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ABSTRACT

The 1ntérnal states distributions, rotation and vibration, of nitric oxide
molecules scattered from the Pt(1lll) crystal surface are reported. These dis-
tributions were measured as a function of crystal temperature (Tg) and scatter-

ing angles. The eitent of equilibration of the three degrees of freedom, e.g.

“translation, rotation and vibration with—the—-metal ‘surface-is discussed in terms
of the energy accomodation coefficients, Y. It was found that Yerang > Yyib
> Yrot+ A model is suggested to account for the cold rotational distribution
of molecules scattered via a trapping desorption mechanism. Thé vibrational
distributions are‘détermined by kinetic effect8>and by the competition between

vibrational excitation of the adsorbed molecules and their desorption.
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INTRODUCTIDN

One of the main goals of modern surface science research is to unravel the
molecular details of energy transfer between gas phase molecules and the solid
surface. This way, the elementary surface processes,'adsorption, molecular rear-
. rangement on the surface and desorpfion that are always dominant parts of any
surface reaction can be studied separately and perhaps controlled to achieve
optimum rates and selectivity of reaction path. In recent years, new instru—
mentation permitted the determination of the velocity distribution of the inci-
dent and scattered molecules by time of flight measuréments using molecular
beam-surface scattering.(l) including the NO/Pt(111) system (2), Thus, the ene;gy
transfer between the vibrating surface atoms and the scattering molecules
could be determined as a function of surface temperature, surface structure
and incident And scattering angles. Shoftly thereafter, laser induced fluores-
cence was applied to the measurement of the rotational energy distribution of
molecules scattered from solid surfaces.(3-7)

In this paper we report the application of two photon ionization to deter-
mine the rotational and vibrational enmergy distribution of incident and scattered
NO molecules from the (111) crystal face 6f platinum during the molecular beam-
surface scattering expériments. Using internally cold incident NO molecules
from a nozzle beam, the internal excitation of the scattered molecules was mea-
sured as a function of surface temperature and scattered angle. Two photon
ionization proved to be a.very sensitive state selective detection technique
that permits simultaneous monitoring of the rotational and vibrational energy
states of the NO molecules. As a result of these studies, for the first time,
we obtained for the NO/Pt(111) system the redistribution of translational,
rotational and vibrat;onal energies during surface scattering, which should

help the theoretical scrutiny of the elementary surface processes.
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We find that the rotational energy accommodation upon surface scattering of
NO 18 relatively poor especially as the surface temperature is increased above
300K. The vibrational energy transfer is somewhat more efficient although still
declines with increasing crystal temperature. The translational energy of NO
was found pteviously(z) to equilibrate well during surface scattering althoﬁgh
it also shows a deviation from the expected Boltzmann distribution with increasing
surface temperature. |

Molecular models are suggested to rationalize tﬁe observed rotational and

vibrational energy distribution of NO scattered from the Pt(111l) surface.

EXPERIMENTAL

The experiment described here involves the scattering of a supersonic
nitric oxide molecular beam from a Pt(1ll1l) single crystal surface under ultra-
high vacuum (hHV) conditions. The scattered molec#les' internal energy is
monitored by means of two bhoton ionization (TPI) excited by a tunable UY_
laser. The ions are detected with an ion multiplier.

The molecular beam—surface scattering apparatus was described in detail
elsewhere.(8) Pertinent details will be briefly described, with emphasis
given to the modifications of the chamber (Fig. 1) made in order to conduct
the current experiment. The supersonic molecular beam is generated in a two
stage differentially pumped beam source. A nozzle of 0.075 mm diameter is
pressurized to 200 torr of NO or a mixture of He and NO at a ratio of four to
one. The beam has a cross—sectional diameter of 1.5 mm at the crystal and a
flux estimated to be in the 1015cm=2g-1 range for an equivalent pressure of
approximately 10~ torr. The characteristic rotational temperature of the
molcules in the incident beam was 45K, tﬁe tranglational temperature was 615K

(NO) or 1390K (He/NO 4:1 mixture). The incident beam vibrational temperature



5=

was not measured, but it is assumed to be low enough to make only the vibra-
tional ground state populatibn significant. Reactive scattering studies
can be conducted through the use of the two seperate beam sources. We have
measured the internal state distribution of NO produced in the catalytic oxida-
tion of NH3, which will be reported eléewhere.(g)

A variable, low frequency chopper was mounted to the primary beam source.
The chopper was typically operated at 10 Hz, the optimum repitition rate of
the laser, and the laser was triggered and synchronized by an optical trigger
attached to the chopper. At a chopper frequency of 10 Hz, the molecular beam
pulse duration Qas 5 msec with a rise time of ca. 0.25 msec. The beam chopper
limited the incident NO flux to those times immediately around the time of
_sampling of the scattered flux by the laser pulse. This lowered the background
NO pressure in the main chamber, and lowered the rate of contamination of the
crystal by t:hg beanm.

The base pressure of the UHV scattering chamber was 2.5x10-10 torr, but
rose to 5x10~10 torr with the beam present.

The Pt(1l1l) sample is a disc of 0.7 cm diameter and 0.3 mm thickness.
The crystal was heated By electron bombardment, and temperatures were monitored
by a Pt/Pt 102 Rh thermocouple spot-welded to the crystal. Auger electron
spectroscopy (AES) with a retarding field analyzer was used to determine the
crystal cleanlinéss. The crystal was cleaned between experiments or during an
experiment, when necesarry for longer or high temperature experiments, by an
Art fon sputtering gun. C, O and Ca atoms were the only surface contaminants
~ observable by AES. At the end of the experiments the observed contaminant cov-
erages were less than 0.02, 0.1, and 0.05 monolayers for C, O, and Ca réspec-
tively.

The ion detector consists of a 20 stage ion multiplier (Hamamatsu, R-595)
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typically operated at 2500 - 3500 V bias, and a 12.5 cm focal length lens.
The lens is moveable and this motion is used to adjust the position of the
focal point along the laser beam path.

