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The interaction of HNCO with Pt(110) surface has been investigated by different techniques
at low and high-temperatures. The adsorption of HNCO on Pt(110) caused no reordering of the
surface Pt atoms from the (1 X 2) to the (1 X 1) structure. At saturation, an ordered (2 X 2)
structure was formed, HNCO was detected in the desorbing gases only after its low temperature
(110 K) adsorption; it desorbed in two stages, with peak maxima at 150 and 270 K. In addi-
tion, the formation of Hy (Tyhax ~290K) and NHj3 (Tyax ~ 293 and 390 K) was also ob-
served. When the temperature was raised to above 400 K, N, and CO evolution was noticed,
but neither NCO nor (NCQ), species were found in the desorbing gases. The adsorption of
HNCO at 110 K produced a very intense loss at 10.4 eV and a less intense one at 13.5 eV in the
electron energy loss spectra. From the behaviour of these losses at higher temperature it was
inferred that the dissociation of adsorbed NCO species to adsorbed N and CO begins to an
appreciable extent above 230K, and that the dissociation is complete at 310—330K. It is
proposed that NCO is located in the “‘trough sites” of the corrugated surface of (1 X 2) struc-
ture and that it is multiply bonded to the Pt atoms.

1. Introduction

Recent infrared spectroscopic studies revealed that in the high-temperature reac-
tion between NO and CO on supported mietals an isocyanate complex is formed
[1-6]. Different opinions have been expressed regarding the role of this complex
in the NO + CO reaction. While it was originally thought that this species is a real
surface intermediate of this reaction [1,2], recent data suggest that it is possibly
responsible for the desactivation of the catalyst [7,8]. On the other hand, there is
strong evidence indicating, that although NCO is formed on the metal, it migrates
in a fast process onto the support, or to the metal—support interface, and it is the
support that primarily determines the reactivity of the NCO species [9,11].

In order to acquire a clearer picture concerning the reactivity of the NCO species
on metals, it is desirable to investigate its behaviour on clean surfaces under ultra-
high vacuum conditions. To date the surface behaviour of the NCO species has been
examined by modern surface techniques only on the Cu(l11) face [12]. As the
NCO surface complex can not be produced by the NO + CO reaction at low pres-
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sure, isocyanide acid (HNCO) was applied as adsorbing species. On a clean Cu(111)
surface no adsorption of HNCO was detected at 300 K. However, preadsorbed
oxygen exerted a dramatic influence, and caused the dissociative adsorption of
HNCO with concomitant release of water. Decomposition in the adsorbed phase
started above 400 K, with the evolution of CO,. At higher temperatures, the
desorptions of N, (>700 K) and C,N, (>>800 K) were observed. Since neither CO
nor CO, is bonded to Cu surfaces under ultrahigh vacuum at 300 K, it was con-
cluded that NCO exists as such on a Cu(111) surface, and the desorption tempera-
ture of CO, very likely corresponds to the reaction temperature between the
adsorbed species NCO and O. This conclusion seems to be supported by the results
of electron energy loss spectroscopic measurements; new loss features appeared at
10.4 and 13.5 eV, which were not observed after exposure of the Cu surface at
300K to any of the desorption or decomposition products of NCO.

In the present work a report is given of the surface chemistry of NCO on the
Pt(110) surface, studied by LEED, Auger, electron energy loss and thermal desorp-
tion spectroscopy, again with HNCO as adsorbing species. The majority of the
measurements were carried out after room-temperature adsorption of HNCO, but
some low-temperature experiments were also performed.

2. Experimental

Experiments have been performed in a stainless steel UHV chamber equipped
with several gas inlets, a single-pass cylindrical mirror analyzer for Auger electron
spectroscopy (AES), a three-grid retarding field analyzer for low-energy electron
diffraction (LEED) to determine surface structure, and a quadrupole mass analyzer
to monitor gas-phase composition. The vacuum system was evacuated with ion
pumps and a titanium getter. A base pressure of (1-3) X 107!° Torr was reached.

Auger spectra were taken with 4 V peak-to-peak modulation, 1-10 A of inci-
dent current, 2.5 kV of incident energy, and a sweep rate of 3 V/s.

