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Abstract 

The surface chemistry of carbon-nitrogen coupling is of fundamental irnportance to the in- 
dustrial-scale catalytic synthesis of HCN from CH, and NH, over Pt gauze catalysts. In order to 
elucidate the details of the synthesis, we investigated the mechanism of CN bond formation on 
Pt(l11) with reflection absorption infrared spectroscopy (RAIRS) and temperature programmed 
desorption (TPD). The relevant surface intermediates were generated through the thermal de- 
composition of CH31 or C,H, and the electron induced dissociation or oxydehydrogenation of 
NH,. The formation of surface CN is detected through HCN desorption a t  500 K in theTPD expe- 
riments. The appearance of the vibrational features characteristic of the arninocarbyne (CNH,) 
species upon hydrogenation of surface CN at 300 K in the RAIR spectra has been used to esta- . 

blish the CN bond formation temperature. The RAIRS results indicate that HCN desorption a t  
500 K is kinetically limited by the formation of the CN bond at this temperature from surface C 
and N atoms. The formation of CN is suppressed in the presence of high coverages of surface 
carbon, in agreement with previous model reactor kinetic studies. In contrast, the coverage and 
overlayer structure of surface nitrogen has a negligible influence on the coupling reaction. Our 
results indicate that the high temperatures used in the industrial synthesis of HCN are needed 
pnmarily to activate methane and arnmonia dissociative adsorption on the Pt catalyst surface. 

Rey words: Pt(l1 l), infrared absorption spectroscopy, temperature programmed 
desorption, aminocarbyne, hydrogen cyanide synthesis. 

Acoplamiento carbon-nitrógeno sobre Pt(ll1) 
y su importancia en la síntesis catalítica de HCN 

Resumen 

La química superficial del acoplamiento carbono-nitrógeno es de fundamental importan- 
cia a escala industrial en la síntesis de HCN a partir de CH, y NH, sobre catalizadores de malla 
de Pt. Con la finalidad de dilucidar los detalles de la síntesis, nosotros investigamos la forma- 
ción del enlace CN sobre Pt(1 l l) con espectroscopía de reflexión absorción infrarroja (RAiRS) y 
desorción a temperatura programada (TPD). Los intermediarios superficiales relevantes fueron 
generados a través de la descomposición térmica de CH31 o C,H, y la disociación inducida del 
electrón o oxideshidrogenación de NH,. La formación de CN superficial es detectada a través de 
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la desorción de HCN a 500 Ken los experimentos de TPD. La aparición de las bandas vibracio- 
nales características de las especies aminocarbina (CNH,) sobre la hidrogenación de CN super- 
ficial a 300 K en el espectro W R S  ha sido usada para establecer la temperatura de formación 
del enlace CN. Los resultados de W R S  indican que la desorción de HCN a 500 K es limitada ci- 
néticamente por la formación del enlace CN a esta temperatura a partir de átomos de C y N su- 
perficiales. La  formación de CN es suprimida en la presencia de altas cubrirnientos de carbón 
sobre la superficie. en concordancia con estudios previos de un modelo de reactor cinético. En 
contraste. el recubrimiento estructural de nitrógeno superficial tiene una influencia insignifi- 
cativa sobre la reacción de acoplamiento. Nuestros resultados indican que las altas temperatu- 
ras usadas en la síntesis industrial de HCN son necesarias. primeramente para activar la ad- 
sorción disociativa de metano y amoniaco sobre la superficie del catalizador de M. 

Palabras clave: Pt (1 11). espectroscopia de absorción infrarroja, aminocarbina. sintesis 
de ciarnida de hidrógeno. 

