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The adsorption, deaorption, surface structural chemistry, and reactivity of HCN adsorption 
layers on Pt(ll0) have been studied by LEED and thermal desorption mass spectrometry. 
HCN adsorbs at 300 K via a mobile precursor state, and induces a (1 X 2) + (1 X 1) change 
in the periodicity of the clean reconstruct,ed Pt(ll0) surface. Desorption occurs yielding HZ, 
HCN and C2Nz in comparable quantities, and the observed behavior is accounted for in terms 
of associative desorption from a fully dissociated layer of H and CN species. A simple model 
is developed using lattice statistics which gives a fairly good account of the observed desorpt,ion 
spectra and their coverage dependence, both as regards peak temperature shifts and product 
distribution. Comparison of the observed and calculated spectra for CZN, leads to the following 
conclusions : (i) the initial sticking probability of HCN is of the order of unity; (ii) H and CN 
occupy different kinds of adsorption site; (iii) CN itself is a “two-site” adsorbate at 300 K. 
~(2 X 4) and (1 X 1) LEKD patterns due to adsorbed CN are observed which are consistent 
with this view; under certain conditions a more compressed, poorly ordered 113, iz 1 structure 
is also observed. 

INTRODUCTION EXPERIMENTAL METHODS 

The surface chemistry of HCN on Pt is Experiments were carried out in a stain- 
of interest in relation to both the synthesis less steel ultrahigh vacuum chamber, whose 
of HCN itself by the catalytic oxidation of contents and mode of operation have been 
CHI over Pt (I), and in the use of HCN described in detail elsewhere (4). The 
as a reagent in the oxycyanation of olefins chamber was fitted with a standard 3-grid 
over metals of the Pt group (2). Further- retarding field analyzer for LEED and 
more, fundamental studies of the chemi- Auger spectroscopy, and a quadrupole mass 
sorbed CN radical on Pt are a logical ex- spectrometer for gas analysis and thermal 
tension of our earlier work (S-6) on the desorption measurements. Base pressures 
closely related species CO and NO. The of <5 X lo-l1 Torr (1 Torr = 133.3 N m-“) 
Pt (110) surface is reconstructed (1 X 2) and were routinely obtainable. The Pt (110) 
a number of adsorbates have been found to specimen was cut from an ingot of 99.9990/, 
induce the (1 X 2) -+ (1 X 1) transforma- purity, followed by mechanical and chemi- 
tion, even at 300 K. This periodicity change cal polishing as previously described (6). 
produces unusual effects in the adsorption Hydrogen cyanide of >98oJo purity was 
kinetics of linear polyatomic molecules such prepared by the reaction of H2S04 with 
as C&N2 and C302, but no such effects are KCN, followed by liquefaction, fractiona- 
observed with CO and NO. HCN lies in the tion, and dehydration of the HCN so 
middle of this series of molecules. formed. The Pt(ll0) surface was cleaned 
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by an iterative sequence of (i) heating in 
oxygen (700 K at 10m6 Torr), (ii) Ar+ 
bombardment (1O-4 A m-2 at 490 eV), 
(iii) annealing in vucuo at 1200 K, until 
the Auger spectrum showed Pt transitions 
only. 

RESULTS 

A. Adsorption-Desorption Kinetics and Sur- 
face Reactivity 

Adsorption of HCN at 300 K followed 
by thermal desorption using a linear heat- 

Crystal temperature (K) - 

FIG. 1. Thermal desorption spectra: (a)-(e) from 
Pt(llO)-HCN; (f) from Pt(llO)-CtNz. Heating 
rate 13 K s-l. 