For electron energy loss spectra the gun of CMA was used as a primary electron
source with energies between 20—125 eV and a beam current of 0.2—1.0 uA. The
backscattered electrons were analyzed with CMA. A modulation voltage of 0.1 eV
was found to be the optimum for the used system. The velocity of taking a spec-
trum was 0.4 eV/s. The exact position of the peak maxima of energy losses were
determined by a Keithley electrometer. Electron energy loss spectra were taken in
dNV(E)/dE form.

The Pt crystal was cut from single crystal rod of ultrahigh purity platinum (SN)
obtained from Materials Research Corporation. The sample was mechanically
polished and etched briefly with aqua regia before placing in the vacuum chamber.
The platinum slice was spot-welded between two tungsten wires which themselves
were fixed to two Mo roads mounted on crystal manipulator. The sample was
heated resistively, the temperature was measured with a chromel—alumel thermo-
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couple spot-welded to the edge of the crystal. For low temperature measurements
the sample was cooled through a 0.5 mm platinum wire attached to a liquid-
nitrogen-cooled stainless-steel tube.

The sample was cleaned by heating at 1300 K for several hours followed by
argon ion bombardment to remove phosphorus, oxygen, calcium and the main part
of carbon as major contaminants. The remaining carbon was removed by brief reac-
tion with oxygen at 900 K. Finally the sample was annealed at 1300 K. This clean-
ing procedure was repeated until the Auger spectrum showed Pt transitions only.
The clean annealed surface was characterized by a (1 X 2) LEED pattern.

HNCO was prepared by the reaction of saturated aqueous KNCO solution with
95% H3PO,4 at 300 K [13]. The product was purified several times by bulb-to-bulb
distillation under HV and UHV conditions. HNCO was introduced into the chamber
from an auxiliary vacuum system pumped by a small (8 I/s) ion pump through a
stainless steel tube with a diameter of 0.8 mm. The crystal face was positioned
about 0.5 cm in front of the effusion hole. The pressure was calculated from the
molecular flow conditions and the dimensions of the hole [14].

3. Results
3.1. Adsorption at 300 K
3.1.1. Auger studies

The Auger spectrum of a cleaned Pt(110) surface is shown in fig. 1. Exposure of
the clean (1 X 2) surface to HNCO at 300 K resulted in the appearance of the C,N
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Fig. 1. Auger spectra of the Pt(110) surface: (a) clean surface; (b) after exposure to 60 L HNCO
at 300 K; (c) after heating the sample exposed to 60 L HNCO to 478 K; (d) after heating the
sample exposed to 60 L' HNCO to 600 K.
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Fig. 2. The effect of the beam current and beam exposition on the relative intensities of N, C
and O Auger signals. The surface was exposed to 60 L HNCO at 300 K.

and O KLL signals at 273, 380 and 508 eV (fig. 1). Before conducting more
detailed measurements, we investigated the effect of an electron beam. The results
obtained are shown in fig. 2.

As the signals of N (380 eV) and Pt (382 eV) cannot be separated, the values of
(N3go + Ptag,)/Pty3s were calculated. The value of this ratio for the clean Pt surface
is 0.194. A decrease in the relative intensity of the O signal was observed when the
adsorbed layer was exposed even to a low value (1.5 uA) of the electron beam cur-
rent. Less effect was detected in the carbon signal, and practically no change
occurred in the N signal, even at high beam current. In order to reduce the effect of
the beam, the Auger spectra were generally recorded at low beam current. In addi-
tion, the important signals were always measured first. Taking into account the
Pt signal at 238 eV on the clean surface, as well as the relative sensitivity of Auger
electron spectroscopy as regards carbon and nitrogen (~1.5), we obtain a value of
approximately 1 for the carbon/nitrogen ratio, in agreement with that expected
from isocyanate.

In fig. 3 the intensities of the C and N signals are plotted as functions of the
HNCO exposure. It can be seen that the relative intensities of the N and C signals
reach a saturation value above 20 L. When the relative intensity of the C signal is
plotted against that of the N signal, a straight line is obtained.