introduction The kinetics of HCN formation in both 

Annual production of hydrogen cya- 
nide for 2004 was over a million tons and is 
growing at a rate 2.7% per yeai-. Hydrogen 
cyanide is used as a starting material for 
many products. the most important of 
which is nylon. which accounts for -50% of 
the HCN produced each year. (1) Industri- 
ally, since the 1940s. (2) hydrogen cyanide 
has been synthesized from CH,. NH,. and 0, 
in the Andrussow process. which uses Pt - 
10% Rh gauze catalysts a t  temperatures of 
-1400 K. Rhodium serves primarily as  a 
strengthener of the gauze. In addition. the 
CN bond dissociates measurably a t  high 
temperatures on Rh. (3) Therefore. Rh ap- 
pears to play a secondary role in the Andrus- 
sow pmcess and here we focus on Pt only. 
Optimization of this important industrial 
process obviously leads to numerous bene- 
fits. The very first step of the optirnization is 
to explore elementary steps involved in the 
formation of HCN on the catalyst surface. 
Ultra high vacuum (UHV) techniques em- 
ployed in experiments on single ciystal sur- 
faces can provide detailed information on 
the elementary steps in the surface chemi- 
cal reactions that underlie more complex 
catalytic processes. Here. we use reflection 
absorption infrared spectroscopy (RAIRS). 
temperature programmed desorption (TPD), 
and a Pt(ll1) crystai. 

the ahsence (4,5) and presence (6) of 0, was 
studied in detail by Hasenbergand Schmidt. 
According to them. the addition of oxygen 
does not increase the total reactivity of CH, 
and NH,, but rather it increases the selectiv- 
ity. They found that the main reaction that 
leads to HCN formation even in the presence 
of O, is CH, + NH,, but also that HCN can be 
formed from the CH, + NO reaction. In this 
paper. we will discuss the details that lie be- 
hind the first reaction. Hasenberg and 
Schmidt also succeeded in fitting the ob- 
served react ion ra t e s  with severa1 
Langmuir-Hinshelwood rate expressions in- 
dicating that the reaction is defuiitely metal 
catalyzed and that the key steps in the reac- 
tion occur between adsorbed species. There- 
fore. it should be possible to determine 
many of the details of the reaction mecha- 
nism through studies conducted under 
UHV conditions. 

Both CH, and NH, have very small dis- 
sociative sticking probabilities on Pt(lll1. 
(7. 8. 9). Therefore. we used other means to 
generate the reactive surface species that 
form during catalytic process involving CH, 
and NH,. It has been show that this is a 
highly successful strategy for gaining a ba- 
sic understanding of reaction mechanisms 
underlying heterogeneous catalysis (10). 
Methyl iodide (CH,Il provides a convenient 
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means to generate surface CH. (x= O. l .  2. 3) 
species (1 1. 12. 13. 14). We have found that 
the presence of coadsorbed iodine has mini- 
mal influence on the C-N coupling reaction 
(15, 16). This is in agreement with the fact 
that the coadsorbed iodine does not strongly 
influence the surface chemistiy of hydrocar- 
bons (17. 18). In a separate study of sub- 
monolayer coverages of C,H, an Pt(l11). we 
have shown that C-C bond scission is feasi- 
ble at  temperatures above 450 K ( 19). There- 
fore. we have also used C,H, as  a source of 
CHx surface species. 

Ammonia does not  dissociate on 
Pt( l l1)  a t  low pressures and temperatures. 
However, it has been reported that NH, can 
decompose on Pt surfaces under conditions 
other than UHV and low temperature. For 
example. adsorbed NH, on Pt( l l1)  is readily 
dissociated through electron irradiation to 
form N. NH. and NH, species on the surface 
(20) and we have aiso generated NHy (y= O. 
1,2) species by this method (2 1). An altema- 
tive route for NHy generation that was also 
used here is the oxydehydrogenation of NH, 
(22, 23. 24). A detailed description of this 
process will be published elsewhere (24). 

