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Abstract

The rates for vibrational excitation and deexcitation of adsorbed
molecules on metal surfaces are studied. The desorption of the adsorbed
molecules is shown to compete with the excitation process resulting

. "vibrationally cold" desorbing molecules. Simple rate equations together
) with the available experimental data are used to estimate the rates for
vibrational excitation and deexcitation of NO molecules on Pt (111) sur-
faces as a function of the crystal temperature. The application of this

approach for other systems is discussed.
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I. INTRODUCTION

The interaction between gas phase molecules and solid surfaces are
of fundamental importance for the understanding of catalytic and other
chemical processes occuring on solid surfaces. In recent years the
dynamical aspects of such interactions were studied both experimentally
[1] and theoreticaly [2] for many molecule-solia surface systems. Molecu-
lar beam—surface scattering experiments were used to study the transla-
tional energy distribution of the scattered molecules [1], as well as, their
internal energy distribution between ihe rotational [3] and vvibrational [4]
modes as a function of sui‘face temperature. Energy transfer between
vibrationally excited molecules and metal surfaces was studied during a
collision with the surface [5]. The decay rate of vibrationally excited
molecﬁles adsorbed on a metal surfaces was studied theoretically [6] and
experimentally [7] by Persson et al. who employed an electrodynamic
quel -in which electron-hole pairs are formed by energy transfer from
the vibrationally excited molecule to the surface. This model was used to
interpret measurements of the linewidth of excited C-H and C-D bonds in
methoxide radsorbed on the Cu (100) surface using IR reflectance-
absorbance spectroscopy. They concluded that for this system a deexci-
tation rate of 3x10' sec™! describes the experimental data [7]. A different
study by Zhdanov et al. [8] presents a review of the possible mechanisms.
for vibrational deexcitation on metal surfaces. In this wor}g it is shown
that if multiphonon interactions dominate, then the deexcitation rates
are expected to be very slow (less than 107 sec™!). Such interactions usu-
ally incorporate a few phonons to dissipate the vibrational energy of the
adsorbed molecule. When the vibrational energy is assumed to be chan-

neled to the excitation of plasmon states in the metal, deexcitation rates
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as high as 10°-10' sec™! are predicted [8]. Similar conclusions were
presented by Brus [10], who applied classical electrodynamic theory to
study the same_.prdblem. In all these studies it is predicted that the
relaxation rate via electronic states in the metal should be temperature
independent [9].

Most common experiments conducted to date, examine the vibra-
tional relaxation rate due to collisions with solid surfaces by measuring .
the average probabilit.ybto transfer the vibrational energy [8]. Direct
measurement of the IR emission decay time of an excited CO2 molecule
due to collisions with different solid walls, as a function of the wall tem-
perature, were reportevd recently [11]. In all these studies the relaxation
of the vibrational energy is adressed, none however discusses the related

process of vibrational excitation.

In‘ this work we will examine t'he.,magnit.ude of vibrational exitation
and deexcitation rates of molecules adsorbed oh metal surface, using ‘a
simple kihetic model. The competingﬂprocesses that control the flux of
vibrationally excited molecules ..‘Which desorb from the surfacé are the
vibrational excif.ation aI;d deexcitati.o_n. on the surface as weli as the
desorption rate of the adsorbed ground state molecules. The kinetic
model together with experimental results available for the NO/Pt (111)
system [4a], are used to estimate the vibrational excitation and deexcita-
tion rates of NO adsorbed on the metal. The significance of these rates for
the understanding of the mechanism of such energy transfer processes in

t.his system is discussed.



Ii. KINETIC MODEL

"Consider two types of adsorbed molecules on a metal surface;
molecules in their ground vibrational state, N?, and the same molecule in
its first vibrationally excited state, NJ. For simplicity, we shall not con-
sider in the following, adparticles which are vibrationally excited to states
higher than v=1, although such molecules were detected experimentally
[4d]. In the kinetic model that will be described, we shall consider an
experiment in which a supersonic beam of molecules in their ground
vibrational state and at translational energy much smaller than the
vibrational spacing, are impinging on the metal surface. The flux of

molecules that adsorb on the surface is given by

F(T) = £oS(T). )

where T is the surface temperature and S(7) is the sticking probability

(which is estimated in Ref. [4a]). The adsorbed molecules may react on
the surface to yield vibrationally excited species in addition to théir pro-
bability to desorb to the gas phase where they are detected. The conc’:én¥

tration (on the surface) of the ground and vibrationally excited adsor-

bates will be given by
——"”‘{fﬁ 1) . J(T) = ko (T)NJ(t:T) + kasz (T)NI(t:T) — k§(T)NJ(t:T) (2a)
and
dN](t;T)

2r = ke (TIND(:T) — kyee (T)NG(8:T) — kJ(TING(8:T) . (D)
In Egs. (2) k§ and k{ represent the desorption rate of the ground and the
vibrationally excited molecules respectively, while, k., and kg4, represent

the vibrational excitation and deexcitation rates respectively. We have

assumed, in writing Eqgs. (2), first order kinetics for the excitation and

(
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deexcitation processes.