Calculation of the surface coverage was attempted from the measured relative
intensity of the N signal. The measurements of Gland [15] showed that a relative
intensity of the N signal (N3go + Pt3g;)/Pty3s of 0.54 in the Auger spectra corre-
sponds to (4 = 1) X 10'* N atoms/cm?. As the relative intensity of the N signal
at saturation was 0.48 £ 0.02 in the present case, we obtained a value of (3.1 £ 1) X
10 molecules/cm? for the saturation coverage. (The slight difference between the
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Fig. 3. The dependence of the relative N and C signals on the HNCO exposure (£p =125 KkV,
Iy, = 1.5 uA).

Auger spectra of our clean sample and that of Gland was taken into account in the
calculation.) A similar value was obtained by calculations based on the relation
between the amount of adsorbed oxygen and the relative oxygen signal in the
Auger spectra, determined independently by two research groups [16,17]. Con-
sidering the amount of desorbed nitrogen after saturation, and the sensitivity of our
mass-spectrometer towards nitrogen and oxygen, we obtained 3.7 X 10'% mole-
cules/cm?.

The sticking coefficients have been graphically estimated from plots of the rela-
tive N Auger signal as a function of the total exposure; we obtained a value of
0.34.

3.1.2. LEED studies

The clean annealed Pt(110) surface showed a (1 X 2) LEED pattern (fig. 4).
When as little as 0.45 L HNCO was adsorbed at 300 K, a slight change was observed
in the LEED pattern. Exposure of the surface to at least 4.8 L HNCO produced a
(2 X2) LEED pattern with a diffuse background (fig. 4). This diffuse scattering
indicates a certain structural disorder due to the adsorbate.

No further structural change was experienced with further increase of the HNCO
exposure. When the sample was heated to 485 K, the majority of the N was
desorbed (see thermal desorption measurements) and then cooled to 300 K, the
(1 X 2) structure appeared again.

3.1.3. Thermal desorption studies
Thermal desorption spectra were taken at a linear heating rate of 13K s™!. A
small amount of NH; desorbed at the lowest temperature, its desorption maximum
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C

Fig. 4. (a) LEED pattern from clean Pt(110) surface; (b) LEED pattern at 81 V from HNCO
saturated surface; (c) A schematic representation of the LEED pattern (b).
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Fig. 5. Thermal desorption spectra following HNCO adsorption at 300 K on Pt(110) surface.
The curves are uncorrected for detection sensitivities.
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was at 390 K (fig. 5). Traces of H, were also identified at 300—400 K. It should be
mentioned that during the adsorption of HNCO we detected the formation of H;
its amount was greater than that arising from the fragmentation of HNCO. Interest-
ingly, there was no detectable desorption of HNCO, NCO radical or (NCO),, and in
contrast with the situation in the case of the Cu(111) surface we could not demon-
strate the formation of C,N,. The major signal was at 28 amu (CO and N,). The
peak is not symmetrical: a shoulder can easily be identified on the lower-tempera-
ture side of the peak (fig. 5). CO and N, can be expected as the main products, and
it thus seemed very likely that the 28 amu peak is due to desorbed CO and N,. As
labelled HNCO was not available, a differentiation between N, and CO was
attempted by measuring the signal at 14 amu (N). From these measurements it can
be concluded that the majority of the N, is desorbed at a lower temperature, and
the CO at higher temperature. When the thermal desorption was interrupted at
478 K, Auger analysis of the sample cooled to 300 K showed a much weaker signal
due to N, the intensity of the C signal, however, remaining practically the same as
before the thermal desorption (fig. 1, curve ¢). On continuation of the thermal
desorption, we now obtained an almost symmetrical desorption spectrum (fig. 5).
No C and O signals were identified afterwards in the Auger spectra (fig. 1, curve
d).

The peak temperature of the desorption of N, (Tax ~ 458 K) varied only
slightly with the increase of the coverage. Using the equation derived by Redhead,
and with a pre-exponential factor of 10!3 57!, we obtained 115 kJ mol™ for the
activation energy of the desorption of N,. The desorption temperature of CO
(528 K) was almost independent of the coverage; the activation energy was 130 kJ
mol~!. The results of thermal desorption measurements are given in table 1.