Experimental 

The experiments were performed in a 
stainless steel ultra high vacuum (UHV) 
chamber with a base pressure of - 1 x 10'' 
Torr equipped with a variety of surface sci- 
ence techniques. A detailed description of 
this system can be found eisewhrre (25). I t  is 
coupled to a commercial Fourier transform 
infrared (FTIR) spectrometer (Bniker IFS 66 
v/S). A tungsten source was used in combi- 
nation with an InSb detector to achieve 
maximum sensitivity for the RAlR spectra 
presented here. which are confined to the 
CH and NH stretch regions. In cases where 
the sample was annealed to a temperature 
above 8 5  K. the sample was then cooled 
back to 8 5  K before the spectrum was ac- 
quired. The background reference spectrum 
was also taken a t  85 K. The Pt( l l1)  surface 
was cleaned and judged free of impurities by 

a standard procedure descnbed earlier (26). 
Ammonia (99.9992%). oxygen (99.998O). 
hydrogen (99.9999%).  a n d  ethylene 
(99.99%) were purchased from Matheson 
Tri - gas, lnc., and were used without fur- 
ther purification. Methyl iodide was pur- 
chased from Alfa Aesar Co. with a quoted 
purity of 99.5 % and was further purified by 
a procedure described in detail elsewhere 
(13). Exposures of - 0.2 L. 2.5 L. and 2.0 L 
were necessary to saturate the fust layer of 
NH,. CHJ. and C,H,. respectively. These cov- 
erages are correlated with the absolute cov- 
erages by comparison with data available in 
the literature (9. 1 1.27). The exposure of 2 L 
of O, a t  8 5  K was sufficient to saturate the 
molecular state of oxygen (0.44 ML) on the 
clean Pt( l l1)  surface (28, 29). For the ex- 
periments involving electron-induced disso- 
ciation of ammonia. an electron exposure of - 2 x loL5 electrons per cm2 and a beam en- 
ergy of 100 eV were used. 

Results 

Figures 1 b) - d) show m/e = 27 (HCN) 
TPD traces for three different CH,I and NH, 
dosing and electron exposure sequences. al1 
with the P t ( l l1)  surface a t  85 K. The HCN 
desorption at  - 500 K (peak centered a t  497 
K) confirms that C-N bond formation can be 
induced on Pt( l l1)  under UHV conditions 
from CH, and NH, fragrnents. Here we as- 
sume that the m/e= 27 peak is due to HCN 
rather than the less stable isomer HNC, al- 
though there is no direct proof of this as- 
sumption. The results in Figure 1 b) were 
obtained after first exposing the surface to 
0.2 L of NH,. then subjecting the NH, layer to 
electron irradiation, followed by exposure to 
0.2 L of CH,I. This shows that electron irra- 
diation is needed only to induce NH, disso- 
ciation. This is expected since CH,I ther- 
maily dissociates on its own on Pt(ll1). We 
find. by comparison with the thermal de- 
composition of CH,I, (1 l ,  30) that exposure 
to the electron beam does not exert a strong 
influence on the surface chemistq of this 
molecule. Traces c) and d) in Figure 1 show 
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Figure 1. HCN TPD spectra for: a) 0.15 L HCN 
exposure at 85 K; b) - d) indicated or- 
ders of 0.2 L Chl ,  0.2 L N h ,  and 100 
eV exposure at 85 K; e) exposure of 0.2 
L C h I  and 0.2 L N h  at 85 K; f )  0.2 L 
N h  eledron irradiated a t 85 K; and g) 
0.2 L CH4 eledron irradiated at 85 K. 

Httle difference in the m/e= 27 signal when 
both NH, and CH,1 are e irradiated. Traces 
e) - g) are control experirnents that show 
that the HCN desorption in Figures b) - d) is 
notan  artifact related to e- bearn exposure. 
The absence of HCN desorption in the ab- 
sence of e beam exposure. Figure 1 e). 
shows that C-N coupling does not occur 
from a reaction of CH, and NH,. but rather 
from their dissociation products. Figure 1 a) 
shows the m/e= 27 result following expo- 
sure to 0.15 L of HCN at  85 K. which agrees 
with previous results (31, 32). The highest 
temperature peaks in Figure 1 a) are at  466 
K. with a shoulder at  497 K. and a t  583 K, 
with the  lat ter  peak p a r t  of a high- 
temperature tail. For the HCN desorption 
traces in Figures 1 b) - d), there is also a high 
temperature tail. This indicates that this 
high temperature tail is not specific to the 
C-N coupling reaction. In a TPD study of 
HCN onthePt(l11) and stepped Pt(211) sur- 
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faces, (321 the high temperature tail was ob- 
served to be much more intense for the lat- 
ter. indicating that it is associated with step 
sites. 