ing rate of 13 K s-l showed that the adlayer 
desorbs as a mixture of HCN (27 amu), 
CZN, (56 amu), and Hz (2 amu); 26 amu 
(CN+) desorption spectra were also ob- 
tained as a monitor of the total yield of 
(HCN + GN2). Typical desorption spec- 
tra are shown in Fig. la-f. The H, and 
HCN spectra always show a single peak 
(Fig. la and b); on the other hand, the 
C&N2 spectra show a single peak at low 
coverage (Fig. lc) but two peaks at high 
coverage (Fig. Id). We shall denote these 
as ,B1 and /&. The Hz and HCN peak tem- 
peratures were essentially independent of 
surface coverage, indicating an apparent 
kinetic order of unity for the desorption of 
both species. On the other hand, the p1 and 
,& CZN, peak temperatures showed a pro- 
nounced coverage dependence [identical 
with that found (8) in our studies of C&N2 
adsorption] indicating a more complex 
kinetic behavior. Clearly, any reaction 
model for the adlayer must be required to 
explain these features. A 52 amu desorption 
spectrum taken from a surface saturated 
by adsorption of cyanogen is shown for 
reference purposes in Fig. If. Qualitatively 
similar spectra resulting from C&N2 ad- 
sorption on Pt (100) have been observed by 
Netzer (17, 18). The noteworthy feature 
here is that, in addition to the ,&I, 0~ peaks 
which are identical with those from HCN 
adlayers, a low temperature peak (0) also 
appears ; this (Y peak was never observed in 
the 52 amu spectra obtained from adlayers 
obtained by dosing with HCN. Of the 
three peaks in the 26 amu spectrum (Fig. 
le), those at -700 and -920 K are the 
contribution from desorbing CzN2, while 
that at -420 K is due to HCN. 

Since the experimental conditions were 
such that (5) the desorption spectra pro- 
vide a reliable relative measure of amounts 
of material desorbing, such spectra may be 
used to determine the variation with cover- 
age of the desorption yields of HZ, HCN, 
and CZN2. The H, spectra themselves could 
not be used quantitatively, because control 
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experiments showed that the mass spec- 
trometer filament itself synthesized signifi- 
rant amounts of Hz from HCN. Since the 
R-H, and Pt-HCN desorption spect’ra 
overlap strongly, distortion of the former 
by the pressure burst from the latter viti- 
ates the 2 amu spectra as a reliable measure 
of the true H, yield from the Pt surface. 
Fortunately, this prohlem can be circum- 
vented by using the 26 amu spectra for 
which such difficulties do not arise. These 
spectra monitor the yields of both HCN 
and CJYZ, and since there are no other 
products besides H,, stoichiometry demands 
that t’he Hz yield be equal to that of C&N,. 
Figure 2a shows t’he relative yields of CBNa 
and HCN as well as the tota, product yield 
as a function of HCN exposure at 300 I<. 
In deriving these curves from t’he data, 
account was taken of the different total 
ionization cross sections of HCN and C&z 
(to correct for gauge sensitivity) as well as 
the different fragmentation patterns of the 
two species (which were determined in con- 
trol experiments). In actual fact, the total 
ionization cross section of C,N, itself has 
not been determined: instead, we have 
used the value (7) for butadiene which is 
likely to be an overestimate of the true 
value. Figure 2a shows that at low initial 
coverages the adlayer desorhs entirely as 
Hz and C2S2, there being no detect,able 
desorption of HCN at coverages up to 
-20y0 of the maximum value. Figure 2b 
shows the relative sticking probability 
(X/S,) of HCN, normalized to t,he zero 
coverage value, as a function of total cover- 
age. This curve has been derived from t,otal 
yield data such as those in Fig. 2n. 

The Auger spectrum of an HC?\: satu- 
rated 1% (110) surface was very similar t)o 
that already reported (8) for a CzN2 satu- 
rated surface. The carbon and nitrogen 
I<LL transitions appeared with approxi- 
mately equal intensity, and thcrc were 011 
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FIG. 2a. Product yields as a fur&ion of exposure; 
(b) relative sticking probability as a function of 
coverage. 

detectable electron impact effects, again in 
common with the Pt (110)-C&N, system. 
The clean Pt (110) surface is reconstructed 
(1 X 2), and the LEED pattern from this 
surface is shown in Fig. 3a. Exposure of this 
surface at 300 K to HCN resulted in st’reak- 
ing of the diffraction pattern in the [OOl] 
azimut’h after a dose of 5 L (1 L = 1 
Langmuir = 1OP Torr set); further ex- 
posure caused no significant changes in this 
LEED pattern which is shown in Fig. 3b. 
On the other hand, exposure of the clean 
surface to 3 L HCN followed by heating to 
530 K (which removes all surface hydrogen 
eit’her as Hz or HCN) and annealing at 
450 K for 5 min, resulted in the diffuse 
diffract,ion pattern shown in Fig. 3c. The 
unit mesh of the corresponding direct 
lattice cannot be indexed in terms of 
Wood’s notation (9) and is best described 
by t’he miLtrix 

