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(1) Presence of TD* component in the v = 2 — 2 scattering channel

Time of flight (TOF) measurements for the v = 2 — 2 channel at a scattering angle of 60° are shown
below (figure 1, 3" column). Because the trapping probability is low, the TD* component in the v = 2
— 2 channel is much weaker than the DS component. By contrast, in the v = 2 — 1 channel the TD*
channel is relatively easy to observe since the vibrational relaxation probability in the DS channel is

also small and similar in magnitude to the small trapping probability.
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Figure 1: TOF curves at several surface temperatures, including the v = 2 — 2 scattering at 6, = 60° (see 3rd column). The

presence or absence of the TD* component in the v = 2 — 2 channel is inconclusive based on these observations alone.

To detect TD* in the 2-2 channel we have performed a different kind of TOF measurement. The
scheme for this experiment is shown in figure 2, which we refer to as 2D-TOF. In the 2D-TOF, CO
molecules are pumped by an IR laser to v = 2, about 1 mm in front of the surface. After scattering
from the surface they are pumped by a UV “tag” laser to the metastable a®[T state. The a’IT molecules
then travel an additional 18 mm to a point where they are ionized by 1+1 REMPI via the b’%* state.
This experiment allows for two delays to be independently controlled: that between the IR laser and
the UV tag laser (t;) and that between the tag laser and the REMPI laser (t). By varying t;, we can
perform a low resolution velocity pre-selection, prior to the TOF measurement carried out by varying
to.
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Figure 2: Schematic representation of the 2D-TOF method. Incident CO molecules in the ground state, X*3* v = 0 are first
pumped to the X*3'* v = 2 state using an IR laser (IR pump). After waiting for a time delay of t; (which allows the faster
molecules in the DS component to move further away from the UV tag spot), the scattered molecules in X" v = 2 and 1
are tagged to the metastable a®[]; state. These tagged molecules are further probed downstream (using REMPI via b3y
after a time delay of t,. For appropriate values of t; and t,, this scheme allows us to selectively suppress the large DS

component in the v = 2 — 2 channel, thereby allowing us to see the relatively small TD* component.

This enables us to selectively suppress the large DS the component in v = 2 — 2 channel, making it

easier to see the small TD* component. The results of 2D-TOF measurements are shown in figure 3.
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Figure 3: Results of the 2D-TOF measurements for the CO/Au(111) v = 2 — 2 channel. As t; is increased a second, slow

component becomes more visible. We identify this as the TD* component in the v =2 — 2 channel.



At large values of t;, we pre-select molecules leaving the surface with low speeds. This includes much
less of the DS component than in the conventional 1D-TOF measurement. The data of figure 3 clearly
show evidence of a fast and a slow component to the overall TOF in the v = 2 — 2 channel. We assign

the slow channel as the TD* component in the v = 2 — 2 channel.
(2) Angular distribution measurements

Figure 4 illustrates how angular distributions were obtained in this work.
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Figure 4: A schematic of the arrangement used for measuring the angular distributions. The probe (REMPI) laser beam runs
parallel to the Au(111) surface at a fixed distance of 8.4 mm and is translated parallel to the Au surface in order to vary the
detected scattering angle. The REMPI beam was focused 20 mm prior to the vertical plane along which the incident CO
molecules are travelling (to minimize non-resonant ionization) and has an extended ionization volume which produces ions
along the direction of laser propagation. Due to the cylindrical symmetry of the CO molecule’s angular distribution, the
contribution to the signal from off-normal CO molecules that are found along the laser’s propagation axis drops with
increasing angle from the surface normal. Thus, the ion signal measured as a function of the nominal scattering angle at each

vertical position drops off more rapidly than if the measurement had been carried out with a point detector

First, TOF distributions were measured at several scattering angles by varying the delay between the
IR and UV laser pulses. The scattering angle was varied by moving the laser beam parallel to and at a
fixed distance from the Au(111) surface. Note that the sample of vibrationally excited CO molecules
is incident at the surface within a rectangular region that is 0.25 mm in the vertical direction

(determined by the IR laser focus, indicated by the red beam of Fig 4) and 2 mm in the horizontal



direction (determined by the size of the CO molecular beam). Each TOF distribution was decomposed
into DS and TD* components by a fitting procedure whose results are shown in figure 2 of the main
text. These contributions were then integrated to get the magnitude of DS and TD* components at
each angle. These signals are further corrected for non-uniformities in the ion collection efficiency as
a function of angle to obtain the angular distributions shown in figure 2 of the manuscript. The ion
collection efficiency correction factor was obtained by measuring the ion signal as a function of
REMPI laser position using background CO gas admitted to the chamber by a leak valve.

