligradient
approximation (GGA) XC functional RPBE [23] was also applied. A-gpdcing of 0.18
A, and 0.12 eV Fermi smearing were used in the calculations. To gener adsorption
energy as well as the simulated spectr&k-point mesh of 4x4x1 was found to be
sufficient. In determining the minimum energy path (MEP) 0.05 eWids used as
acceptance criterion on the maximum force on each relaxed égbiening the criterion
to 0.02 eV/A only changes the total energy of chemisorbed CO Inyed/1

O K-edge XE spectra were calculated using GPAW [24] ftbe ground state
orbitals [25] and summed oveg@and p symmetries; the RPBE functional was used in
this case. To compare with the experimental spectra a broadesitinga Gaussian
function of 1 eV full-width at half-maximum (FWHM) was employ&kEometries of the
chemisorbed state and the precursor state were taken fronEfReofMtlesorption and to
obtain an absolute energy scale the computed spectra were sSoiftbat the energy
position of thel: state is aligned with that of the experiment; mioé in the

experimental spectrum the deconvoiitl  peak remains fixed in energy.



O K-edge XA spectra and core-excited state wave functiorns el@ained using the
StoBe-deMon [26] DFT code using a three-layer cluster model camgalrii Ruthenium
atoms to represent the Ru(0001) surface (coordinates given in the rSepiaey
Material). Triple-zeta basis sets were used in combinatitih aviL4 electron relativistic
effective core potential for Ruthenium, while carbon was descrilgednball-electron
triple-zeta basis with ongfunction added. Oxygen was described by the IGLO Il basis
of Kutzelnigg and coworkers [27] to allow for relaxation of the @dfter removal of one
1s electron. Spectra were computed within the transition potential appodal riguero
et al. [28; 29]. A Gaussian broadening of 0.5 eV FWHM was applied up to 534 eV and
then linearly increased to 3 eV until 539 eV and constant beyond thaenEhgy scale
was adjusted by shifting the spectrum at the chemisorbed equiilggometry to have
its 277" peak aligned with that of the unpumped experiment; the same skifthea
applied to all other spectra. The XAS calculations used the exchgnecke [30] and
the correlation functional by Perdew [31]; it has been shown [32}hkatpectral shape

does not depend significantly on the choice of functional.

Experimental setup and method

The optical pump/x-ray probe experiment was conducted at the S@iferristry
Endstation of the soft x-ray materials science instrumenR}J&83-35] at the LCLS
facility [36]. The preparation of the sample and the details abauteiperimental
procedure can be found elsewhere [18; 19].

Results

Minimum energy path

In Fig. 1 we present the computed minimum potential energy sydagesponding to 0
K) along the desorption coordinate of CO along the surface noramaltire ontop site.
Depending on the choice of XC functionak. if non-local correlation is included to
describe vdW interactions or not, the long-range behavior diffenfisantly. As seen in

Fig. 1, RPBE actually produces a small barrier at a CO-Randis of ~3.1 A after which
the potential energy trails off to zero. The BEEF-vdW functional, hendther hand,

yields an attractive plateau starting at a C-Ru distanoandr 3 A which can be



populated in the desorption process. This long-range attraction is afisentusing
standard GGA functionals such as RPBE. The equilibrium Ru-C distantiee favored
ontop adsorption was obtained as 1.94 A.

As seen from the inset in Fig. 1, at distances beyond ~4 A thenGécule
becomes free to rotate in the shallow vdW-generated shelf wivels @ significant
contribution to the entropy in the desorption process, a discussion Weetuilin to
below. At distances smaller than 2.5 A in the figure, CO is faardove from ontop to
bridge and hollow sites.

To simulate the desorption process at conditions relevant to the regpenve
need to account for the temperature of the system after bas&ation and, in addition,
include the entropic contribution to obtain the finite temperature pdtemgagy surface
through the potential of mean force (PMF). In the standard approachmettgy ¢ransfer
from the laser beam to the metal substrate is described hsinga-temperature model
(2TM) of Anisimovet al. [37].