As originally designed, fhe detector stembly was enclosed in a stainless
 steel tube, differently pumpéd by a 60 1/sec ion pump to reduce the bﬁckground
NO pressure in the ionization zone. It was found that stray laservlight on
neighboring metal and quartz surfaces of the differential chamber produced
large background ion currents that masked the NO TPI signal. It was also
obéerved that this surface ion production process was partially thermal in
nature, and could.be supressed by cooling of the surfaces involved with liquid
nitrogen. Cooling would also help to reduce background NO pressures. However,
these modifications were not made for the current experiments, so the study
reported here was cpnducted without differential pumping of the detector.

The detector was mounted in the main chamber on an 18" diameter rotatable
flange. The spring—loaded teflon-seal flange is a modified configuration of a
design described previously by Wharton and coworkers.(lo) The laser beam was
aligned externally to the center of the rotatable flange, then deflecte& 2.5
cm off axis by a pair of prisms, so that rotation of the flange caused rotation
of the laser beam with the detector. Rotation of the laser beam focal area in
the 2.5 cm radius arc about the crystal provided angular resolution of ca. 1°.

The tunéble UV laser system is a Quanta=-Ray Nd:YAG (DCR A-1) pumped dye
laser (TDL-1) together with a wavelength extension unit (WEX-1). This laser
generates the UV radiation by doubling the dye laser frequency through a KD*P
crystal and then mixing the doubled frequency with the residual fundamental

frequency of the Nd:YAG laser via an additional KD*P crystal. This produces
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the tunable radiation near 225 and 236 nm required to excite the A22+(v'-0)
<= X%M),5(v"=0) and AZr*(v'=0) <—— X2 ,(v"=1) NO vibronic
transitions, respectively. Laser energies at the above waveleﬁgths were 0.7
-1 mJ/pulse with spéctral resolption of about 2 cn~l (FWEM). DuringAa scan
of rotational distribution the laser energies were attenuated to Se constant
at 200 uJ/pulse. Dispersion in the WEX separating prism caused a deflection
of 0.14° in the UV beam direction for e;ery 1 nm of wavelength tuning. This
may cause severe experimental problems, therefore a mechanical system was
developed to rotate the Pelin-Brocca prism in the WEX to compensate for the
deflection. |

The laser energy was monitored by two seperate photodiodes (EG&G, SGD100).
A fraction of the UV intensity was reflected from a quartz window into cells
containing sodium—salycilate solution, and the flourescence from the solution
was monitored by the visibhle light sensitive photodiodes. The output of the

 first floureécence cell was measured by a picoameter for manual monitoring of
laser intensity. The current from the second photodiode was digitized in.a
gated charge-to-digital converter (LeCroy, model 2248) and transfered to a
NOVA 2 computer.

The current output from the 1on—multiplier consisted of a pulse caused by
scattered UV laser light incident on the multiplier, follbved after Ivusec by
a pqlse of curfen: from the ions arrival at the multiplier. The ion current
was extracted by a second gated charge-to-digital converter. The signal pro-
cessing was performed by the minicomputer, which normalized each ion current
pulse by the corresponding laser intensity, and averaged 20 to 200 normalized
signal pulses, outputing the average normalized intensity to an X-Y recorder.
The computer also controlled the advance of the dye laser grating for the

tuning of the UV laser.



RESULTS

Rotational Excitation

Typical vibronic two photon ionization spectra are shown in Fig-AZ.
Fig. 2a 18 the spectrum of the incident beam, Fig. 2b i8 a spectrum of room
temperature gas phase NO at a pressure of 5x10’3 torr, and Fig. 2¢ 18 a typi-
. cal spectrum of NO molecules scattered from the Pt(l1l) crystal at Tg=580K.
All three spectra are at a laser wavelength of ~ 226 nm, which corresponds to
a one photonvabsorption of the A2E+(v' = 0) <(—— XZHI/Z(v' = 0) electro-
nic transition. The assignment of the rotational lines is based on constants
and equations suggested in the liﬁerature.(ll) We use the lines in the Ry + Q23
branch for rotational distribution analysis because this branch has the largest
number of non overlapping lines, within our modest resolution, Fig. 2. The
incident beam spectrum (Fig. 2a) 1s achieved by removing the crystal from the
Beam path and positioning the rotafable flange such that the laser beam inter—
cepts the incident molecular beam. |

In analyzing the groundvstatevrotational distribution, it is convenient
to assume some rotational popul#tion distribution function and td fit the
assumed function to the experimental data by varying the functional parameters,
thus extracting parameters that will reflect the ground state rotational popu—
lation. If there is equlibrium between the rotational states, a Boltzmann
distribution function should describe the ground state population. If such
equilibrium does exist, a plot of the logarithims of the rotational line intens-—
ities Ny~ normalized to the rotational degeneracy (23" + 1) and rotational line
strength factor ‘j- versus the rotational energy should result in a straight

line:



Nj- = (Zj. + J_)Sj'epx(-Erot/kT). ()

In our experimental conditions, which are a typical laser energy of 200 uJ/pulse,

RN

spectral linewidth of 2 cmfl, and focusing lens of 12.5 cm f.1., the first elec-
tronic transition (A + X) of the NO molecule is in saturationm, which.means
that Sjn = 1 for all §" and one should normalize by the degeneracy factor only.
The saturation conditions, which were observed previosly elsewhere,(lz) could
easily be seen.in our calibration spectra of room temperature NO gaé in the
cﬁamber (Fig. 2b). Using equation 1l with Sj~-1 gave rotational temperatures
of 290 K * 20K, however using Honl-London(11) factors in equation 1 gave rota-
tional temperatures lower than room temperature, 230 * 20K, It was also
observed that by increasing the laser energy, the spectral resolution is gradu-
ally decreased from 1.5 cm~l (FWHM) at laser enérgies of 25 uJ/pulse to ~ 2 cm~!
at laser energies of 150 uJ/pulse and above. We attribute this effect to satur-
ation broadening. In Fig. 2a and 2b the laser energy is 40 uJ/pulse, whereas "
in Fig. 2c the laser energy is 200 uJ/pulse and the somewhat lower resolution
is clear.