TPD traces of the other relevant de- 
sorption products in the course of CN bond 
formation on Pt(ll1) have also been moni- 
tored and they provide further insight into 
the C-N coupling reaction. Specifically. we 
observed decreases in the desorption of N, 
and H, above 450 K when compared to the 
desorption of N, and H, following electron ir- 
radiation of only NH, or of only CH,I. This 
has been attributed to the consumption oí 
surface N atoms by the CN bond formation 
reaction and the loss of hydrogen through 
HCN desorption (15). 

The use of RAIRS to detect the presence 
of surface CN and the C-N bond formation 
temperature is demonstrated in Figure 2. 
After exposing the Pt( 1 1 1) surface to 0.2 L of 
CH,I and 0.2 L NH, a t  85 K. it was irradiated 
with 100 eV electrons and annealed to 450. 
500. and 550 K. After each anneal, the sam- 
ple was cooled to 300 K, exposed to 10 L of 
H,. then cooled to 8 5  K where the spectra 
were acquired. As previous work has shown. 
(26) if there is CN on the Pt( l l1)  surface. 
then an H, exposure at  300 K should pro- 
duce CNH,. with an NH symmetric stretch in 
the range of 3365-3370 cm'. The 450 K an- 
neal yields an intense peak at 3312 cm'. 
which grows in intensity and shifts to 331 5 
cm~'  after the H, exposure. This peak is duc 
to the NH species and its formation and 
properties have been described in detail 
elsewhere (2 1). There is no peak due to CNH, 
for the 450 K anneal nor for any annealing 
temperatures below 450 K. The 500 K an- 
neal induces dissociation of the NH species 
which elim,inates the p(NH) peak. This peak 
reappears a t  331 1 cm~'  after E!, exposure 
due to rehydrogenation of surface N atoms. 
1n addition. p(NH1 of the CNH, species now 
appears a t  3370 m~'. demonstrating that 
the 500 K anneal leads to the formation of 
CN on the surface. We do not observe an 
asymmetric NH stretch of CNH, and this Is 
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Figure 2. RAIR spectra obtained after exposing 
0.2 L of CH3I and 0.2 L of NH3 to the 
sample at 85 K followed by e- beam 
irradiation with subsequent heating 
to the indicated temperat~ires and ex- 
posure to 10 L of Hz at 300 K. 

in agreement with the fact that for CNH, 
bonded to the surface at atwofold bridge site 
with the CN axis along the surface normal, 
(33) only one peak in the N - ~ s t r e t c h  region 
should be observed according to the surface 
se lec t ion~le .  Thefi(NH) peak of CNH, is still 
present after a 550 K an&al. but has a lower 
intensity presumably due to removal of CN 
by HCN desorption through reaction of CN 
with background hydrogen. 

Hasenberg and Schmidt (5) have show 
that the HCN yield strongly depends on the 
surface carbon coverage. Therefore. we in- 

l 
0.0 0.1 0.2 0.3 0.4 0.5 

CHzl coveraqe (ML) 

Conslant NH, coverage (- 0.5 ML) 

20 

o 1 ,  I 
0.0 0.1 0.2 0.3 

C,H, coverage (ML) 
vestigated the dependeñce of HCN yield from Figure 3, a) HCN yield as a h n c < i o n o f ~ ~ 3 ~  co. 
a series ofTPD experiments where we varied verage for a fixed initial NH3 covera- 
the CHx coverage for a fixed initial NH, cover- 
age. The results are shown in Figures 3 a) ge of - 0.5 ML; b) HCN yield as a func- 

and b). The HCN vield is defined as  the area tion of CZHP coverage for a fixed ini- 

of the m/e= 27 +D ~ e a k .  A monolaver IMLI tia1 NH3 coverage of - 0.5 ML. 