3.1.4. Electron energy loss measurements
Attempts were made to follow the adsorption of HNCO by electron energy loss

Table 1
Summary of the results of TDS measurements on Pt(110) surface

State 2 Trnax (K) E® (kJ/mol) Ref.
HNCO/HNCOQ 9 270 66.2 This work
NH3/HNCO 4 293 72.1 This work
NH3/HNCO 390 96.8 This work
N, /HNCO 458 115.0 This work
CO/HNCO 528 130.0 This work
Ny/N¢© 450 104.5 (29]
Co/CO 508 129 [24]

8 The notation of A/B refers to desorption peak for gas A following adsorption of gas B.
b Calculated from the observed values of Tmax With a pre-exponential factor of 1013 7!,
€ Calculated on base of heating rate variation method.

d Adsorption at 110 K.
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Fig. 6. (a) Electron energy loss spectra of Pt(110) as a function of HNCO exposure at 300 K;
for comparison, the spectra of clean Pt{(110) surface and that exposed to 0.32 L CO are also
shown (Ep =70 eV, I, =0.2 uA). (b) Electron energy loss spectra taken after heating the
sample to different temperatures, The surface was exposed to 60 L HNCO at 300 K before
heating.

spectroscopy. The differentiated loss spectrum of clean Pt(110) for an electron
beam at normal incidence and with an energy of 70 eV is shown in fig. 6. The
energy loss is measured as the difference between the negative excursion energy
of the primary beam and that of the loss peak. The main energy losses of Pt(110)
in table 2 show a good agreement with the loss features of ather Pt surfaces
[18.,19].

As a consequence of HNCO adsorption, a slight decrease of the Pt loss was
detected at 22.4 eV. This may support the assignment of Seignac and Robin [20]
that this loss is probably due to surface plasmons. An enhancement of the loss at
5.1-55 eV can also be observed. The intensities of elastically reflected electrons
increased considerably; a possible reason for this is that C, N and O may have elastic
backscattering cross-sections much greater than those of the high atomic number
atoms of the substrate [21,22]. Even at an HNCO exposure of 1 L, an intense
new loss appeared at 13.5 eV. As the HNCO exposure increased, the 13.5 eV loss
intensified only slightly, but a loss feature at 10.4 eV became well discernible. In
order to minimize the effect of the beam, a similar approach was used as in the
case of the Auger measurement, i.e. the new losses produced by the adsorption of
HNCO were always taken first. The loss at 10.4 eV disappeared when the sample
was heated above 313 K, while that at 13.5 eV was eliminated above 573 K (fig. 6).
(The heating rate was 13 K s}, and the sample was kept at the selected tempera-
ture for 30s.)

For comparison we also show the loss spectrum of adsorbed CO. In this case an
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intense loss feature appeared at 13.5 eV and an enhancement of the loss at 5.1—
5.5 eV was also observed (fig. 6).

3.2. Adsorption at 110 K

As we could not identify HNCO in the desorbing gases after adsorption at 300
K, we performed some low-temperature (110 K) adsorption measurements. In this
case the adsorption of HNCO was greatly increased, as indicated by Auger and flash
desorption measurements. The desorption of HNCO (43 amu) was observed even at
the beginning of heating (the heating rate in this case was ~7 K s!); the desorption
occurred in two stages, with peak maxima at 150 and 270 K (fig. 7). In addition
we observed the desorption of Hy (Tay =290 K) and the formation of NHj at
293 and ~390 K (fig. 7). No other gases (N,, CO, CO,, H,0) desorbed in this low
temperature range, however. On interrupting the heating at 300 K, we could detect
the Auger signals due to N, C and O. On the basis of their relative intensities, the
coverage corresponds to that achieved by exposing the sample to 60 L HNCO at
300 K. The desorption of N, and CO occurred at almost the same temperatures as
after adsorption at 300 K.