Two-Temperature Model (2TM)

The optical laser pulses\ (= 400 nm in this experiment) that are used to initiate the
reaction are absorbed by the metal substrate causing excibhtsubstrate electrons that
thermalize on a time-scale of ~100 fs [38], after which a teatpe can be defined for
the electrons. The hot electrons subsequently heat up the lattiedeeteon-phonon
coupling and may also couple to the adsorbate vibrational degreeseddmn. Finally,
the system equilibrates to an elevated temperature. The timeegdggpaemperatures of
the electrons (d) and phonons () can be modeled, within the limit of thermalization,
with the 2TM [37] where the electron and phonon systems are traatéslo coupled

heat baths where we use the same formalism and material parameteef.g89]:

o]
Cot5;Tet = V(kVTe) = (Ter = Tpn) +5(2,0) (1)

d
Congp Ton = 9(Ter — Tpn)
The heat capacity of the electron systent js= yT,; with electron specific heat

Y= 400]/m3K2 while the heat capacitg,, of the phonon system is given by the Debye



T T .
model. The thermal conductivity ig8 = k, ¢ Tphw'th Ko = 117 W/Km and the

electron-phonon coupling ig = 1.85 x 1018 W/mgK. The laser excitation is given as a

function of depthz and timet by S(z,t) = I(t)/l_le_% wherel(t) is the time-dependent
absorbed intensity of the laser pulse andhe penetration depth. Using the 2TM, we
computed the electron and phonon temperatures assuming a Gaussiarpantedee
with a FWHM of 50 fs and an absorbed fluence of 14( Jhich yields an electron-
phonon equilibration time of 1.3 ps and a temperature at this time of 183heK.
modeled time-evolution of the electron and phonon temperatures at fdmesduring the
first 14 ps is shown in Fig. 2.

The two-temperature model has been shown experimentally to sagiyic
overestimate the resulting temperatures at low fluence deii¢d@ent energy dissipation
into the bulk via ballistic electrons [40]. As noted in the refergetioe role of ballistic
electrons is expected to decrease with increasing fluencegthrenhanced electron-
electron coupling. We thus expect that the two-temperature modetiesowimuch better
description of the sample temperature in the present work with abstubrce 140 J/f
than was found in the low-fluence (5.8 3)nexperiments in reference [40]

Coupling the substrate sub-systems to the adsorbate system canebestimna
friction model in which the energy flow from the substrate toatieorbate vibrational

degrees of freedom is described in terms of friction:

d 1 1
ETads = T_el (Tel - Tads) + T;Th (Tph - Tads) (2)

wherezy andry, are the coupling constants of the electrons and phonons, respectively.
Depending on the chemical reaction and substrate, the mechamsng dnie reaction

can differ significantly. For example, CO desorption from Cu caddseribed purely as

an electron-mediated process [414, 7;n = o0 in EQ. 2, while on Pd, friction coupling also

to the phonon heat bath is required [42]. For CO desorption from Ru(0001)bebas
proposed that coupling to both the electron and phonon heat baths is requiredeto m
the experiments accurately [43]. In that studys 250 fs and,, = 700 fs was employed

in the friction model. In Fig. 2 we display the adsorbate temperafuCO using these

coupling constants and note a peak of the adsorbate temperature at 84&0wvihich it



equilibrates with the substrate subsystems at just below 2000 tK. s&ch elevated
temperatures in the adsorbate system, entropy plays a cagnifole in the desorption
process where transfer into the precursor state entails aflesshalpy but a significant

gain in entropy.