1 3 
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FIG. 3. LEED patterns. (a) clean surface, 54 V; (b) after exposure to 10 L HCN, 75 V; (c) 
II%, ii 1 structure, 75 V; (d) drawing of pat,tern from ~(2 X 4) structure. (1 X 1) substrate 

beams, additional beams due to overlayer; (e) CN saturated surface, 81 V. 
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which transforms the unit mesh vectors of 
the solid to those of the overlayer. We will 
adopt the condensed notation 1 lf,i$ j as a 
convenient, way of designating this struc- 
ture. A further dose of 5 L HCN, followed 
by the same heating and annealing pro- 
cedure as already described, results in an- 
other diffuse diffraction pattern which cor- 
responds t’o a c(2 X 4) surface structure. 
A schematic representation of this LEED 
pattern is given in Fig. 3d; the actual 
photograph has been omitted because it 
contains a large number of weak and diffuse 
beams which cannot be reproduced satis- 
factorily. Dosing the poorly ordered c(2 X 4) 
adlayer with a further 10 1, of HCS, fol- 
lowed again by heating and annealing pro- 
cedures, results in the (1 X 1) pattern of 
Fig. 3e. 50 further changes in this LEED 
pattern could be induced by repeated 
dosing and heating procedures, and the 
desorption spectrum of this adlayer shows 
only the p1 and pz C&Z peaks, as would be 
expected. 

DISCUSSIOX 

The adsorption kinetics of HCN (Fig. 2b) 
are characteristic of systems in which the 
chemisorbed state is populated via a weakly 
bound precursor state which can sample 
more than one adsorption site. As adsorp- 
tion proceeds, the surface periodicity along 
[OOl] begins to change from that char- 
acteristic of the (1 X 2) surface to that of 
the (1 X 1) surface. This behavior has 
already been observed (5, 6, 8, 10) on 
l’t (110) for all of the species CO, NO, 
C&S,, and CSO,. In the cases of CO and 
NO, no peculiarities are observed in the 
adsorption kinetics as the periodicity change 
proceeds. However, with C2Nz and C302, 
the molecular dimensions are comparable 
with the periodicity along [OOl] and the 
sticking probability rises as the (1 X 2) -+ 
(1 X 1) transformation progresses; the 
effect is quite small in the case of C?YL, 
and most pronounced in the wsc of CaOE. 
HCN falls in the middle of this series of 

linear adsorbates, and indeed its adsorption 
behavior fits the pattern as expected, there 
being no detectable initial rise in the cover- 
age dependence of the sticking probability. 

We have already reported (8) a detailed 
experimental and theoretical study of the 
desorption of CzNz from adlayers produced 
by dosing Pt(ll0) with CtN, itself. In this 
work, it was concluded that (i) the a peak 
in the C2N, desorption spectrum was due 
to the presence of molecularly (i.e., non- 
dissociatively) adsorbed CZNZ, (ii) the PI 
and ,& peaks were due to the associative 
desorption of pairs of CS radicals, with a 
repulsive energy of -13.2 kJ mol-’ be- 
tween CN radicals or near-neighbor sites, 
(iii) a two-dimensional, anisotropic, Monte 
Carlo calculation showed that associative 
desorption was only significant for near 
neighbors along one preferred direction. The 
problem could therefore be treated one- 
dimensionally, using analytical statistical 
mechanics. 