Electron energy loss measurements at low temperature were complicated by the
fact that the adsorption of CO from the background also caused a weak loss at
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Fig. 7. Thermal desorption spectra following HNCO adsorption at 110 K on Pt(110) surface.
The HNCO exposure was 60 L. The curves.are uncorrected for detection sensitivities.
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Fig. 8. Electron energy loss spectra of Pt(110) as a function of HNCO exposure at 110K
(Ep=70eV, Iy =0.2 pA).

Fig. 9. Electron energy loss spectra taken after heating the sample to different temperaturss.
The surface was exposed to 60 L HNCO at 110 K before heating.

13.5 ¢V, and we could not eliminate this effect completely. The adsorption of
HNCO at 110K again caused an attenuation of the loss at 22.4 ¢V, and produced
a very intense loss at 10.4 eV and an enhancement of the loss at 13.5 eV (fig. 8).
When the sample was heated to higher temperatures, the loss at 10.4 eV was
gradually eliminated at 110—330 K..The intensity of the loss at 13.5 eV decreased
somewhat from 110K to 190 K. Afterwards it increased significantly up to about
323 K. It began to decrease above 461 K, and it disappeared at 573 K, similarly as
after adsorption at room temperature (fig. 9).

4, Discussion

4.1. General characteristics of adsorption and dissociation of HNCO on Pt

The Pt(110) face displays the interesting behaviour that it has a stable (1 X 2)
and a metastable (1 X 1) LEED pattern. As a result of thermal treatment and an
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electron beam, the (1 X 1) is easily transformed into the (1 X 2) structure. The
adsorption of numerous gases (NO, CO, C,N,, C,0; and HCN), however, changes
the surface periodicity from (1 X2) to (1 X 1) [23-28]. We recently found that
higher coverages of adsorbed N atoms also cause the (1 X 2) = (1 X 1) transforma-
tion [29].

In contrast to the effect of many gases, the adsorption of HNCO on Pt(110)
caused no reordering of the surface Pt atoms from the (1 X 2) to the (1 X 1) struc-
ture. At saturation we observed a (2 X 2) surface structure, which means that only
every second a Pt atom is covered by the adsorbate. Taking into account the area
of the unit cell (21.7 A?), we find that at saturation 2.3 X 10'* HNCO molecules
are adsorbed on 1 cm?. This value is in agreement with those calculated on the
basis of the measured relative intensity of the N signal in the Auger spectrum (see
section 3.1.1).

In contrast to the Cu surface, the adsorption of HNCO on the Pt(110) face does
not require the presence of preadsorbed oxygen, and the surface coverage at satura-
tion exceeds that obtained on an oxygen-dosed Cu(111) surface by a factor of 3.
The sticking coefficient in the present case was 0.34, which is higher than that on
Cu(0.1).

HNCO was detected in the desorbing gases only after its low-temperature (~110
K) adsorption; it desorbed in two stages, with peak maxima at 150 and 270 K. In
addition, we also observed the formation of Hy (T . ~ 290 K) and NH3 (T 0 ™~
293 and 390 K). The formation of H, suggests that some of the adsorbed HNCO is
dissociated on the surface:

HNCO(a) = H(a) + NCO(a) s (1)

and, as the temperature is raised, reactions commence in the adsorbed phase. The
adsorbed H atoms may recombine and desorb:

He) + He = Hagg), @)
or react with adsorbed NCO species to yield the HNCO molecule:
H,y + NCO(y) = HNCO(qy = HNCO g, 3)

or to produce NHj. The low desorption temperature of hydrogen on Pt surface is
in agreement with the results of previous work [30]. On the other hand, the forma-
tion « f NH; in the surface reaction between H, and the isocyanate species was also
observed on the supported Pt catalyst [1,3]. The desorption temperature of NHj
agrees with that following NHj adsorption [15].

Accordingly, we propose that in the low-temperature stage of desorption of
HNCO (Tuax ~ 150 K) the weakly bonded HNCO desorbs:

HNCO(,), = HNCOy,, 4

while in the high-temperature stage (Tpmax ~ 270K) the desorption of HNCO
formed in the recombination of adsorbed H and NCO (eq. (3)) occurs. As can be
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seen in fig. 7, the two processes take place almost simultaneously.