In Fig. 3 a typical rotational temperature analysis is shown for NO mole-
cules scattered from the Pt(11ll) crystal surface at 580K. The incident beam
is pure NO having an average translational energy of 0.1 eV. The rotational
temperature was measured at two different scattering angles, normal to the sur—
face (filled circles in Fig. 3), and at the specul;r angle, which 1s 62° from
the normal to the surface (open circles in Fig. 3). Different rotational tem—
peratures Ty, Were observed at the two scattering angles: Tpoe = 400 * 40K
for normal, and Tpoe = 480 * 40K for the specular scattering angle. kotational
analysis was done also for a slightly higher incident energy beam a He/NO 4:1
seeded beam having an average kinetic energy of ~ 0.24 eV. fhe scéttered mole~-

cules from the crystal at 580K were ionized at the specular angle and a Trot



of 480 * 40K was found. This meaﬁs that an increase in the incident energy by
more than twice had no observable effect on the scattergd molecules' rotational
distribution.

In Fig. 4 a summary of the rotational temperatures 1s presented. The data
points in Fié. 4 are from an incident beam of pure NO vith an average transla-
.tional energy of 0.1 eV. The crosses werevmeasuted at the normal angle to the
crystal surface, whereas at T; = 580K the two measurements at specular angle,
that were described above, appear.as a single open circle. It is interesting
to note that at two of the highest crystal temperatures in which rotational
distributions of scattered molecules were measured, Tg = 820 and 890K, a signi-
ficant deviation from a single rotational temperature was observed for j~ > 20
1/2. (This information is not included in Fig. 4, but is contained in Table 1
of (14).) An important feature of Fig. 4 is that at all crystal temperatures
studied here,(IS) the gcat:ered molecules could be characterized for " < 18 1/2
by rotational temperatures smaller than 450K. Similar observations on the
same system were reported recently,(16) |

‘In Fig. 5 the angular distribution of scattered NO molecules at differ-
ent final rotational states is shown. Rere the temperature of the Pt(111) cry-
stal surface is 580K. The open circles are of scattered NO molecules at j" =
1/2 - 6 1/2, namely the band head of the 0;; + Py transition at 226.26 nm,
whereas the filled circles are of scattered NO molecules at j" = 15 1/2 as
observed by the R);(15 1/2) line at 226.08 om. Both spectra are dominated by
a cosine angular distribution, with a slight increase in the flux evident near
the specular angle (8¢ = 62°). This type of angular distribution was reported
previously for the NO/Pt(1lll) systém.(z) For the higher j” spectrum, the
specular feature is slightly more pronounced, which is consistent with the two

different rotational temperatures observed at the normal and specular scattering
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angles (Fig. 3).

Vibrational Excitation : , >

By tuning the laser to 236 nm, the>A2 v = 0) <—— x2 l/z(v' = 1)
transition could be excited and therefore the population of the first excited
vibrational state could be gonitored. The v™=1 population could be determined

_also using the A(v' = 1) <;—4 X(v" = 1) transition, but since it oveflaps
with the high j” states of the A(v' = 0) <— X(v" = 0) transition, high
laser resolution is required to distinguish between the two transitions, and
the assignmeﬁt of rotational lines becomes more complex. |

In Fig. 6 an angular distribution of vibrationally excited molecules
scgttered from the Pt(111l) surface is presented. The angular distribution. of
NO(v™ = 1, §" = 1/2 = 6 1/2) molecules (Fig. 6) is almost a perfect cosine
with no sign of the enhancement near the specular aﬂgle that was found for
ground state molecules (see Fig. 5 and (2)) at Ts = 820K.

The relative populations of ground state and vibrationally excited mole-
cnles was measured ;o determine the degree of vibrational excitation of the
scattered NO. Ideally, each rotational line of the ground and excited vibra-
tional manifolds should be measured and the intensities summed, but this approach
is impractical given fhe low populations in the v™ = 1 level. Instead we have
used the intensity of the band head of the Q;; + Py] branch, i~ = 1/2 - 6 1/2,
as a measure of the vibrational populations. This is justified since the band
heads are usually not very sensitive to changes in rotational temperature.(17)
Also it was shown for grdund st;te molecules in exact rotational temperature
measurements (Fig. 4) and was assumed for v" = 1 molecules by the comparison
of the intensity of the Pj} band head (j~ = 5 1/2 = 12 1/2) signal to the

011 + P2) band head (§" = 1/2 - 6 1/2) signal, that there is only a small
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change in the rotational temperature of the scattered molecules as a function

of Tgz.
The approximate two orders of magnitude difference in populations of the

vvibtational levels would present problems in the calibration of the ion detector
sensitivity, so we made the vibrational measurements as follows. Tuning the
laser around 236.28 nm, we could scan over the Qj] + P2] band head of the scat-
tered NO (v" = 1, §j" = 1/2 - 6 1/2) molecules from the Pt(1ll) crystal surface
at a given temperature (fs), averaging typically 100 laser pulses for each
wavelength. Then we removed the crystal and filled the scattering chamber
with room temperature gas phase NO to the pressure that gave the same signal
intensity in the hot band transition A(v' = 0) {<=— X(v" = 1) as that of the
scattered molecules. This reference signal originates from an effective pres-—
sure of NO (v” = 1) molecules that is the measured pressure times the vibra-
tional Boltzmann factor at room temperature, which is 1.05 x 10-4 for T, =
295K and Ev = 1876;1 cm-l. The same pfocédure 1s then repeated for the scat-
tered ground state molecules by scanning the laser around 226 .25 nm, in this
case correction for the Boltzmann factor i{s unnecesary. The ratio between the
two effective pressures (or densities) is the population ratio of NO(v"™ = 1)
and NO(v" = O)Vmolecules. |