is deflned here a s  thé saturated first layer of 
NH, (a-NH,], CH,I. or C,H,. By this defini- ethylene corresponds to one molecule per 4, 

tion, 1 ML of ammonia, methyl iodide, and 5 and 4 surface Pt atoms. respectively (9.11.  
27). The initial NH, coverage of approxi- 
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mately 0.5 ML was achieved by a 0.1 Lexpo- 
sure of NH, at  85 K. For Figure 3 a). the sur- 
face was then bombarded with 100 eV elec- 
trons and exposed to different amounts of 
CH,I. The HCN yield reaches a maximum for 
0.10 - 0.15 ML of CH,I after which it drops 
significantly. implying that either CH,I itself. 
or one of it dissociation products, causes the 
quenching of the C-N coupling reaction. Fig- 
ure 3 b) shows the HCN yield a s  a function of 
initial C,H, coverage for an initiai ammonia 
coverage of 0.5 ML. A similar dependence of 
HCN yield on C,H, coverage is observed a s  in 
Figure 3 a). indicating that a low carbon cov- 
erage is most favorable for HCN production. 
The comparison between C,H, and CH,I in 
Figure 3 shows that coadsorbed iodine does 
not exert a strong influence on CN bond for- 
mation. The benign role of iodine was also 
established in expenments in which HCN 
was observed through the reaction of N at- 
oms with surface carbon deposited through 
CH,I dissociation and annealing to a tem- 
perature high enough to desorb iodine (1 5). 

The poisoning at  high carbon coverages 
also has been investigated with M R S  as  
shown in Figure 4. Before spectra a) - c) were 
acquired at  85 K. the surface was h t  ex- 
posed to 0.2 Lof NH,. electron irradiated. and 
exposed to the indi&ted amounts of CH,I at  
85 K. The crystal was then annealed to 500 K 
to induce the C-N coupling reaction. cooled 
back to 300 K and exposed to 10 Lof H, in or- 
der to f o m  the CNH, species. Two peaks ap- 
pear in each spectrum in Figure 4 and their 
assignment is the same as  for the peaks in 
Figure 2 d). The peak corresponding to 
aminocarbyne (3370 cm '1 has the highest in- 
tensity for the lowest initiai CH,I coverage 
and it gradually decreases with the increase 
in CH,I coverage. The peak intensity for 0.6 L 
CH,I is about half of what is observed for 0.2 
L CH,I, in good agreement with the TPD re- 
sults shown in Figure 3 al. Spectrum d) in 
Fieure 4 was obtained in a similar manner. 

3000 3200 3400 3600 

Wavenumber (cm ') 

Figure 4. a) - c) RAIR spectra of Pt(ll1) after 
amealing 0.2 L of NH3 exposed to 
100 eV electrons and indicated 
amounts of CH3I to 500 K, cooling 
back to 300 K and exposing to 10 L of 
Hs d) RAIRspect~urn after annealing 
the surface exposed at 85 K to 0.4 L of 
a 1:l gas phase mixiure of NH3 and 
CH3I to 500 K, cooling and exposing 
tolOLoffiat300K. 

The purpose of this experiment was to  con- 
trol for the possibiiity that the CH,I and NH, 
might segregate into separate lslands. If not 
thoroughly mixed. then the C-N coupling re- 
action might occur only at  boundaries be- 
tween C- and N-containing islands. For ex- 
ample, it is weil known that surface carbon 
becomes mobile at  higher temperatures and 
f o m s  unreactive graphitic islands (1 1. 34). 
The 3370 cm" peak in d) is aboiit the same as 
in b). showing that simultaneous exposure to 
CH,I and NH, yields the same result a s  se- 
quential exposure. maldng the possibility 
that the reaction occurs only a t  islands edges 
less iikely. Even if there is aggregation of sur- 

<. 

except that 0.4 L of a 1 : 1 gas phase m m r e  of hce  sPecies into separate Islands On the sur- 

NH, an,j CH,I was evosed to pt(l 1 1) at 85 K face. i tmust be a characteristic of the surface 

and then the surface was electron irradiated. chemistry of the parent molecules rather 
than a consequence of sequential dosing. 
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Figure 5. Before acquiring IR spectra in a) and 
b) Pt(ll1) was covered with a ~(2x2) 
nitrogen overlayer, exposed to 
indicated amounts of CH31, annealed 
to 500 K, cooled back to 300 K and 
exposed to 10 L of Hz. The ~(2x2)-N 
covered surface was prrpared by 
dosing of 2.0 L 0 2  and 0.4 L NH3 at 85 
K and annealing Pt(ll1) to 400 K for 
60 seconds. 