When the temperature was further raised to above 400 K, N, and CO evolution
was observed, but neither NCO or (NCO), species were found in the desorbing
gases.

This shows that NCO formed in the dissociation of adsorbed HNCO, or in the
dissociative adsorption of HNCO, is strongly bonded to the surface Pt atoms and,
instead of undergoing desorption, it decomposes on the surface to adsorbed nitro-
gen and carbon monoxide:

NCO(a) = N(a) + CO(a) . (5)

When the adsorption of HNCO was performed at 300 K, we observed H, evolu-
tion even during the adsorption. A small amount of NHj also desorbed, but there
was no detectable desorption of HNCO.

4.2. Dissociation of surface NCO species

The question arises as to the thermal stability of the NCO species on the Pt sur-
face. The TDS measurements indicated that nitrogen desorbed above 400 K, and
CO at a slightly higher temperature (above 450 K). It would be tempting to assume
that the temperature of nitrogen evolution was characteristic of the stability of the
NCO species on the Pt(110) face. As there were no data in the literature concerning
the interaction of N atoms with the Pt(110) surface, in a separate study we
examined the adsorption and desorption of N atoms on this surface [29]. Exposure
of the clean Pt(110) face to 5 L (N + N,) produced a weak additional (2 X 2) LEED
pattern with a diffuse background at the surface concentration of 2.3 X 10
atoms/cm?. Further exposure caused a reordering of the surface Pt atoms from the
(1 X 2) to the (1 X 1) structure. The desorption began above 400 K. At low cover-
age (up to 6 ~ 0.25), the maximum temperature of the peak was shifted to a lower
value with the increase of the coverage. In the range 6 = 0.25—1, the desorption
process seemed to be of the first order. The activation, energy determined by varia-
tion of the heating rate was 104.6 kJ/mole™".

As far as the desorption characteristics of CO are concerned, they agree quite
well with those determined by Bonzel and Ku [23] and Comrie and Lambert [24].

Accordingly, the characteristic data for the thermal desorption of N, and CO
determined after adsorption of HNCO at 300 K conform satisfactorily with those
obtained after separate adsorption of these gases (table 1). This agreement makes it
very unlikely that the temperature of nitrogen desorption represents the decompo-
sition temperature of the NCO species. It also shows that from the thermal desorp-
tion data it is not possible to establish the dissociation temperature of the NCO
species on the Pt(110) surface.

More information can be obtained for this question from ELS measurements.
Let us deal first with the origin of these losses. Adsorption of HNCO at 110 K pro-
duced a strong loss at 10.4 eV, and a less intensive one at 13.5 ¢V. As none of the
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possible decomposition and reaction products (CO, CO,, N,, NH;) gave a loss at
10—11 eV, we may safely attribute the 10.4 eV loss to the adsorbed isocyanate,
HNCO and NCO species.

The situation is more complex as regards the origin of the 13.5 eV loss, as the
adsorption of CO on the Pt(110) surface also causes a loss in the 13—14 eV region
(fig. 6) in harmony with the results obtained on the Pt(100) surface [18,19]. On
the basis of the following considerations, as well as the behaviour of this loss, how-
ever, we believe that the enhancement of the 13.5 eV loss observed after low-
temperature adsorption is also due to the adsorbed NCO species.

This assumption is strongly supported by the results obtained on the Cu(111)
surface [12]. Both the 10.4 and the 13.5 eV losses appeared in the electron energy
loss spectra after the room-temperature adsorption of HNCO, but in this case the
contribution of adsorbed CO to the loss feature at 13.5 eV can be entirely
excluded, as CO does not adsorb on the Cu(111) face at 300 K. The intensity of the
104 eV loss was much higher han that of the 13.5 eV loss, similarly as in the
present case after HNCO adsorption at 110 K.

Another observation is that, in contrast to the adsorption of CO [19], exposure
of the Pt surface to HNCO at 110 K caused no enhancement of the loss at 5.1--5.5
eV. From these results we may conclude that the adsorption of HNCO produces no
CO at 110K, and thus the contribution of adsorbed CO to the loss at 13.5 eV at
this temperature is not greater than that caused by CO from the background.