It is easy to solve Egs. (2), using the Laplace transform method, to
obtain the time dependent concentration of the ground state and excited

adsorbed molecules (for a given surface temperature)

N(£;T) = £ (T)

:—:—+ g—:—— [L:T’-exp( -b,t) + ;—:-exp( - bgt)] ] (3a)

and
1r¢. = i_ .nl ag‘— - %1 - 2
NET) = kaf (D[ =54 39 - 5By 50 F) @)
. (= (b + KE) + ——2— exp( — (by + K)t)
by(b, + K;) exp P ba(be + K)) P o
oL (B, ey
X (61 + Fz—)exp( Kit) ]
where

Kizkltke K=k +ke
Ks=K, + Kzl VK4 = Ky Kz — kegkaes
b, = 2K4[Ks + (ﬁ - 4K4)”]—1
be = H[Ks + (KF — 4K,)¥ ]

_bl—Kl . _Kl"_bz
"B, -b, 2T b, b,

a;

In the solution of Eq. (3) we have assumed that the initial concentration

(T =0) of the molecules on the surface is zero, e.g. NX0:T) = N3(0:T) = 0.

Once the concentrations N7 and Ng are known, the flux of the desorbing
molecules, Which'are the experimentally detected quantities, may be

obtained



-8-

NY(t:T) = k§NY (42)
NA(E:T) = kN (4b)

In many experimental set ups, steady state concentrations of the adsor-
bates are maintained. In such cases, Egqs. (3) may be rewritten in a

simpler form,

£ (D) lkaee(T) + YT

Ne(T) = o (TRI(T) + kN (T) + KE(D)] - (5a)
iy = = (DNE(T) (5b)

kaez(T) + kd(T)

In order to use Eq. (4) to calculate the flux of ground and vibration-
ally excited state inolecules desorbing from the ;u:tfface, few comments
are necessary. There are four rate constants that determine the kinetics
on the surface: kg , kger . k§ and kJ. The desorption rate of ground stat.e
molecules can be measured using thermal desorption spectroscopy or
modulated 'moiecular beam experiments. In the following we shall assume
that due to the relatively weak coupling bet.ween‘ the molecule-surface
bond and the internal vibrational modes of thev adsorbate (large
difference between the stretch frequéncies), the desorption rates of the
ground and v_ibratidnally excited molecules are equal, e.g. kf =k} =ky.
Even though k4 is not always known very accurately and contraversial
values exist even for the best studied system, yet the range of this rate
constant is known for many systems. The complete unknown quantities
are therefore kg, and kq,;. As mentioned in the introdﬁctio’n, the deexcita-
tion process became recently a subject for both theoretical and experi-
mental studies, in which an order of magnitude estimate of kg, and its
variation with the surface temperature is possible. For systems in which |

metalic surfaces were used the internal vibrational energy of the
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adsorbed molecule exceeds the Debye frequency of the substrate pho-
nons significantly. Thus, the interaction _beiween vibrationally excited
states of the adsorbate and the substrate is thought to be via plasmon
states [8,9,10] or local electron-hole pair formation [6]. In such cases it is
expected that kg, will exhibit a weak temperature dependence [9].
Indeed, it was recently shown experimentalty [11a] that the deexcitation
rate of the (001) band of CO2 when colliding with Ag surface, was invariant

in the relatively narrow range of temperatures, 298 to 475 K.

The experimerital results of Asscher et al. [3f4a] indicate that
nearly ‘equilibrium conditions between the concentrations of the ground
state and excited ad-molecules is maintained on the surface for a wide
range of temperatures. This suggests that the ratio between the excita-

tion and deexcitation rates may be approximated by,

= expl - B,/RT], (®)

where E, is the vibrational energy spacing of the adsorbed molecule and
k is Boltzmann constant. At low surface coverages (8 <0.1) neither k¢ mior
ky.; are expected to depend on the coverage [7,11]. Hence, one may
assume that Eq. (6) is valid also at high temperatures where the ratio

between the fluxes N} and N? deviate from the Boltzmann distribution.