Potential of Mean Force
We compute explicitly the potential of mean force (PMF) altregdesorption coordinate
to obtain the relevant finite temperature potential energy surfac the target
temperatures of intereste. temperatures of the magnitude modeled with the 2TM. We
assume that the potential energy is separable in translatiothalotational degrees of
freedom

V,

tot

=V, +V, +V, +V

rotl

+Vrot2 :VO + 2\/trans +Vrot1 +Vrot2 (3)

where the rotational potentialy; aM,, ), translational potentigls ( Vahénd

the potential of the MEPVY, ) have been introduced. The high-frequerempnahtCO

stretch vibration is neglected, since it is assumed to not be@x€in the right hand side
of Eq. (3) it is also assumed that the two translational degfdesedom on the surface
are equivalent. As proposed by Doren and Tully [44; 45] the RM§), can be written
as

W(s) = -kgT In(g(s)) + kT In(g(x)), (4)
where k, is Boltzmann’s constanl, is the temperatares the distance from the

surface to the center of mass of the CO moleculeyésds given by the integral

_V(sa)

a(s)= F'lj'e ‘" dq (5)

here g represents the four degrees of freedom (two rotations and twoatransl

orthogonal to the path of desorption) ands an arbitrary normalization constant, the
choice of which is irrelevant when the PMF is set to zero atit@fseparation through
equation (4).

Inserting Eq. (3) into Eqg. (5) the following is obtained

VO (S)+2Vlrans (va)+vroll (S,H)‘FVH)[ 2 (va)

g (S) = r _lj e_ el dXd ajV = r - thrans (S)g rotl (S)g rot 2 (S) (6)




By adding and subtracting, to each degree of freedom, the PiMibecaritten as

a correction for each degree of freedom
N .
Wi (8) =V = 2 (W = Vg (7)

whereV, is the energy of the MEP (effectively thdirection),W, is the PMF and/,' is

the fit toV,, for the i'th degree of freedod,;  only differs frdfnto the extent that our

mathematical representation of the potential in this directiorappgroximate. By
subtracting it out in each degree of freedom, this error, howeveraniselled out.
Alternative, but more costly techniques that could have been used ta titafree
energy contribution include constrained molecular dynamics wett, umbrella
sampling. However, by constraining to specific, orthogonal degregsetfom we can
here directly compute the relevant potentials as described below.

To calculate the individual rotational contributions, the degrees etldra were
sampled by calculating the potential energy of the two rotatioastwloeel and
helicopter; see Fig. 3) and a translation of the CO molecuiizest surface distances
using the BEEF-vdW XC functional. The potential energy curves dch elegree of
freedom were then fitted to functions for each surface distancesartied in the integral
in EQ. (6).

The potential energy of the translational motion was fitted to the function

f(x) = & +a,cos@rx) + a,x’ (8)
where the periodicityl in the cosines function is the distance from one ontop position to
another. The translational potential was modeled using a 2x4 unitbog¢dlining two CO
molecules where one is fixed while the other is moved in thecaufiane between the
neighboring CO molecules at the same surface distance confining it amgl @itparticle
in a box-like potential with a cosine bottom. We thus neglect changes to thettomasla
potential from interacting molecules at different heights above the surface.

The fitting procedure for the translational motion was as follemsally, all the

coefficients were determined by fitting to all poing, and  when fixed to the

obtained values, whil@, was refitted to the non-repulsive points (excluding the potential



energy points where the CO molecules are too close to their nesghblois was done in
order to avoid destroying the description in the interesting low pakemtergy region,
which would be the case if the unimportant extremely high potemeag values as the
CO molecules get too close to their neighbors were included wtigrg fihe cosines
function.

The cartwheel and helicopter rotational modes were computed fogla §O in a
2x2 cell. The cartwheel rotation can be approximated with a cosine series

f3(x) = a, + &, cogx) + a, cog 2x) + a, cog 3x) + a, cog 4x) + a;cog5x)  (9)
while the helicopter rotational degree of freedom is simply given by

FA(x) = %cos(ﬁv) " % v, (10)

wherev is the angle of periodicityy, is the lowest potential energy addE is the
difference between the highest and lowest potential energy.