A few remarks should be added to make the principle behind these measure-
ments clearer: a) since the two photon ionization process is sensitive to the
density of molecules one usually assumes that the velocity distribution is
independent of the vibrational state of the molecules so that the relative
fluxes are given directly by the densities. This assumption was made implic-~
itly(3’4’6'7) and explicitely(s) in previous works in which rotational excita-
tion of scattered molecules was measured. Otherwise a complete description of
the velocity distribution at each vibrational state as a function of Tg is

necessary in order to correct from density to flux populations of the scattered
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molecules. The velocity distribution 6f the total flux of scattered NO from
the Pt(111) surface was measured previously in this lab.(2)

b.) The vibrational intensities are measured relative to pressure measure-
meﬁts, so the pressure measurements must be linear over several orders of magni-
magnitude in the 10~6-10"10 torr range. Using a nude ion gauge or mass spectro-
meter with reasonable care, this 18 usually not a difficulty.

c.) The effect of the Frank-Condon factors on the population measurements
are eliminated since the same factor affects the intensity of the scattered
molecules' signal and the reference signal from.the added NO gas. More impor-
tantly, two different laser wavelengths are used to ionize thé two vibrational
states, which may result in different ionization cross sections from the A2I+(v'
= 0) state; these unknown factors are also eliminated by this method.

The population ratio measurements were done at four crystal temperatures,
Tg = 620, 820, 990 and 1155K. In Fig. 7 the experimental NO(v" = 1)/NO(v" = 0)
population ratios as a function of Tg are indicated by crosses. Some of the
experimental points in Fig. 7 were measured as a relative signal both fof“the
ground (the open circles in Fig. 7) and the vibrationally excited molecules,
and the ratios between these signals were then normalized to the directly
meésured ratios at the four crystal temperatures mentioned above. The open
circles at the top of Fig. 7 are the relative signal intensity of the NO(v" = 0)
molecules as a function of Tg, as observed at the normal to the crystal surface.
The solid line is the Boltzmann factor exp(-Ev/kTs) where E, = 1876.1 cm-l.

The dashed line that connects the crosses is a fit to the expresion Aexp(-Ey/kTg)
with A = 0.67 and E_ = 1876.1 cm™l. Two points should be emphasized in Fig. 7:
a) The fitted expression (dashed line) describes very well our experimental
results over a wide crystal temperature range, 450 - 1000K, which means that

the vibrational population ratio is less than the corresponding Boltzmann
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factor and that the deviation is a constant, e.g. invgriant with crystal
temperature. b.) There is a deviation from tﬁe fitted expression at Tg >
1000 K and the deviation seems to increase with Tge

In order to compare the extent of vibrational éxcitation of.the strongly
interacting NO/Pt(111) system (29 kcal/mole binding energy) to a more weakly
interacting system, we exposed the Pt(11l) gurface to 10 Langmuir of ethelyne
at Tg = 450K, which decomposesvto form a graphitic overlayer. With the graph-
ite on the Pt(lil) surface and at Tg; = 820K we made an attempt to detect vibra-
tionally excited scattered NO. No observable signal from NO(v™ = 1) molecules
was found. This puts an upper limit of ca. 0.001 to the population ratio of
NO(v" = 1)/N0(v'v- 0) for NO molecules scattered from a graphite covered P:(lli)
- surface at 820K. In a recent study of NO scattered from pure graphite an attempt
to observe vibrational excitation was unsuccessful .(18) At the same crystal tem—-
pérature for ‘a clean Pt(1l11) surface the observed ratio is 0.024 (Fig. 7).

A different way to express the vibrational excitation is in terms of a
vibrational temperature versus Tg as shown in Fig. 8. We can see that tﬂ;
vibrational temperature of the desorbed molecules is colder than Tg but not
by more than 100K for Tg < 1000K. In other words the vibrational degree of

freedom accommodates better with the surface than the rotational degree (Fig. 4).

DISCUSSION

The NO/Pt(111) system is the first molecular-surface system in which
complete experimental data of the scattered molecules' average energy content
(e.g. translational.(z) rotational and vibrational(lé)) is available, ﬁogether
with the incident molcules' energy (excluding incident vibrational energy).

This unique situation provides the opportunity to have a close look at the

(¥
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degree of energy transfer and its efficiency for each molecular degreé of free-.
dom. Since the average energy content in each of these modes was determined

in term§ of the vibrational, rotétional or translational temperaturé, it would
be convenient to compare the relative efficiency of energy transfer into these

degrees of freedom in terms of tge accommogation coefficient vy:

T - T :
scatt incident (2)

Yy = 1
Ts = T'4ncident
for i equal to translation (T), rotation (R) or vibration (V). In fig. 9 the

vy coefficient is presented as a function of crystal temperature. It is evident
from fig. 9 that a relatively efficient energy transfer process takes place
during the 1nteraction time of the NO molecules with the Pt(11l) crystal surface.
The translational mode is the mode most effectively accommodated to the Pt crjs-
tal energy (temperature) with yp > 0.8 for SQOK < Tg < 1200K, where for Tg <
700K the accommodatibn coefficient is unity. The vibracional‘mode is also
highly accommodated but even at the lowest crystal temperature it is not unitf.
For 425K < Tg < 1245K we find vy = 0.82 % 0.09, slightly decreasing with the
‘increase of Tg, similar to yp but at somewhat lower values. The rotational
degree of freedom seems to be the lea;t effectively accommodated mode. YR
decreases with the increase of Tg down to 0.34 at Tg = 870 K. It seems as
if the translational and vibrational modes have only minor restrictions for
free energy flow with the metal crystal and probably small if any dynamical
effects during the desorption process. This is not the case for the rotational
degree of freedom. In all three modes there are deviations from complete
accommodation as shown in fig. 9. These deviations reflect usually the inter-
esting effects from which the microﬁcopic level of the interacfion with the
‘metal surface can be studied most effectively.

It should be emphasized though that the above discussion on the extent of

energy transfer, based on the magnitude of the accommodation coefficient, can
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give only a vague idea as to the molecular level of interaction with the sur-
face, from which the observed accommodation coefficient originates. .In parti-
cular if the coefficient i{s small, an efficient energy flow and high degree of
accommodation of the molecules when adsorbed on the surface, followed by dynam-
ical effects #long the exit channel.(desOtption) that modify the distributions
to the observed ones, cannot be ruled out unless additional information exists.
Whereas the translational energy of scattered NO molecules from the Pt(1l11)
surface was discussed in a previous publication,(Z) the origin of the obegrved

rotational and vibrational distributions will be discussed below.