III. RESULTS and DISCUSSION

In this section we shall first discuss some general aspects of the
kinetic model described above and point out some features which are
common to many molecule-metal surface systems. Following this general
discussion we shall describe the application of the kinetic model to: the
NO/Pt (111) system, for which experimental data is available, and obtain

values for k4., and k.
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To examine the extent of vibrational excitation of molecules on
metal surfaces, as a function of some of the microscopic parameters
involved in this process, we have performed model calculations in which
the dependence of N} on the magnitude of k4. and D, were studied. It
was assumed in these calculations that the molecular beam pulse has a
rectanguler step type shape, thus, during the plilsé steady state éoﬁdi—
tions are maintained (Eq. (5b)). In order to evaluate the flux of the
desorbing vibrationally excited molecules via Eq. (5b) one needs to know |
the magnitude of kg (T) and k4(T) [ke:(T) is related to kg (T) via Eq.
(8)]. The fun}cb:t.ional form of a first -order desorption rate is usually

assumed to be,

ko(T) = A(Texp( ~ 223 o

where A(T) is a preexponential factor and D, the adsorbate-surface bind-
ing energy. Following Ref. 12, A(T) may be related to the microscopic
parameters of the system and has a form A(T)=cCr T To evaluate ﬁhe |
constant C one has to know the stretching (f,) and bending (frustrated
rotation, ) frequencies associated with the molecule-surface bond [12].

In the following model calculations we have used C = tx10'®.

Recently it was shown experimentally [11a] that the deexcitation
rate kg, is temperature independent for the C'Oz/Ag system. In addition
several model calculations [6-10] predicted that k4, should be tempera-
ture independent if the vibrational energy is channeled into the elec-
tronic degrees of freedom of the metal. Moredver, the éalculatiohs by
Persson et al. [6,7] predicted kg4 values of the order of 10'%ec-! which
agreed well with available experimental results. These célculations sug-

gested that the quenching of vibrational energy is due to the excitation of
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a local electron-hole pair in the metal.. Hence, in the following we shall

assume that kg, is temperature independent.

The variation of N} as a function of T, k4, and D, is shown in Fig. 1.
Note that a change in D; results in a marked change of ¥y and hence of
the residence time of the molecule at the surface. Fig. 1a shows the cal-
culated values of N;}(T) for a given deexcitation rate (kge = 1x10'%sec™?)
and a number of different D, values. Similarly, in Fig. 1b we have plotted
NG} (T) for a fixed binding energy (D, = 25Kcal/mole) and a few kq., values.
It is evident from these results that there is a competition between the
desorption and excitation processes. An increase of the desorption rate
(decrease in the value of D,, Fig. 1a) causes a substential decrease in the
formation of N} due to the short residence time of the adsorbate on the
surface. A decrease of kg, (and hence of k) also reduces the formation
of vibrationally excited molecules. A support to the primary conclusion
which emerges from these results, namely that the extent of vibrational
excitation of molecules on metal surfaces is rather limited in cases of
weakly bounded molecules (physisorption) is provided indirectly by two
experiments. Asscher et al. [4a] reported that by modifying a Pt (111)
surface with a graphitic overlayer, in which the interaction between the
NO and the modified surface decreases dramatically (D, is about
2kcal / mole), no evidence for vibrationally excited NO was found. When the
NO molecules were scattered from a clean Pt (111) at the same tempera-
ture, more than 2% of the adsorbed molecules were vibrationally excited.
For a different system, e.g. NO/Ag (111), it was found that only a negligi-
ble amount of vibrationally excited NO molecules were formed, even at
incident kinetic energies that exceeded the vibrational spacing of the NO

molecules [16]. Again, the reason for the absence of vibrational excitation
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in this system is due to the weak adsorbate-surface interaction (about

5 kcal / mole).

In the remaining of this section we shall examine in more detail the
NO/Pt (111) system for which extensive vibrational excitation of the scat-
tered NO molecules were reported [4a,4b]. The desorption rate, kq, for
this system was estimated using the expresions of Ref. 12. The streching,
0., and the frustrated rotational, 0, frequencies‘ were taken to be
450cm™! and 306cm! respectively, following Ref. 13. These frequencies

-yield a preexponential factor of A(T) = 1.147>'<-1'0’°/ Tsec™!. The most reli-
able value of D, for this system is due to a recent study by Serri et al.
[15] who estimated the NO-Pt (111) binding energy to be 25Kcal/mole.

This value correspons to the desorption of NO from a perfect Pt (111) ter-

. race. The justification for using this value to interpret the results of Ref.