It is important to understand that the ion signal intensity versus laser beam position measured in this
way is more sharply peaked than the true angular distribution (CO flux versus angular deviation from
the normal, 6,). This is due to the fact that the REMPI laser beam is not a point ionizer. The REMPI
laser beam ionizes the CO molecules over an extended volume, effectively integrating the signal
along the direction of propagation of the laser beam. This is shown in Figure 4. The “laser
propagation direction integration volume” decreases as the angle from the surface normal is increased.
This causes the signal to drop more rapidly as the laser beam moves away vertically than if the
ionization volume were very small. We have modeled this simple geometric effect and find that in the
case of trapping desorption without a barrier, where the angular distribution is expected to follow a
cosé function, the observed distribution (ion intensity versus vertical position) appears as a cos’6
function. Figure 2 of the main text shows that the measured signals are very close to a cos®d function,

indicating that the TD* channel exhibits a product flux versus 6 that is close to a cosé function.



(3) Estimating the residence time of CO on Au(111) surface

The residence time (7, ) Of an adsorbate at a given surface temperature (T;) can be estimated by the

following relation:

Tres = (kdes )_1 = [V exp(— Edes /kBTs)]_1 (1)

Here, kg0 is the desorption rate constant, v is the desorption frequency factor, E4. is the desorption
activation energy and kg is the Boltzmann constant. Based on previous temperature programmed
desorption (TPD) results for CO on Au(111) under low coverage situations (relevant for our work),
the values of v and E,.; have been reported to be 2x10™ Hz and 0.18 eV, respectively.? We point out
that this previously published frequency factor (2x10% Hz) is erroneous, possibly due to a
typographical error. As a consequence, we have re-analyzed the previously reported TPD results and

find v = 3 x 10" Hz. For E,.s, We obtain 0.18 eV, the same value as reported previously.?

The TPD measurements in Ref 2 have been evaluated using the heating rate variation method, where a
series of TPD traces are measured at several heating rates. For first order desorption processes (as is
the case for CO/Au(111)) the following relation holds true:

T2 E E
ln<%>= Rd;s +ln<§d:> (2
m

The E4.s and v can be obtained from the slope and intercept of a linear fit to the plot of In(T,2/8 ) vs.

1/T,,. Here, T,, denotes the temperature (in K) at which the desorption rate is maximum, g denotes
the heating rate in K/sec, R is the universal gas constant. The quantities within the logarithm are

divided by their own unit to obtain a dimensionless argument and hence are denoted by a tilde on top.
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Figure 5: A plot of In(T2/8 ) vs. 1/T,, obtained from TPD measurements reported previously?® yields a linear trend. The

black circles depict the experimentally measured points. The solid line is the best linear fit to the data points.



As seen in figure 5, a plot of In(T;2/F ) vs. 1/T,, (circles) shows a linear trend which is depicted by

the line. The parameters for the line of best fit are: (slope) m = EC‘% = 2078.12 K, (intercept)

c=1In (i‘—e;) =-32.6216 and standard errors: Am = 116.685 K, Ac =2.30154.

Using the values of m and 4m we estimate E4,s = 0.18 £ 0.01 eV. We note that this value is
consistent with that reported previously.” Using the relation v = m/e¢, we obtain v = 3 x 10'" Hz.
Due to the nonlinear relationship among v and ¢, Gaussian error propagation is not used for error
estimation here. The maximum range for the magnitude of v due to uncertainties in m and c are
simply estimated by using (m — Am)/e¢*t4¢ and (m + Am)/e“~4¢ to obtain the lower and upper
limits as v(low) = 2.9 x 10'® Hz and v(up) = 3.2 x 10" Hz, respectively.

The best estimate values of 7,.; as a function of T, estimated using Eqn. 1 is shown in figure 6 (solid
line). The uncertainties in 7. (dashed lines in Fig. 2) were estimated using Egn. 1 along with the
uncertainties in v and Eg as follows: 7.5 (low) = [v(up)exp(— (Eges — AEq4es )/ kpT)] !
and Tye; (up) = [v(low) exp(— (Eges + AEqes)/kpT)] ™"
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Figure 6: A plot of the estimated residence time of CO on Au(111) at different surface temperatures. The black solid line

denotes the best estimate and the dashed lines denote the uncertainties (see text for details).



(4) Model for calculating the translational energy distributions for the TD*

component based on detailed balance and normal energy scaling

The model used for obtaining the results presented in figure 4 of the manuscript is described here.

According to the principle of detailed balance the observed translational energy distribution of the
TD* component can be expressed as follows:

Gobs (E'G'TS) =S(E'9) XF(E,TS) (3)
Here,

G.s (E,0,T,) = experimentally observed translational energy distribution of the desorbing

molecules measured at scattering angle 6 and surface temperature = Tj.