The helicopter rotation is not a normal mode when the CO molecaless to the
surface. As seen from the potential energy in the inseginli-the parallel orientation of
the CO molecule is very unstable close to the surface. In tgienréhe cartwheel
rotation is counted twice in the PMF. At 4 A surface distance agdnble where the
parallel CO orientation becomes as stable as the perpenditidarpntributions from
both rotations are added.

In Fig. 4, we show, together with the MEP, the PMF of CO desorptiom f
Ru(0001) at two temperatures and note a significant effect aspgnis included.
Already at room temperature, two minima have developed: the chemisorptlandeain
outer, shallow well which corresponds to the precursor state to adsoaptil desorption.
These states are separated by a small entropic barrign mcieases with temperature.
At temperatures similar to those predicted by the 2TM, thedodreicomes significant; at
2000 K, which is similar to the adsorbate temperature upon equilibraiitng the
substrate, it is ~1.4 eV. The resulting barrier is a combinaifoocontributions from
enthalpy and entropy where, in desorption, enthalpy is lost more ytickh entropy is
gained and the reverse in adsorption. We note that in other cilsdsss rapid loss of
enthalpy.e.g., the coadsorption system CO/O/Ru(0001) [46], no entropic barrier develops
in spite of the similarities with the CO/Ru(0001) system studied in the presdat wor

10



In the following, we will demonstrate experimental data supportiegttieoretical

predictions of a weakly bound precursor state further out from the surface.

Experimental X-ray Spectroscopic Data

Evidence of molecules populating the precursor state in the desorpti@sgisdound
from time-dependent XES and XAS in conjunction with computed spectraauiidd
orbital spatial extents along the desorption path [18]. In thisoseute focus on the
experimental data. For gas phase CO, the resonarst © 21" excitation leads to a
probability of the excited1Z electron decaying back with emission of an x-ray photon of
energy similar to the exciting photon (participator decay) stheeelectron remains
strongly localized in this orbital during the core-hole lifetimer Ehemisorbed CO the
27" instead couples strongly with the conduction band and delocalizes, wimahagts
the participator decay. In the precursor state, however, thestll couples to the
substrate, but weakly, leading to a specific signature of thie sthich we will return to
below.

Fig. 5 shows measured XA and XE spectra for selected pump-getdnes. Details
of how the spectra were obtained and normalized along with fittingeguoes can be
found elsewhere [18]. At negative time delays, before the laser pump excites the
system, we probe the chemisorbed state of CO. After lasetatxej we observe
significant changes in the spectra. In the XAS, a steadyteltirds higher excitation
energy is observed with increasing pump-probe delay togetherawithcrease 2"
peak intensity. Both these changes are consistent with a CO-Ru leakdning; as the
CO-metal distance increases, the hybridization with the rdetgdtes becomes smaller
and the width of th@7* peak decreases as it moves towards, but not all the way to, the
gas phase position of CO.

Turning to the XES, we observe a number of changes in the spectraasgon |
excitation. The main peak containing theg 5 and 1 orbitals becomesvearand
shifts towards higher emission energy. In addition, a peak cerderégB3 eV is seen at
pump-probe delay of +7 ps. To visualize the spectral changes, wenffog. 6 the

emission energy of the center of mass of tle 5 amd 1 orbitalhamaténsity of the

11



a,, state as functions of pump-probe delay. A decreasé in  intesgibserved which

indicates a weakening of the CO-Ru interaction; dTI;;e orbipatally has a lone-pair

contribution on the O atom [47] which will diminish as the CO decouftan the
surface. The & /& peak shifts towards higher emission energythastemonstrating
the appearance of a more weakly bound CO species.