Rotational Excitation

Fig. 4 shows that the rotational temperature of scattered NO molecules
from the Pt(111) surface lags substantially from the crystal temperature. At
the same time, the rotational population distribution function is Boltzmann
like over a large crystal temperature range for j~ < 18 1/2. Observations of
Trot < Tg were reported for all previous molecular-scattering systems in which
the scattered molecules' rotational temperature were measured.(3<7) This gen—
eral behaviour of colder rotational population of scattered molecules from sev-
eral surfaces (not necessarily metal surfaces) holds for different types of
molecular-surface interactions. It was observed in weakly interacting systems
where an inelastic scattering mechanism occurs,(3n4»5’7) in strongly interact-
ing systems like NO/Ru(001)(6) where desorption from a purely chemisorbed
state occurs, and our results for the NO/Pt(111l) system. In the case;of NO
molecules the rotational temperature is only slightly dependent on crystal
temperature. It is found that Tpopr ~ 330 % 120K for 300 < Tg < 870K, with
incident translational energy of ca. 0.1 eV (molecular beam studies) and on

four different surfaces (Ru(001), Ag(l1ll), Pt(1l1ll), C).
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In cases of strongly interacting systems the primary scattering mechanism
is trapping~desorption, so that rotational excitation can occur during the
time of adsorption. The configuration of NO adsorbed on platinum at high tem- |
- peratures is unknown. It may be in an upright configuration with a chemical
bond between the nitrogen atom and the Pt atoms as was reported(lg) for Tg < 350K,
it may adsorb in a nearly free tumbling state, or pass through such a state as
its energy increases prior to desorption. In unimolecular reactions theory
this situation is referred to as a "loose transition state complex'.(zo) Even
if the configuration of the NO may not allow a free rotation, as for instance
in the upright bound configuration, an instantaneous rotational motion and
energy can Qtill be definéd. By éimple classical mechanical considerations
the motion and kinetic energy of the adsorbed molecule can be seperated into a
translafion of the center of mass and a rotational motion about the center of
mass, which can be considered as an instantaneous rotation. The total kinetic
energy of the molecule is a sum of the kinetic energies of these two motions.
Therefore, the energy in the center of mass motion and in the instantaneous
rotational motion about the center of mass should be characterized.by a temper-
ature that is equal to the crystal temperature, assuming that the NO molecules
have had time to reach equilibrium with the platinum. If NO could ﬁe suddénly
freed from the surface, the motion prior to seperation would lead to some rota-
tionai energy, and the distribution of rotational energies should be the equili-
brium distribution at the surface temperature. This conclusion is based on
the approximation that the rotational motion about the center of mass can be
treated classically.

Based on NO desorption rate constants{(21) N0 gurface :esidence.times

should be long enough to reach equilibrium (>10'8'sec. for Tg < 1000K) so that

the cold rotational distributions are possibly due to dynaﬁical effects along
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‘the exit channel (desorption) that generate the observed distribution. We pro-
poée two.mechanisms that could account for cold rotational distributioué. One
is8 based on the assumption that NO can freely rotate on the surface prior to
desorptioﬁ and the second mechanism is based on a restricted rotation or wagging
vibration configuration.

One approach is to address the observation of cold rotational distriﬁutions i
in terms of the microscopic reversibility principle. The preferential desorp-
tion of rotatinally cold mdlecules implies that the sticking probability of NO
molecules is rotational energy dependent, namely molecules with lower rotational
edergy have higher sticking probabilities, as propo?ed recently in calculations
for NO scattered from Ag(lll).(zz) .Consideration of the adsorption process
may provide insight into the mechanism of the deaorption; It was found that
translational to rotational energy traﬁsfer is efficient in inelastic scat-
tering of NO from Ag(lll).(s) Assuming that this effect is the same for the
NO/Pt(1l1l) system, then from microscopic revefsibility the rotational to trans-
lational energy exchange is also efficient, which might in turn lower the
sticking probabilities of rotationally energetic molecules. We suggest that
this same surface mediated rotational to translational energy transfer may
affect the NO desorptioh. We assume for this mechanism that the NO is free to
tumble and that the initially rotationally energetic molecules have an enhance&
probability for desorption via the rotational to translational coupling while
loosing some of their rotational excitation. If the enhancement ofv;he desorp-
tion probability for rotationally excited molecules is large enough this
mechanism may also deplete the high energy portion of the rotational energy
distribution, leading to a non-equilibrium distribution of rotational energies.
on the surface in a manner analogous to the non-equilibrium desorption mechan-

ism proposed to explain cold translational energies of some desorbates.(23)
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- The second model is based on the perturbed rotational motion or better
stated, the wagging vibration of the NO molecule which 18 now assumed to be
bound in an upright configuration with a chemical bond between the ni;rogen
atom and the surface Pt atoms. The molecule should not necessarily be bound
to a fixed site but rather might move on the surface from site to site while .
in a upright configuration. The distribution of vibrational energy in the
nitrogen-metal bond of the O=N-Pt complex is of the Boltzmann type even #ftet
a much shorter time as compared with the mean residence time §f the NO ﬁolec- ,
ules on the surface at our experimental conditions (Tg; < 870K). The more
energetic molecules that presént the high energy tail of the distribution
functions are close to the top of the potential well that describes the nitro-
gen-metal surface bond in the Z direction (perpendicular to the surfacé).
These molecules have the highest probability to absorb a small quantity of
energy from the system, which would eventually lead to desorption. The mechan-
ism of energy transfer in this final stage before desorption determines the
final, observed rotational excitation and distribution function. Thié process
is sometimes referred to as the "dynamical effects along the eiit channelg.
The NO is a heteronuclear diatomic molecule and 18 bound through its nitrogen
Qtom to the platinum surface, presumably because of charge distribution that
1s similar to the CO-metal bond.‘ The wagging vibration (that was previously
discussed in terms of 1nstanta§eous rotation) is consequently restricted to
small changes in the wagging angles even at high crystal temperatures, because
at the turning points of the vibration the oxygen atom experiences a repulsion
by the metal surface. The foll@wing energy transfer mechanism is proposed
that could accouﬁt for a final cold rétational distribution: assuming that