S(E, 0) = sticking probability for a given incidence translational energy, E and incidence

angle, 6

F(E,T,) = Maxwell-Boltzmann distribution for translational energy at the surface

temperature, Ty .
In principle, the trapping probability function can be obtained from Eqn. 3 as follows:

Gobs (E' 9! Ts)

S(.0) = —FETy

C)

Alternatively, following previous work on trapping desorption®* we assume the trapping probability
only depends on normal momentum (normal energy scaling) and use a trapping function of the

following form:

1
(1 + expla E cos?6 + B])

S(E,0) = (5)

This is essentially a smoothed step function, with @ and 8 as adjustable parameters. In these model
calculations, we assume the trapping probability to be described by equation (5), with the following
values for the parameters: a = 100 and 8 = -3.0. The choice of the parameters is made such that there
is reasonable agreement with the trapping function obtained from the experimental data by application

of equation (4) (see figure 7).

Using this expression for the sticking probability, we are able to calculate the Kkinetic energy

distributions for any given surface temperature and scattering angle. A comparison of the mean values



of the translation energy distributions obtained from the above model

shown in figure 4 of the manuscript.

with experimental results is
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Figure 7: (Solid curve) Trapping probability vs. incidence energy, as described by equation (5), used for
calculating the translational energy distributions at a given angle and surface temperature. (Dashed curve) trapping

probability vs. incidence energy obtained from the experimentally measured translational energy distributions

using equation (4) (T, = 300 K, 6, = 2.8°).



(5) Rotational distributions for the DS and TD* components

The information about the rotational state distributions for the scattered CO (v = 1) was obtained from
the analysis of the resonantly enhanced multi-photon ionization (REMPI) spectra. The REMPI spectra
for the DS (fast) and TD* (slow) components were selectively measured by setting an appropriate
delay between the IR (pump) and the UV (probe: REMPI) laser. Results of such measurements were
obtained for four different surface temperatures and are shown in figure 8. The spectra shown here are
in the region of the collapsed v = 1 — 1 Q-branch of the X'=*- B'Z"electronic band system. This
feature probes all the rotational states of the CO v = 1. The two additional peaks on either side of the
Q branch are CO v =0 -0, O(8) and O(9) rotational lines. These probe CO v =0 and are only weakly

dependent on surface temperature.
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Figure 8: Resonantly enhanced multiphoton ionization (REMPI) spectra (peak normalized) of the scattered CO (v =2 — 1)
molecules measured at several surface temperatures for the DS (upper panel) and TD* (lower panel) components. The
REMPI spectra measured for the DS component show little change with increasing Ty, indicating that the rotational
distributions are only weakly dependent on Ty (as expected for the DS channel). In contrast, the rotational distributions
measured for TD* component clearly exhibit a much larger change with increasing T; (as expected for the case of trapping-

desorption).
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These spectra show that the rotational contour of the TD* channel is much more sensitive to surface
temperature than is the corresponding spectral feature associated with the DS component. Similar
spectra were fitted (figure 9) as a sum of the CO v = 1 Q-branch (blue) and CO v = 0
O-branch (green) contributions, with the rotational temperature of the v = 1 band as a fit parameter.
The rotational temperature of the CO (v = 1) molecules produced through the TD* channel increases
with surface temperature in the TD* channel. See figure 6 of the main article.
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Figure 9: REMPI spectra along with the fit for scattered CO v = 1, measured for the DS (left column) and TD* (right
column) component. The spectra were modeled as a sum of Q(1,1) (blue) and O(0,0) (green) branch lines with the rotational
temperature of the CO v =1, Q(1,1) band as a fit parameter. In the case of TD*, the Q(1,1) band is seen to broaden as the
surface temperature increases, providing a clear indication of increasing rotational temperature with increase in Ty. In

contrast, for the case of DS component this dependence is much weaker.
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(6) Infrared spectra of CO adsorbed on Au(111)

Vibrational spectra of CO adsorbed on a clean Au(111) surface were measured using infrared
reflection absorption spectroscopy (IRRAS). These measurements were carried out in a separate
experimental apparatus, independent of the scattering experiments described in the methods section of
the manuscript. A brief description of the experiments is provided below.

A clean Au(111) surface (orientation accuracy better than 0.1°, purity 99.999 %, MaTeck GmbH)
under UHV conditions (base pressure 1.7 x 10™° Torr) was prepared by sputtering (3 keV Ar ions, 25
min) and annealing at 1000 K for 20 min. The sample cleanliness was checked by Auger electron
spectroscopy, which showed contamination was < 1% of a monolayer.