We now turn our attention to the new peak arising around 533 eV. In Fig. 7, the
oxygen K-edge XES spectra in the emission energy regiorespanding to the
elastically scattered photons are displayed. The contribution oflabcelly scattered
light to the fit of the XES spectra (elastic peak) is dbsdr by peak E with Gaussian
lineshape and is kept constant in the fitting procedure at alpfprobe delays. However
to fit the data an additional component (dark blue) with Gaussiarhéipes(peak P) is
required at 533.2 eV. The intensity of this peak increases as #@funttpump-probe
delay. This feature resembles the participator peakthe radiative decay of the core-
excited state to the ground state of the molecule, which hasdbserved in gas phase
[48]. This decay channel is strongly suppressed for strongly atitegachemisorbed
molecules due to ultrafast charge transfer out of the resoiatocthe metal substrate
[49]. The presence of the decay channel and its increase astiarfusfcpump-probe
delay provide further support for the conclusion of laser-induced populatianmaire
weakly bound state prior to desorption. In addition, the emission enerdopaxi the
participator peak of the precursor state is ~0.5 eV lower than that of gas phfk#].CO

To summarize, measured time-dependent XAS and XES data supportoifeti¢aé

prediction of a precursor state to desorption for CO/Ru(0001).

Computed X-ray Spectroscopic Data
The XAS and XES measurements indicate a precursor statdegsigoyf a shift to higher
excitation energies and an intensity increase of the unoccBfifedesonance probed in

the XAS. In addition, the changes in the XES after laser-exumitasupport the
observation in XAS; a decreasedh intensity along with smdil shthe main peak,

constituted by the § and7l  states, to higher emission energ&s. #d the CO

12



decouples from the surface and becomes more weakly bound a feesteseattributed to
the participator decay.

In the following, computed XA and XE spectra for selected sirastalong the
desorption path in Figs. 1 and 4 will be analyzed. Note that the tlvabrapproach
employed to model XES considers only the non-resonant process sefféws of
participator decay will not be captured in the computed spdetza8 shows, along with
the computed XA spectra, the core-excitg@* wave function for a cluster model
employed in the spectrum calculations. Four structures arple@io simulate chosen
sections of the desorption path: the equilibrium ontop structure of<O@ek as three
structures in the precursor well. We note that the core-exstitéel is fully delocalized at
the equilibrium position while in the precursor state the delodalizalepends on the
distance. Turning to the spectra in €), the intensity in thigop2ak at 533.5 eV increases
as the interaction with the substrate weakens and the peakmpagsifts to higher energy
as the internal CO bond distance shortens in the precursor Gateparing with
experiment in Fig. 5 we find very similar effects with aftsto higher energy in the
precursor state by 0.3 eV in the calculations compared to 0.2 dié experiment. The
computed peak height increases by ~40% compared to ~30% in the meagurélote
that the 2r* core-excited state forms an anti-bonding combination with thialnstates
leading to a slightly lower energy for the farthest point whieeeanti-bonding character
is less important.

In Fig. 1 we noted that the potential energy was independent of émeation of the
CO molecule in the precursor state. We therefore computed theasfuecCO parallel to
the surface at the same distances as in Fig. 8 and show i@ ffig.core-excited 12
orbital together with the spectra of the vertical and horizontal i@ecule in the
precursor state. Looking at the wave function plots for the hoak@@, we note that at
all points the core-excited state remains interacting vaghsubstrate, but with weaker
coupling at the longer distances. In the spectra, at the shdidemtce to the surface,
there is a small difference both in peak height and position batwe vertical and
horizontal species which diminishes with increasing COM distant®ei precursor well,
indicating that the distance dependence of the XA spectrum becodegendent of the

orientation in the precursor state.

13



In Fig. 10 we show the computed total and angular-resolved XE agdectthe
chemisorbed and precursor states of CO. Note that in the expetimeakcitation is
performed resonantly as G-127*. For chemisorbed CO the excited electron couples
strongly to the substrate and delocalizes without affectingstiEsequent emission
process. In the precursor state the coupling to the substrateakemand the excited
electron remains localized to a greater extent on the molecdlaffects the decay. The
non-resonantly computed spectrum is thus only representative of eaperiar the
chemisorbed state; particularly for the precursor statextieed electron should ideally
be included but this is difficult to converge with the present techsigyeplying the full
Kramers-Heisenberg formalism, including life-time vibratiomderference effects, can
be expected to broaden the computed spectra further [50], but in tieatpresk we
focus on the trends in the spectral peaks in a comparison of cherdisordbgorecursor
CO.