The influence of surface nitrogen on  
the CN bond formation has been investi- 
gated by RAiRS and the results are pre- 
sented in Figure 5. Before taking a spectrum 
at  85 K. the surface was first covered with a 
p(2 x 2)-N layer. exposed to the indicated 
amounts of CH,I. annealed to 500 K. cooled 
back to 300 K, where it was exposed to 10 L 
of H,. The p(2 x 2)-N layer has been prepared 
by the following method: the Pt(ll1) surface 
was held a t  85 K, exposed to 2.0 L of 0, and 
0.4 L of NH,. and then annealed to 400 K for 
60 seconds. This yields a surface covered 
only with N atoms a s  determined by Auger 
electron spectroscopy and a sharp p(2 x 2) 
LEED pattem. We have found that - 25% 
more nitrogen is present on the surface by 

400 600 800 
Ternperalure (K) 

Figure 6. HCN TPD spectra after electron 
jrradiation of Pt(ll1) exposed to 
indicated amounts of CHJI and NH, 
at 85 K. 

this route when compared to the electron- 
induced dissociation of NH,. A detailed de- 
scription of the formation and surface prop- 
erties of a p(2 x 2)-N layer on Pt(l11) can be 
found elsewhere (24). As before. two peaks 
appear in the N-H stretch region. In Figure 5 
a). the intensity of the peak at  3370 cm~ '  due 
to CNH, is the sarne a s  for the peak in Figure 
4 a). indicating that the different surface 
structure and coverage of the nitrogen at- 
oms do not iníiuence the CN bond forma- 
tion. in contrast to what was observed for 
surface carbon atoms. 

Figure 6 shows HCN desorption for dif- 
ferent NH, and CH,I exposures. It can be 
seen that the peak temperature does not 
change for different amounts of HCN evolv- 
ing from the surface. This is an indication of 
fust-order desorption kinetics. Therefore, a 
more complex sequence of events leads to 
HCN desorption than simply through the CN 
+ H reaction since this would irnply second- 
order kinetics. 
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Discussion 
Based on thermodynamics. the endo- 

thermic reaction of HCN formation from CH, 
and NH, should not occur a t  all at tempera- 
tures below - 1000 K since this reaction has 
an equilibnum constant. Kq << 1 for T<1000 
K. (31 For instante, at 600 K K,, is - 10 'O. 

However. in our experiments we bypass the 
most endothermic steps in the reaction, 
namely the breaking of the fmt C-H and N-H 
bonds of CH, and NH,. respectively. This per- 
mits the C-N coupling reaction and hence the 
HCN formation reaction to occur at much 
lower temperatures in our experiments than 
in catalytic reactors. Desorption of HCN at - 500 K in Figures 1 b) - d) is consistent with 
CN bond formation at or below this tempera- 
ture. The appearance of the CNH, peak at 
3370 cm ' in the FWRS spectnim shown in 
Figure 2 d), after hydrogenation of the sur- 
face at 300 K following the 500 K anneal. 
shows that the CN bond is formed at - 500 K. 

Dehydrogenation of CH, on Pt(ll1) to 
surface carbon atoms is complete by - 460 K 
(1 1 - 151. Tbis is c o n f i e d  by the absence of 
any C-H stretching frequencies in Figure 2 
cl. Therefore, we identify surface C atoms 
from methyl as the reactive carbon- 
containing species involved in the C-N cou- 
pling reactlon. Our previous studies have 
shown that NH molecules are completely dis- 
sociated at 500 Kto surfaceN atoms (15.21). 
(15, 211 Disappearance of the NH stretch 
peak at 331 5 cm '. Figure 2 c). confirms this. 
Surface N atoms are therefore the nitrogen- 
containing species involved in the coupüng 
reaction. Desorption of HCN in our TPD ex- 
Deriment indicates that surface CN formed 
from C.and N atoms is hydrogenated to some 
extent at 500 K. Since this is above the re- 
combinative desorption of H,, the hydrogen 
must orlginate from the decomposition of 
surface CH and/or NH species. As already 
noted. dehydrogenation of the NH species is 
complete well hefore 500 K (15, 21). On the 
other hand, we observed a high-temperature 
tafl up to 550 K in the H, desorption for the 
peak corresponding to the decomposition of 