When the sample exposed to HNCO at 110 K was heated to higher temperatures,
the intensity of the 10.4 eV loss rapidly decreased from 110 K to 190 K, very likely
due to the desorption of HNCO. It slightly changed up to 230 K, and decreased
further above this temperature (fig. 10). It was completely eliminated at about 330

g arb units

135 eV

e ®
100 200 300 400 500 T(K)
Fig. 10. The intensities of 10.4 and 13.5 eV losses after heating the sample to different temper-
atures. The surface was exposed to 60 L HNCO at 110 K before heating. (), (a) Points calcu-
lated from EEL spectra of fig, 9, (0), (&) points calculated from other EEL measurements.
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K. The behaviour of the loss at 13.5 eV was more complex. After a transient
decrease in its intensity up to 190 K, the intensity of this loss increased up to the
temperature of the complete elimination of the 10.4 eV loss (320—330K), and
remained constant between 330 and 461 K. We assume that the decrease in the
intensity of the 13.5 eV loss is also due to the desorption of HNCO (i.e. the occur-
rence of reactions (3) and (4), which reduces the number of surface NCO species
too), while the increase of its intensity observed from 230 K can be attributed to
the formation of adsorbed CO, i.e. to the surface dissociation of NCO species (reac-
tion (5)). It appears that chemisorbed CO produces a more intense loss than that of
chemisorbed NCO species in this loss region peaking at 13.5 eV, and thus its forma-
tion overcompensates the effect of desorption of HNCO and decomposition of
NCO on the intensity of the 13.5 eV loss.

The behaviour of 10.4 and 13.5 eV losses may suggest that the surface dissocia-
tion of adsorbed NCO species begins to an appreciable extent above 230 K.

When the adsorption of HNCO was performed at 300 K, the predominant fea-
tures in the electron loss spectrum were the intensive loss at 13.5 eV. The loss at
10.4 eV appeared only at higher HNCO exposure, and its intensity was much less
than that at 13.5 eV. Accordingly, HNCO adsorbed dissociatively on the Pt(110)
surface at this temperature, and the adsorbed NCO decomposed further to adsorbed
N and CO. At higher coverage, however, some undissociated NCO remained on the
surface, as indicated by the appearance of a loss at 10.4 V. This loss was elimi-
nated above 313 K. Note, that no desorption of HNCO was observed following the
adsorption at 300 K.

The high-temperature behaviour of the 13.5 eV loss is in harmony with the
characteristics of the desorption of CO. Its intensity decreased when (according to
the TDS measurements) the desorption of CO set in, and it disappeared when the
desoprtion of CO was complete.

In conclusion, we can state that the isocyanate species is very unstable on the
Pt(110) surface and dissociates entirely to adsorbed nitrogen and carbon monoxide
at 310-330 K.

The high instability of the NCO species on Pt has recently been confirmed by
infrared spectroscopic measurements [31]. Platinum was dispersed on a NaCl win-
dow and placed in the vacuum infrared cell described previously [3]. In this case
we were able to investigate the infrared spectrum of the NCO species on the Pt
itself, without the disturbing effect of the oxidic support. The adsorption of HNCO
on this surface at 150K produced a relatively strong absorption band at 2180
cm™', which belongs to NCO species bonded to Pt. (Molecularly bonded HNCO
gives a band at 2260 cm™'.) The NCO band in this case appeared at much lower fre-
quencies than on supported Pt, and it was much more unstable [1,3,7—11]. On
elevation of the temperature, a decrease in the intensity of this band was observed;
the band disappeared entirely at 330 K.

Recent high resolution electron energy loss spectroscopic measurements on a
Pt(111) surface also indicated the instability of the NCO species on Pt [32]. In this
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case the NCO band, indicative of the dissociation of HNCO, appeared at 150 K and
disappeared above 250 K.