In both cases the presented spectra give a correct projectiom £ character of
the molecular orbitals onto the oxyges Mllustrating the formation of the new orbitals
upon chemisorption and the orbital shifts and changes in charadber mslecule moves
into the precursor state. As the molecule moves to the precuat®mat observe a shift

of the 50 component towards higher energy and the chemisorption-in(ﬁ.;,ced state
vanishes as the interaction with the substrate decreases. Compared to exjefige 5

the computedbd  state exhibits a similar loss of intensity duehygbridization from

more O lone-pair character in the chemisorbed state to more poputatitime carbon

end as the molecule moves away from the substrate. Both in pleeiregnt and the
simulation the4s state shows the opposite trend; this is expected as the exchange
repulsion felt by thebG  against the substrate is relieved aetatigtance. We note that

the shift to higher energy of tHeBd  in the simulations is siganitly larger than in the
deconvolution of the experimental spectra. Lacking an absolute eneatgy is the
computations (emission energies are taken as differences betvidth energies) we

refrain from drawing firm conclusions, but speculate that sontkeointensity assigned
as a,, at 7 and 12 ps time delay in the experiment migHide widakd imply an

even weaker bond to the substrate at these long delays. In-dstem we see

14



gualitatively similar effects in experiment and simulationhwstrongly increased

intensity as ther and n* mixing becomes less at longer distances. In the calculated

spectra we observe a near-complete Iossﬂ,pf at the longencdisteéhile in the

experiment some intensity remains (with the caveat thatSfie itiopoere is
somewhat uncertain). Overall, however, we find good qualitative agnedratveen the
computed and experimental spectra lending further credibility ¢o picsture of a

weakened but not completely broken bond to the substrate.

Summary

We have performed DFT calculations of CO desorption from Ru(0001hvgnedict a

weakly bound state prior to desorption if non-local correlation is gragldncluding the

elevated temperature in the experiment through the PMF whealimgpdhe desorption
path, we find that an entropic barrier develops separating the sstvd@d and precursor
state; at temperatures relevant for pump-probe experiments,baniger becomes
significant. Pump-probe XAS/XES indicate population of a precurste &iadesorption

upon laser-excitation of the system. Simulating spectra alongadtie of desorption

supports the picture of a vdW stabilized transient state afisinglaser-induced heating
of the CO/Ru system.
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shows a region of the desorption paths for CO perpendicular (bloglé$y and parallel
(grey squares) to the surface calculated using the BEEF-vdWdnaktiat ~3.5 A (CO
center of mass distance to the Ru surface), the attractivepla@au develops and the

potential energy becomes independent of the CO orientation relative the surface.
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calculation procedure.
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Fig. 3. lllustration of the rotationalX) cartwheel andg) helicopter modes used in
constructing the potential of mean force.
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Fig. 5. Oxygen Kedge XE (left graph) spectra (markers) of CO/RulQCind relative
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areas. The spectra were fitted with three peak¥aft lineshape for the 7 (light
green), 59 (dark green),a (blue) orbitals and an asymmetric Gaussian for a,,
states (black). The Qs—27* resonance in the XA data was fitted with a Gaus

function (purple).
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Fig. 8. (a-d) Iso-amplitude plots of wave functions of the core esgtitzn* state
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horizontal (blue) CO in the precursor state.
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Fig. 10. Computed (non-resonant) XE spectra of CO on Ru(0001) at distances
corresponding to the minimum in the chemisorption state (blue) ahd ptecursor state

(red and dashed) in Fig. 4. The spectra from top to bottom aretdlespectrum and
resolved in pz and pxy components. The distagdeom the Ru surface to the center of
mass of the CO molecule is 2.75 A in the chemisorbed state and 44®d precursor

well. The calculated spectra are shifted so that the enessifion of thelZ state is

aligned with that of the corresponding experimental spectrum.
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