the repulsion between the metal surface and the oxygen end of the NO molecule

is long range, then even at NO-surface distances that are long enough to consid-
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er the molecules already decoupled from the surface or being desorbed, free
rotation cannot take place. It is suggested that the repulsion causipg the
restricted wagging vibration, provides a coup;ing mechanism between this
‘motion and the O=N—surface stretch. If this coupling is strong then the tran-
sition state complex of the desorbing NO molecules is not a "loose complex”,
where internal modes of the fragments (here the NOland‘the surface) are consid-
ered uncoupled.(zo) The wagging vibration energy decreases during the
desorption process by dumping part of it into the "reaction coordinate”,
némely the NO-surface bond breaking. Referring to our previous definition
of the wagging vibration as an instantaneous rotational motion in equilibrium
with the surface, by loosening part of its energy the final rotational distribu-
tion is expected to be colder than the crystal temperature . The energy
required for the O=N-gurface bond breaking need not be provided.by
the wagging vibration aione, but could also be transfered from the metal surface
as well. A more comlete energy transfer picture would consider the coﬁbination
of these two energy sources to céntribute differentvamounté of energy to the
molecules in the ensemble of adsorbed species. The overall effect would Se a
“"rotational cooling”.

It is interesting to note cdnsequences of this mechanism, or any repulsive
interaction on the final rotational distribution of the desorbing molecule.
For example, increasing the coverage of NO molecules may also alter thg rota-
tional distribution since the interaction between the neighboring molecules is
repulsive.

The gas phase kinetics experiments that may be correlated with our studies
are IR laser induced multiphoton dissociation of molecules, followed by the
rotational (and vibrational) distribution analysis of fragments (24). 1In

gsome of these studies an average excess energy in the parent molecules prior
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to dissociation could be estimated, though there is currenfly no theoretical
basis for predicting apriori how the available energy in the parent molecules
will be distributed among products degrees of freedom (24). Correlation
between those unimolecular gas phase studies and the desorption dynamics
of molecules from surfaces, yhich may be considered to be a unimolecular
process as well might be of great value for better understanding
the desorption phenomenon.

The fact that there 18 a slight angular dependence to the rotaﬁional

temperature, as shown in Figs. 3 and 5 cannot be understood easily by the

cooling mechanisms described above. The enhanced flux of rotationally hot

molecules near the specular angle could be related to translational to rotaﬁional
energy exchange in the fraction of molecules believed to undergo inelastic
scattering.(ZI) This hypothesis assumes that the inelasticall§ scattered
molecules should have more rotational energy than desorbed molecules. 1In a
similar, though soﬁewhaﬁ more weakly interacting system of NO from Ag(lll),(s)
the ineiastically gscattered molecules observed at specular angle were found

to have a rotational temperature that is colder than the one observed at the
normal angle in our system under similar conditions. This implies that an
inelastic contribution should lower the rotational temperature, unless we

assume that translational to rotational energy transfer is more efficient on

Pt than on Ag. We also note that the rotational température is unaffected by
doubling'the incident translational energy. As a Quppqtting evidence for an
inelastic rotational excitation, the increased rotational temperature appears

to be related to a specular feature in the angular scattering, and this specular
feature does not appear in the distribution of the purely trapping-desorption
scattering of the NO(v™ = 1) molecules (see next section and fig. 6).

In order to determine whether the inelastic scattering is responsible for
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the enhanced flux of higher j" states near the specular, an angular distribu-
tion should be made at negative scattering angles to see if the enhancement is
symmetric. This experiment has not been done. - Also, additional rotational

distribution spectra should be taken to compare the distributions at specular

angle to the distributions at the surface normal at several crystal temperatures.

Vibrational Excitation

| The angular distribution of the vibrationally excited NO molecules Fig. 6
is8 different from the ground state mole;ules' angular distribution (Fig. 5 and
ref. 2 respectively). It is clear that the enhanéement of the flux near the
specuiat angle is absent in this spectrum, and the shape is almost purely
cosiﬁe. As indicated in Figs. 5 and 6, the angular distribution of vibration-
ally excited molecules was measured at a higher temperature, 820K compared to
580K. From ref. 2 we know that inela#tic scattering, and hence the specular
feature, is enhanced at higher crystal temperatures, so that the difference
between the two angular distributions is more significant. The angular distri-
bution, fig. 6, {mplies that all the vibrationally excited NO originates from
desorbed molecules, and that inelastically scattered molecules cannot be vibra-
tionally excited.

The inelastically scattered molecules stay only one or two vibrational
periods of time on the surface before being scattered from it, which is in the
10-12 gec time scale. This is apparently too short an interaction time to
enable vibrational excitaition of the NO molecules by the fluctuating dipoles
of the metal surface. The experiment in which a graphitic overlayer was depo-
sited on the Pt(1l11l) surface and an unsuccessful attempt was made to observe
vibrationally excited molecules scattered at a crystal temperature of 820K is
in a way consistent with the above conclusion. Even though the interaction

potential of clean Pt(11ll) and the graphite covered surface are very different,
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it is expected that the molecules could be vibrationally excited on the very
weakly interacting graphite covered surface as well, if a long enough residence
time was available. With a desorption energy of about 2.8 kcal/mole(25) and
frequency factor estimated to be ca. 10713 gec=!,(18) a residence time of less
than 10712 15 expected At Tg > 700K, which is the saﬁe order of ﬁagnitude as
the inelastie interaction times, i.é, too short a time for vibrational excita-
tion. It is,impoftant to note that our incident beam energy, 0.1 eV, is too
small to excite vibrational states directly (E, > 0.23 eV).