Before proceeding further, it is necessary 
to define carefully certain quantities. 8, 
refers to the fractional coverage of species 
x: relative to the number of 1% surface 
atoms in the (1 X l)-(110) surface. 0, 
refers to the fractional coverage of 2 rela- 
tive to the maximum possible saturation 
coverage. That is, if II: is an adsorbate 
which occupies n lattice sites, then no, = 
0,; 0, is the really significant quantity 
when discussing the statistical mechanics 
of adsorption layers. Our model for the 
reactive behavior of the adlayer formed by 
HCN adsorption is then as follows. Either 
upon adsorption at 300 K, or when the 
surface temperature is subsequently raised, 
HCN surface dissociates, yielding adsorbed 
H atoms and CN radicals. As the tempera- 
ture is raised still further, reaction com- 
mences in the adlayer with H-H, CN-CN 
and H-CN recombination reactions occur- 
ring, resulting in the desorption of the cor- 
responding molecules. This view is entirely 
consistent with t,hc complctc absence of 
(Y C,Nx, which calls for the prcserlcc of 
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preexisting CzNz molecules in the adsorp- 
tion layer, as well as the complex coverage 
dependence of the ,B1 and pz CzNz peaks. 
It remains to be shown, given their rela- 
tively simpler desorption behavior, that the 
H, and HCN arise in the manner which 
has been suggested. Direct experimental 
evidence relating to HCN comes from ob- 
serva.tions on adlayers made by coadsorb- 
ing H, and CzNz (8). HCN is observed to 
desorb from such a surface, yielding spectra 
identical with those in the present work. 
This strongly supports our suggestion that 
HCN desorption is the result of H + CN 
recombination, rather than simple desorp- 
tion of molecularly adsorbed HCN. 

It still remains to be shown that the 
pseudo-first order appearance of the Hz 
and HCN desorption spectra can be ac- 
counted for in these terms. We have at- 
tempted to do this by setting up the desorp- 
tion problem as an exercise in two-dimen- 
sional lattice statistics, following methods 
which are already well established (11, 12). 
The input parameters required to calculate 
the instantaneous desorption rates at any 
coverage and temperature are the desorp- 
tion enthalpies of Hz, HCN and C2N2, the 
preexponential factors for the correspond- 

Crystal Temperature iK) 

FIG. 4. Calculated spectra for Ht, HCN, and 
C2Nz desorption; preexponential factors lOlo, lP, 
1023 s-1, respectively, and desorption enthalpies 75, 
100, 377 kJ ~nol-~, respectively. 

ing desorption reactions, and the interac- 
tion energies between nearest-neighbor ad- 
sorbate particles. All three quantities for 
CzNz have already been determined by us 
(8) in our earlier studies of C2Nz adsorp- 
tion. The desorption enthalpy for Hz from 
Pt(ll0) is also known (13), and a value for 
HCN can be estimated from an Arrhenius 
plot using the 27 amu desorption spectra. 
Theoretical desorption spectra calculated 
in this way, for a number of different initial 
coverages, are shown in Fig. 4. It can be 
seen that, according to this model, for the 
case of reactive desorption from an adlayer 
of H + CN, all three possible products 
should be observed. This is by no means 
always the case; thus, for an N + 0 ad- 
layer, the model predicts (in agreement 
with experiment) desorption of Nz and 02 
but no NO (14). Physically, the outcome 
is very largely determined by the relative 
bond strengths of the desorbing species ; in 
the present case the H-C and H-H bond 
energies are comparable, so that desorption 
of the cross product (HCN) can compete 
effectively with the H, forming reaction 
before the adlayer becomes denuded of H. 
The results illustrated in Fig. 4 were 
carried out with an assumed repulsive inter- 
action of 13.2 kJ mol-’ between CN-CN 
near neighbors (8), and no interaction be- 
tween H-H and H-CN pairs. The remain- 
ing desorption parameters are specified in 
Fig. 4. The large preexponential factor for 
CzNz desorption corresponds to a transi- 
tion state with one more translational and 
one more rotational degree of freedom than 
the reactants. It can be seen that the model 
gives a very good account of the tempera- 
ture regimes for desorption of Hz, HCN, 
and CSNZ, and that the coverage depen- 
dence of the pz CLNz peak is well repro- 
duced. The p1 C2Nz peak does not appear, 
even at maximum coverage (0, = 0~ = 
=eCN = OCN = 0.5, &+CN = 1) because 
this peak only appears (8, 11) for @CN > 
0.5. Our model has assumed that both H 
and CN are single site adsorbates which 



occupy the same kind of adsorption site 7--) ;0011 

(i.e., they compete for sites on a common 
lattice) so that the maximum initial cover- 
age of CN is I!?CN = Oc, = 0.5. However, I 
experiment clearly shows that @)CN > 0.5 Ill01 