4a, is due to the high temperatures (e.g. fast desorption rates) at which

these experiments were performed. Under - these conditions: the

molecules on the surface desorb from terraces rather than from steps or:

defects as was argued to occur at lower temperatures [15]. In Ref. 3f and
14 the values of the ratio R(T), between the flux of N} and N2, as well as
the independently measured values of NJ(T) are given respectively. We
have used Egs. (3) and (5) together with Eq. (6) to perform a numerical fit
of the experimental data (the use of Egs. (3) and (5) in this fit was in
order to check the validity of the steady state assumption).

The resulting curves together with the experimenfal data are shown
in Fig. 2. The values of the best fit of N}(T) (Fig. 2a) and of R(T) (Fig. 2b)
are 5x10%sec~! and 5x10Msec "1 respectively. Despite the one order of mag-
nitude dis’é‘fepéﬁcy between these two rates, they both are in a good

agreement with results obtained in other experimental studies. For
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example, for the CO/Cu (100) system an estimate of kgez = 7.7%10sec?

was reported [11b] while for CO/Pt (111) the deexcitation was found to be
5x10'sec™! [11c] as derived from IR linewidth measurements. Since it is
experimenl.ally less complicated to measure N}(T). thus having a smaller
experimental uncertainty we belive that l.he higher value is more accu-
rote. 'I'he magnltude of k4. we have astimated for the NO )Pt (111) system
jxnplies that the vibrational damping rnechamsm isl domjnated by an
electron-hole pair excitation [7]. These rate values suggest that multipho-
non processes have a negligible contribution to the excitation/ deexcita-

tion mechanism since for such a process at-least 10 bulk Pt phonons are

required and one would expect in this case much lower rates [8] (of the

order of 10"sec") Recently, Haller and coworkers [4d] reported a high
vibrational temperature of NO molecules scattered from an ill defined
polycrystaline Pt foil at 1430 K. This value is hlgher than what is expected

from a similar experiment on a Pt (111) single crystal face However this

result [4d] is cons1stent with the above analys1s 1f one conciders the

higher D, values associated w1t.h such a high step concentration surfaces
[15]. The higher D, values result in a longer residence time, thus, ena-

bling more efficient vibrational excitation.

IV. CONCLUSION

A kinetic ‘analysis is presented in which the vibrational excitation
and deexcitation of molecules on metal surfaces is discussed. It was
shown that the desorption process compete effectively with the excitation
process resulting in vibrational temperatures that are colder than the
surface temperature. For the NO/Pt (111) system vibrational deexcita-
tion and excitation rates were calculated. These rates were too high to

associate the excitation and the deexcitation processes with phonon-
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adsorbate interaction. The good agreement between results of this work
and previous estimates of kd;, for other systems, indicate that these
processes are related to energy transfer between the adsorbate and the
electronic states of the surface. Based on previous theoretical and exper-
imental work we have assumed that the deexcita_t.ion rate is practically
temperature independent. Consequen’dy any t’emperé‘f.ure dependehce of
processeé in which vibratibnally e‘xcit.ed.molec‘ules are formed is due to
k,;. The analysis of the NO/Pt (111) system indicates a Boltzmann type
variation of ke (7) with the crystal temperature. It is suggeste'd that this
temperature dependence of .‘the eicitation rate holds even at high 7
values where the experimental data deviate from the Boltzmann. .d‘istribu-
tion. This deviation is therefore associated only' with the comﬁetition

between the desorption and excitation processes.

Finally, we have shown that molecular ‘beam—surface scattering
experiménts that providé data about the evolution of vibrétionally
excited molecules, followed by an anaiysis similar tb the one presented
vhere, can provide an importent toolvto obtain 'inIormationv about the
interaction between surfaces and the vi'brationalvdegrees of freedom of

adsorbed molecules.

This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Materials Sciences Division of the U.S.

Department of Energy under cor.xtr‘act DE-ACO3-76SF00098.
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FIGURE CAPTIONS

1

(a) Variation of N, as a function of surface temperature and
adsorbate-surface binding energy. The deexcitation rate used in
these calculations was 1x10'sec™!. (b) Variation of N as a function of
surface temperature and deexcitation rate. The adsorbate-surface

binding energy used in the calculations was 25kcal / mole.

(a) Numerical fit of the experimental R(T) points. Solid line-
calculated values (using Egs. (3) and (5)), deshed line-experimental
data and doted line-Boltzman distribution. We have used in these cal-
culations D, = 25Kcal / mole and k4 = 5x10'sec~!. (b) Numerical fit of
the experimental NJ(T) points. Solid line-calculated values (using
Egs. (3) and (5)), deshed line-experimental data and doted line-
Boltzman distribution. We have wused in these calculations
D, = 25Kcal /mole and kg, = 5%x10%sec~). t 1 line-Boltzman distribu-
tion. We have used in these calculationé D, =425Kca.l/male and

kw = 6x lolzsec“.
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