The conclusion that there is minor if any vibratinal excitation at surfaces
1f the interaction times are less than 10~12 gec. is not surprising. An inter-
esting question is in what range of residgnce time does the desorption process
start to compete effectively with the vibrationai excitation. Experimental
evidence that can address this question may provide yet unknown information
about the mechanism of a very basic processeé in gas phase chemistry, namely
the thermal heéting of vibrational modes of molecules via collisions with
walls, e.g. surfaces. -

In Fig. 7 and Fig. 8 one can see a small but increasing deviation of the
observed experimental ratio of the excited to ground state populations froﬁ
the thermal equilibrium ratio at the crystal temperature (e.g. Boltzmann expres-
sion) as crystal temperature is increased above 1000 K. This deviation means,
we believe, that the rate for vibrational excitation, while still growing with
| crystal temperature, is increasing slower than the desorption rate and that
around 1006 - 1200K ihe desorption rate constant is comparable in magnitude to
the rate constant for vibrational excitation. Using kinetic parameters for
the desorption of NO from Pt(111) from(ZI) (Ed = 28.6 kcal/mole, v = 6 x 1013 s'l),
residence times of 28 nsec and 2.6 nsec are calculated for crystal temperatures |

of 1000 and 1200K respectively, assuming first order desorption kinetics, tem—



-24=

perature independence preexponeﬁtial factor (v), and using the reciprocal of

the standard Arrhenius equation

kgl = o= v Tlexp(By/RTy) | (3)
where kq is the desorption rate constant, T 1s the residence time, E4 is the
desorption energy and fa is the crystal temperature. If our interpretation
ig correct then the desorption starts to compete effectively with the vibra-
tional excitaton process at rate constants of about _107-108 gsec~l. Assuming that
vibrational equilibrium exists on the surface, then the deexcitation rate con-=
stant can be determined byvthe Boltzmann factor which gives values in the
range of 108-101°.sec'1.

There are few experiments in which an attempt was made to measufe vibra-
tional lifetimes (deexcitation rate constant) of molecules on surfaces from IR
line widths,(zs) and also theoretical calculations that predict the “damping”
rate of vibrationally excited ﬁolecules.(27) From the IR measureﬁenté on a
copper surface a lifetime of 3x10-13 gec for the deactivation of an adsorbed
'methoxy C-H stretch mode is reported.(26) Using dipole interactions the
theory(27) predicted lifetime§ of ca. 10~ sec. whereas the inclusion of elec—
tron-hole excitation mechanism in the metal lead to a lifetime of ca. 10-13
gec. The electron-hole excitation mechanism is expected to be important only
in free electron type metals like cbpper and aluminum, therefore it may not be
valid for the case of Pt. A different theoretical model, based on electro-
dynamic calculations successfully predicted vibrational and electronic deexci-
tation rates of molecules near surfaces (10-1000A), but separated by dielectric
layers (28). We used the formula for the ratio of radiative lifetime rates
near the surface to the gas phase value (28) to estimate the deexcitation

rate of NO at distance of 2A from the Pt surface. Using the NO dipole moment

(1.5 Debye), the dielectric function for Pt at 0.23eV (the vibrational energy
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of NO) (29) and the radiative lifetime of vibrationally excited NO of

80 msec(30), we calculated a deexcitation rate in the range of 109-108sec~1,

This number is close (in order of magnitude estimation) to the de-

excitation time inferred from our experiments, with the assumptions that were
made before. These results and their interpretation may imply that tﬁe above
mentioned theo:y(27) is not aplicable to 'all metal surfaces or that an electron-
hole deexcitation mechanism could be ruled out in the Pt case. It is interest-
ing to note that as a consequence of our interpret#tion of the results the vibra-‘
tional excitation process on the Pt surface seems to be extremely slow as com—
pared to the period of vibrational motion.

The experimental scheme described here may contribute as a complimentary
method to the IR technique to study the vibrational excitation and deexcita-
tion of molecules chemisorbed on surfaces. Whereas the IR methods follow the
deexcitation process via linewidth measurements, the technique described here
1s related to the excitation mechanism of molecules on surfaces.

As shown in Fig. 7, the vibrational population ratio of NO(v" = 1)/

NO(v™ = 0) as a function of crystal temperature can be describea over the

surface temperature range of Tg = 450-950K by the expression;
NO(v™ = 1)/NO(v™ = 0) = 0.67exp(~Ey/kTg) (4)

where E, = 1876 em”! is the gas phase vibrational energy.(ll) The constant
deviation of the vibrational population ratio from the Boltzmann expression by

a factor of 2/3 is bejond the experimental error. It might be rationalized by

a model which assumes equilibrium of the N-O stretching vibration on the surface,
and first order desorption rates for the molecules in the various vibrational
levels. The equilibrium assumption for the vibration is'quite reasonable given

the long residence times of the NO molecule on the Pt(111) surface - t > 1078



-26-

sec., and first order desorption kinetics for NO from platinum is generally
accepted. If we assume that there may be different desorption rates for the
molecules in the two vibrational states, the relative populations of the vibra-

tional levels as observed in the gas phase can be written as

1
m(v- - 1) - kd - [}D(v - l)ad] (5)
v.= kdu [ROTv = U)ad]
where kdl and kdo are the desorption rate constants for NO(v"™ = 1) and NO(v" = 0),

while [NO(v™ = 1);d] and [NO(v" = O)ad] are the concentrations in molecules/cm2
of excited apd ground state adsorbed NO molecules. Substituting the values for
kdl and kdo with the corresponding Arrhenius first order rate constants, and sub-
stituting the ratio of vibrational populations with the Boltzmann ratio we have:
| 1 1
W(v" = 1) . Y exp(-Eq /kT)

WET=0)  Vexp(-2,0/km)
0

x exp(=E g4 /kTy) | (6)

1 1

where v* and E4", and v~ and Edo are the preexponential factors and desorp-
tion energies for the ground and first excited states, and Eyg 1is the surface
vibrational energy of the N-O stretch. Combining the exponential terms gives

the desired Boltzmann-like expression:

NO(v™ = 1) _ ‘gi ~E_'/kT 7
NO(v" = Q) ) exp(~Ey'/kT) N

| where Ev' =E,g + Edl - Edo is the apparent vibrational energy. This expression
reproduces the experimental data if we assume that the ratio vl/v0 is indepen-
dent of temperature. This is an empirical assumption which best matches the
constant deviation of the vibrational excitation from a Boltzmann expression.
This assumption is justified since preexponential factors are generally expected
to have weak temperature dependencies, and it is reasonable to expect that v0
and vl would have roughly the same temperature depenence so that their ratio

would be temperature independent.
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The meaning of eq. 6 is that across the crystal temperature range of 450-
9$OK there is no competing process to the vibrational excitation, so that
there is an exponential increase of the vibratioﬁal population ratio.