A sub-monolayer coverage of CO on Au(111) at a surface temperature of 25 K was prepared by
dosing the surface with CO gas, let into the chamber via a leak valve. The IR radiation was produced
via optical parametric amplification (OPA) using a BBO crystal followed by difference frequency
mixing in a AgGaS, crystal (the resulting pulses have wavelength ~ 5um, pulse energy ~ 0.1 uJ). The
OPA is pumped by a 1 kHz Kerr-lens mode-locked Ti:Sapphire oscillator/regenerative amplifier
(pulse width ~150 fs, X ~ 800 nm).
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Figure 10: Infrared absorption spectrum of CO adsorbed on a clean Au(111) surface measured under low coverage
conditions (coverage < 0.05 monolayers). The points show the results of experimental measurements and the line denotes a
best fit to the data points using a Lorentzian function. These measurements were carried out at a surface temperature of 25 K.
For the physisorbed CO, the peak of the absorption band appears at 2124.5 cm™. This corresponds to a red shift of 18.5 cm™

compared to the vibrational energy gap for a free (isolated) CO molecule at 2143 cm™ (denoted by the arrow).

The polarization of the IR beam is rotated by 45° using a A/2 wave plate and focused on the Au(111)
surface using an off-axis parabolic mirror at an incidence angle of 86°. The reflection from the
Au(111) surface is split into p and s-polarized components. Both p and s-polarized beams are focused

using a lens on the monochromator and their corresponding spectra are imaged on a liquid N, cooled
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HgCdTe detector array having 2 x 32 pixels. The intensity of the s-polarized beam (I;) is used as a
reference beam to monitor the change in intensity corresponding to p-polarized beam (/). The
vibrational spectra are obtained by taking difference between (I,/I;) in presence and absence of
adsorbed CO. One such spectrum obtained at low CO coverage < 0.05 monolayers (ML) is shown in
figure 10. The peak corresponding to the CO stretch mode appears at 2124.5 cm™, which corresponds
to a red shift of 18.5 cm™ compared to the vibrational energy gap of 2143 cm™ for isolated CO

molecule.’

(7) Estimation of vibrational relaxation time using a model based on dipole

interacting with free electron gas

For estimating the vibrational relaxation time for CO adsorbed on Au(111) we followed the ideas of
Liebsch et al.®. This model describes the interaction of an oscillating dipole with the free electrons of
the metal, described by a semi-infinite jellium model. Using this model, the vibrational relaxation

time (z,;, ) of molecules adsorbed on a metal surface can be estimated from the following relation:

3 Cld—2z)\
rvib=<§u2k“’ {0 ZO)) ©)

F Wp (d— z)*
Here,
u = transition dipole moment
w = vibrational frequency
w, = plasma frequency of the metal
kg = a wave vector corresponding to the Fermi momentum
£(0) = parameter dependent on the electron density (see figure 3 in Ref®)
d = distance of the point dipole from the surface
7y = image plane position
C(d — z) = parameter depending on the electron density of the metal (see inset figure 3, Ref °)

The equilibrium geometry of CO adsorbed on Au(111) is calculated using density functional theory
(DFT), from which the parameter d is obtained. These calculations were performed with the FHI-
AIMS package’ with the GGA-RPBE functional including van der Waals corrections®. The surface
was defined as a 3x3 slab with 4 layers of Au atoms and 20 Angstroms vacuum. In the geometry

optimization calculations, upper three layers of the Au surface and the C and O atoms were allowed to

13



move. The optimization was stopped when the forces on all atoms were smaller than 0.01

eV/Angstrom. This procedure gave a surface to CO center-of-mass distance of 2.702 Angstroms.

For the CO/Au(111) system using the values of u = 0.1 D (for a weakly interacting physisorbed
molecule this is expected to be not very different than the gas phase value **°), w = 0.25 eV, kg = 1.21
x 10° m* Y, w, = 1.37 x 10" rad/sec *, d = 2.702 A (obtained using DFT as described above), z, =

0.74 A (same as that for CO/Cu), C(d — z,) = 0.5, yields 7., = 290 ps.

In contrast, a similar estimation for CO/Cu(100) using the parameters reported by Liebsch® yields
Tyipb, = 5 ps. The much shorter lifetime calculated here is primarily a result of the much smaller value
of d = 1.6 A used in that calculation. Figure 11 shows the dependence of 7.y, on d. An error in our
DFT calculated value of d would have a significant influence on the estimated value of 7, .

However, we do not expect it to change the qualitative conclusion of this work.
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Figure 11: Black circle shows the calculated ,;, for CO/Au(111) using the parameters described above. The dashed line
shows the dependence of the 7,;, on the parameter d. The star symbol shows the results of a similar estimation for
CO/Cu(100) system as also reported by Liebsch®.
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