does occur, from which we conclude t’hat 
the H and Cx particles must occupy differ- 
ent kinds of site (i.e., they are distributed id 

over two independent sublattices) so t,hat 
8,x > 0.5 is possible. It is therefore clear 
that our simple l-lattice model is incorrect, 
and the %-lattice problem is analytically 
intractable. However, our l-lattice approxi- 
mation has served to illustrate that all the 
observed major features can be understood 
in terms of reactive desorption from a fully 

ib) 

dissociated adlayer. Furthermore, Fig. 4 FIG. 5a. c(2 X 4) structure; (b) /I f,if ] structure. 
also predicts the correct trend for relative (0) = Pt; shaded circles = CN. 

product yields, i.e., relatively little HCN 
to begin with, but eventually an almost structure which precedes the (1 X 1) phase 
constant HCN/CZNZ ratio (cf. Fig. 2a). may correspond to either OCN = 0.5, &N 
The shape of the Hz and HCS desorption = 0.2.5, or @CN = 1.5, 0c~ = 0.7.5. The 
peaks is in qualitative agreement with ex- second possibility may be ruled out on the 
periment, but the predicted coverage de- grounds that it’ is more concentrated than 
pendence of the peak temperatures is the (1 X 1) structure and that it requires 
somewhat greater than is observed. The the unreasonably small separation of 2.77 A 
agreement could doubtless be improved by between (see below) some neighboring CN 
adjusting the H-H and H-CN interaction species. The first possibility is illustrated 
energies, but there would be little point in in Fig. 5a; a value of 3.X A has been chosen 
doing this since the l-lattice model cannot for the effective diameter of adsorbed CN 
be stricbly correct in any case. by comparison with (15) known structures. 

The .j2 amu spectrum from a surface This value is also in accord with t,he effec- 
dosed with 0.3 L of HCN corresponds very tive diameter of chemisorbed CO deter- 
closely to the calculated spectrum (8) for mined from LEED studies (16). Thus far, 
@CN = 0.5. Furthermore, the p1 peak is the LEED and desorption data appear to 
observed for exposures of less than 0.5 I,. be consistent with our model. A difficulty 
These facts are understandable only if (i) arises when one considers the 1 l$,if j struc- 
the absolute value of the initial sticking ture which precedes both the c(2 X 4) and 
probability is of order unity and (ii) CN (1 X 1) structures in the formation se- 
is a two-site adsorbate, i.e., for adsorption quence. The only way to generate a suitable 
at 300 K, the maximum coverage possible overlayer mesh would appear to be that 
corresponds to 0~~ = 0.5, OCN = 1.0. The which is illustrated in Fig. :5b for one par- 
saturated surface produced by sequential ticular registry between adsorbate and sub- 
dosing and thermal treatment, and which strate. This corresponds to OoN = 0.7.5, 
is characterized by a (1 X 1) LEED pat- e3)Cj.J = 1.5. 
tern, gives a C2N, desorption spectrum Although it may not be unreasonable 
which corresponds t,o t,hc theoretical spec:tl*:l that a coverage greater than the room tcm- 
(8) for 0.6 < @)CN < 0.7. The C(2 X 4) perature sat,uration value can be formed 
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by a dosing-heating-dosing sequence, the 
problem is that this rather dense structure 
is observed before the more dilute c(2 X 4). 
Inspection of the LEED pattern from the 
1 l$,i$ [ structure (Fig. 3c) shows that the 
Pt fractional order beams are still visible. 
The explanation may therefore be that the 
average surface coverage is fairly low, with 
patches of the dense Il$,T:I structure on 
an otherwise almost bare Pt surface (which 
would give rise to the fractional order 
beams). It is interesting to note that (i) 
the arrangement of the CN species in this 
structure is similar to the well-established 
(2 x 1) plgl structure (6, 16) formed by 
CO on this surface, (ii) the CN-CN nearest- 
neighbor spacing is 3.8 A, and (iii) the 
c(2 X 4) structure can be obtained from 
the / l$,i+ 1 structure by removing two out 
of every three CN rows along [llO]. 
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