As shown in Fig. 7 the best fit to the data was given by an apparent
vibrational energy E,' of 1876 cm-l, which is equal to the gas phase energy.
Since E,' = E_  + Edl -Edo, this implies that Ev' fortuitously equals the gas
phase value, or that the two desorption energies are equal and that the vibra-
tional energy in the adsorbed';tate equals the gas phase vibrational emergy.

It is quite clear that the vibrational energy of the molecule when adsorbed on
the surface must be smaller than the gas phase value, and electron energy loss
spectroscopy measurements hadAshown(31) that the N—O-stretcﬁ frequency

varies from around 1700 cm~l to around 1800 em™l depending upon the Pt(111)
crystal temperature and the surface coverage. These are far lower temperﬁtures
than those used in the current study, therefore we might expect the NO vibra-
tional energy to be nearly equal to the gas phase value, at least at the higher
crystal temperature range. It is likely that the same energy for desorption

Eq controls the desorption kinetics of the two vibrational states, since—;he
two molecules are almost identical except for the different energy content.

The fit of eq. 6 to.the experimental results as shown in Fig. 7 corresponds
to preexponential factor rétios of v1/v0 = 0.67. Fig. 7 and eq. 7 show that an
assumption of vibrational equilibrium of the adsorbed NO together with differ-
ent desorption rate constants for the ground and excited molecules leads to an
expression that closely reproduces the data. However this expression implies
that the desorption preexponential factors are different, the possible meaning
of which is unciear. The common interpretation of these parameters in terms
of partition fuﬁctions or entropy considerations may mean perhaps that the two

slightly different molecules (e.g. somewhat longer equilibrium distances for
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the excited molecule because of anharmonicity) may have different number of
equivalent available sites on the surface, which result {n different v. Fur-
ther investigations with other crystals and if possible at higher vibrational
excited states are necessary to fully understand this point and are in progress
at our laboratory.
CONCLUSION

Rotational and vibrational populations of a scattered nitric
 oxide supersonic molecular beam from a Pt(111) surface were investigated. The
rotationally cold scattered molecules were discussed in terms of (a) microscopic
reversibility considerations while free to tumble on the surface and (b) a
hindered rotation of the adsorbed molecule that is coupled‘to the N-surface
bond. Part of the energy of the wagging vibration (instantaneous rotation) is
transfgrred into this bond during the desorption process, which in turn results
in a rotational cooling effect. The vibrational population results were divided
into two crystal temperature ranges: at Tg < 950K the results are interpreted
by assuming two different desorption preexponential factors for the two vibra-
tional states, in order to explain the constant deviation from a Boltzmann
distribution at the crystal temperature. At Tg > 1000K an increased deviation
from the equilibrated distribution was discussed in terms of a competition
between the vibrational excitation and the desorption processes. A vibrational

excitation rate constant of ca. 107-108 gec~! was estimated.
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FIGURE CAPTIONS

Molecular beam-surface scattering laser-induced ionization appara-

tus.

Two photon ionization spectra. The assignment represents a one photon

rovibronic absorption of the A2£+(v' = 0) <— Xzﬂl/z(v‘ = Q)

transition. a) Incident supersonic beam of NO molecules. b) Room

 temperature ambient NO gas at 5 x 108 torr. ¢) Scattered NO mole-

cules from a Pt(1l1ll) crystal surface at 580K.

Rotational distribution analysis. N(j-) are the rotational line inten-

sities and Epoe = B"J"(J" + 1) 1is the rotational energy. The slope

determines a rotational temperature. The filled circles are the 'data

measured with the detector at the normal to the crystal surface. The
open circles are the data meaéured_with the detector at specular angle
=62° from the normal to the surface. In both experiments the crystal

temperature is 580K.

Rotational temperature of the scattered NO molecules as a function of
crystal temperature. The crosses are from spectra taken at the normal
to the surface. The circle was taken at specular angle (62° from the

normal).

Angular distribution of NO molecules in their ground vibrational state
after the scatterihg of a NO geeded He beam (He/NO - 4:1) from the
Pt(111) surface. Open circles are 30 moleculeslin rotationai states
J° = 1/2 - 6 1/2, whereas the filled cirlces are of NO molecules in
the j~ = 15 1/2 state. The crystal temperature is S80K. The arrow

indicates the specular scattering angle.



Fig. 6:

Fig. 7:

Fig. 8:

Fig. 9:
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Angular distribution of vibrationally excited (v" = 1) NO molecules
scattered from the Pt(1l1l1l) surface. The arrow indicates the specular

scattering angle. The crystal temperature is 820K.

Vibrational distribution of scattered NO molecules as a function of
crystal temperature. The distributions are presented as the ratio
of the experimentally measured signals: NO(v™ = 1)/NO(v” =0).

The solid line and open circles are the NO(v"” = 0) experimental
signal (left ordinate). The heavy solid line is the caléulated
Boltzmann ratio as a function of crvstal temperature with E, = 1876
cml (right ordinate). Crosses are the normalized (see text) experi-
mental ratios and the dashed ling represents the expression

0.67 exp(-E_/kT,) ;here E, = 1876 cn~! and T, is the crystal

temperature.

Vibrational temperature as a function ofAcrystal temperature. The
solid line is the expected vibrational temperature if complete accom—

modation of the desorbed NO molecules with the surface occurs.

The accommodation coefficient (y) of the three degrees of freedom of
the scattered NO molecules as a function of crystal temperature. The

data for translational accommodation is from ref. (2).
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