CH (1 5). This indicates that the source of hy- 
drogen in the HCN desorption onginates 
from the dissociation of CH. 

Kinetic studies have shown that HCN 
synthesis is feasible when the surface con- 
tains less tha a monolayer of carbon and 
that it even can be stopped completely in the 
case of a carbonmultilayer (5). Therefore, we 
investigated the influence of CHx coverage 
on the C-N bond formation. Figures 3 and 4. 
For a @ven initial coverage of nitrogen. the 
stoichiometry of the reaction CH, t NH, to 
HCN + 5/2 H, implies that the maximum 
HCN yield should occur when the carbon 
coverage equals the nitrogen coverage. This 
assumes that there is uniform mixing of the 
reactants. which as described earlier is sup- 
ported by the spectrum presented in Fig. 
4d). For our initial coverage of 1 NH, per 8 
surface atoms. we expect that the amount of 
HCN formed should increase steadily up to 
coverage of 1 CH, per 8 Pt atoms. However, 
in Figure 3 a) the HCN yield decreases sig- 
nificantly for a much lower coverage of CH,, 
Le. 1 CH, per every 50 surface atoms. which 
is by a factor of - 6 below what is implied by 
the stoichiometry. Figure 3 b) shows that a 
molecule that does not contain iodine. C,H,. 
showed a similar dependence of HCN yield 
on carbon coverage. This strongly suggests 
that surface carbon is responsible for deac- 
tivation of the surface. in agreement with 
the kinetic studies performed by Hasenberg 
and Schmidt (5). The amount and structure 
of surface nitrogen on Pt(ll1). on the other 
hand, did not influence the CN yield as seen 
by comparison of the peak intensities at 
3370 cm '  in Figures 4 a) and 5 a). 

In the case of the C-N coupling reaction. 
the HCN desorption temperature. as  ob- 
served witb TPD. and the CNH, formation 
and dissociation temperature, as  observed 
with RAIRS. can be compared with similar 
observations when the CN bond is already 
present. such a s  when HCN or methyl amine 
is dosed onto the surface a t  low temperature. 
In the latter cases the CN bond remains in- 
tact and CN is eventually removed from the 
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surface thmugh the desorption of either HCN 
or cyanogen. C,N,. From the results pre- 
sented here and in previous studies by our 
group (26.. 31). it is known that CNH, disso- 
ciates between 400 and 500 K on Pt( 1 1 1) and 
leads to desorption of HCN in the range of 
4 5 M 0 0  K. The CNH, species has also been 
identified on other surfaces including 
Rh(l 11) followingthe thermal deconiposition 
of methyl arnine (35) and on oxides and on 
oxide supported Rh catalysts from the hydro- 
genation of HCN (36). The close correspon- 
dence between the temperature at which 
CNH, decomposes and the temperature at  
which HCN desorbs. suggests that when the 
surface is covered with CNH,. its dissociation 
1s the rate limiting step for HCN dcsorption. 
Since HCN or HNC is not observed with 
RAIRS when CNH, dissociates, it follows that 
breaking of the first N-H bond is the rate- 
limiting step. followed by the rapid isomeri- 
zation of the resulting HNC to HCN. which 
then immediately desorbs. The relatively 
high temperature observed following the 
coupling reaction for the desorption of HCN. 
suggests that the kinetics of the latter pro- 
cess is lirnited by the CN formation rate. 
Whether the HCN desorption then proceeds 
by way of CNH, or by way of a transient HNC 
or HCN species is difficult to determine with 
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