Taking into account the above conclusion, as well as the observation that the
adsorption of atomic nitrogen on this surface produced a (2 X 2) LEED pattern at a
low coverage [29], the (2 X 2) surface structure found after HNCO adsorption at
300K is very probably due to the adsorbed nitrogen formed in the dissociation of
the NCO species. It appears that the adsorbed CO also formed in the dissociation of
NCO does not influence the formation of this ordered structure of adsorbed nitro-

gen. This was confirmed by a separate study [29]. In contrast to the adsorptions of

CO [23,24] and atomic N [29], the adsorption of HNCO at 300 K and its dissocia-
tion products did not result in the reordering of the surface Pt atoms from the
(1 X 2) to the (1 X 1) arrangement. The reason is that the surface concentrations of
adsorbed CO and N formed in the dissociation of the NCO species are not high
enough to cause this change in the periodicity of the surface Pt atoms.

4.3. Possible bonding modes of HNCO

Let us deal first with the structure of HNCO in the vapour phase. After some
earlier controversy, it was shown conclusively by Herzberg [33] that this com-
pound in the vapour phase has the structure H-N=C=0, and should thus properly
be called isocyanic acid. Spectroscopic and electron diffraction investigations
showed that the NCO group is nearly linear; the H atom is off this straight line at an
angle of 125° [33—35]. All four atoms are most probably in one plane and the
N—C and C—Q distances are almost equal (table 3).

Any model suggested for the bonding of the NCO species to Pt should account
for the relatively easy fission of the N—C bond in the NCO species on this surface.
Assumption of a terminal coordination via the nitrogen atom (A) does not seem

Table 3
Some structural parameters for HNCO

Spectroscopic studies Electron diffraction

[35], distances

studies [34], distances

(A) (A)
H-N—C angle 128°5' + 3¢’ 125° (estimated)
C-0 distance 1171+ 0.01 1.19+0.03
N-C distance 1.207+ 0.01 1.19+£0.03
N--H distance 0987+ 0.01 1.01 (estimated)
N--O distance 2.378 £ 0.005 2.38 £0.03
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to explain this feature, and the same is valid for the simple bridge structure (B):

0 0
| |

C C N-C-0 N-C-0
| |

B AR

| / A\

Pt Pt Pt Pt Pt Pt Pt
(A) (B) ©) (D)

It would be more appropriate to assume that the NCO is multiply bonded to the
surface. We may presume that the NCO group lies more or less parallel to the sur-
face Pt atoms and is bonded via both the nitrogen and oxygen atoms (C). This
bridge structure was proposed for the isocyanate complexes of transition metals
on the basis of their magnetic and spectral properties [36].

An alternative form could be that the NCO is bonded to the Pt via nitrogen and
carbon atoms (D), similarly as in the case of CN groups [27,28,37,38].

Although the present measurements do not permit deductions regarding the
structure of the NCO species on Pt, it is conceivable that the dissociation of the
N—C bond proceeds more easily in the latter structural forms (C and D).

Taking into account the arrangement of the surface Pt atoms in the clean (1 X 2)
structure, we propose that, in analogy with the adsorption of oxygen [16], the
NCO is located in the ‘“troughs™ of the corrugated surface, so that the plane of the
NCO is parallel with that of the (111) microfacets (fig. 11). At these sites there is
a high probability of the multiple bonding of NCO with surrounding Pt atoms, and
hence for its dissociation.

It is instructive at this stage to compare the stability of the NCO group with that
of CN on the same Pt surfaces, and also with the stability of the NCO group on a

| 3924 | 392A |

Fig. 11. Proposed model for the arrangement of NCO in the missing row model of the Pt(110)
(2 X 1) surface.
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Cu surface. It appears that although the CN group is also strongly bonded to Pt,
no rupture of the C—N bond occurs, and the CN recombines and desorbs as C,N,
above 673 K [27,28]. This is in harmony with the expectation that the C—N bond
in NCO is much weaker than the triple bond in the CN group. (The cleavage of this
bond in the CN group does occur on the Ni(111) face, however, as indicated by the
complete removal of nitrogen as N, at 800 K [38].)

The NCO group was found to be much more stable on a Cu(111) surface than on
the Pt surface [12]. A possible reason is that, in sharp contrast to Pt, the Cu—C
bond strength is very low (no bonding of CO occurs on this surface at 300 K), and
consequently there is no driving force for the rupture of the N—C bond in the NCO
species on Cu surfaces.
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