17560 J. Phys. Chem. B005,109, 17560-17566

Surface Chemistry of CN Bond Formation from Carbon and Nitrogen Atoms on Pt(111)
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The mechanism of CN bond formation from €kihd NH; fragments adsorbed on Pt(111) was investigated
with reflection absorption infrared spectroscopy (RAIRS), temperature-programmed desorption (TPD), and
X-ray photoelectron spectroscopy (XPS). The surface chemistry of carbwagen coupling is of fundamental
importance to catalytic processes such as the industrial-scale synthesis of HCN froamCNH; over Pt.

Since neither Ckinor NH; thermally dissociate on Pt(111) under ultrahigh vacuum (UHV) conditions, the
relevant surface intermediates were generated through the thermal decompositiost ah@khe electron-
induced dissociation of NiH The presence of surface CN is detected with TPD through HCN desorption as
well as with RAIRS through the appearance of the vibrational features characteristic of the aminocarbyne
(CNH,) species, which is formed upon hydrogenation of surface CN at 300 K. The RAIRS results show that
HCN desorption at-500 K is kinetically limited by the formation of the CN bond at this temperature. High
coverages of Gissuppress CN formation, but the results are not influenced by the coadsorbed | atoms. Cyanide
formation is also observed from the reaction of adsorbed N atoms and carbon produced from the dissociation
of ethylene.

Introduction coupling reaction of surface C and N atoPighe surface CN
The C-N coupling reaction to form CN on the Pt(111) is then hydrogenated to HCN. However_, in another study they

surface is directly relevant to the use of platinum gauze catalystsfg:gt?éitetghigfsqﬁzcec%?g ’\ézg;a; b>e '2;/ Ol\\llvi?c'r? ?Ssut::ﬁe

In the industrial synthesis from GHand N of hydrogen dehydrogenated to HCNTh(frefore to_defir;itel establish the

cyanide, an important chemical intermediate for products such ydrogs . h ’ ely PN

as nylont In the absence of oxygen (Degussa process), the key reaction steps in catalytic HCN synthesis, identification of

catalytic reaction is strongly endothermic and the heat must bethe su_rface species that combine to form theNCbond is of
supplied (1500 K) externally by burning fuel, typically more great |mportar.10e.

CH, in another chamber. In contrast, addition of oxygen  Secondary ion mass spectrometry (SIMS) has been used to
(Andrussow process) gives a net exothermic reaction. This laterdetect C-N coupling reactions on Rh(111pnd Rh-loaded

process has been used industrially to synthesize HCN since théc€0(111)? However, to our knowledge, there are no previous
194082 In this paper we focus on the system without the reports of this reaction on a platinum surface. The fact that the

presence of coadsorbed oxygen. actual catalyst for HCN syl_'lthesis is a 90%-R0% Rh gauze
The synthesis of HCN over polycrystalline platinum has been makes. a StUd}/ on a platinum surface more r.elev.ant' to.the
the subject of several laboratory-scale studies at both atmo-catalytic reaction. Since Pt has a relatively high ionization
spheric and reduced pressgré Given that several competing ~ Potential, which significantly lowers the probability of secondary
reactions, such as Ntdlecomposition to Bland H, would seem ion formation, static SIMS is not a good choice for observing
to be favored by equilibrium thermodynamics, it is surprising Surface processes on Pt(111). In addition, the detection efficiency
that the reaction can occur at all, particularly at total pressures iS substantially lower for relatively high mass clusters in the
as low as 1 Torr. The kinetics of HCN formation in both the case of Pt compared to secondary ions that come from the first-
absenct® and the presenéeof O, was studied in detail by or second-row transition metals. Finally, SIMS is a destructive
Hasenberg and Schmidt. They reached several importanttechnique that is difficult to quantify. Therefore, in this study
conclusions. First, the reaction is definitely metal catalyzed, as We use TPD of HCNr{Ve = 27) as a means to detect CN bond
opposed to occurring in the gas phase from reactive intermedi-formation. In the absence of hydrogen, CN desorbs as cyanogen
ates produced by the heated surface. Second, the rate law(C2N2) in the range of 608800 K but cyanogen desorption
indicates a simple LangmuiHinshelwood mechanism, which ~ was not detected here. Surface CN can also be sensitively
implies that the key steps in the reaction occur between adsorbedietected through its hydrogenation to the aminocarbyne species
species and therefore can be mimicked in UHV studies. Third, (CNH), which has a strong and characteristic RAIR spec-
the coverage of surface carbon must be high enough to suppresgum®*1if CN bond formation occurs below350 K (the onset
NH3 decomposition to Bland H but not so high as to poison  of Hz desorption) and there is hydrogen on the surface, then
the surface. Fourth, the same basic mechanism applies to theve should expect to see the Cipectrum. If however the
reaction over both Pt and Rh. In one model reactor study they formation temperature is above 350 K, annealing a mixed/ CH
provide indirect evidence for the formation of CN through the NHy overlayer to various temperatures, cooling to 300 K, and
then exposing to Kwill permit the detection of any CN on the
* Corresponding author. E-mail: mtrenary@uic.edu. surface through the appearance of the GNpectrum.
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Both CH, and NH; have very small dissociative sticking 497 p=2Ks"
probabilities on Pt(111}14 Therefore, the reactive surface
species that form during catalytic processes involving, @hrtl A_,_//\—iw\\,__.ﬁ
NHs must be generated by other means. Methyl iodides{CH a) 500 mfe =27 x10
provides a convenient means to generate surface(}XcH 0—3) _b)_“__}‘fir/\v_n_lkz:‘zi__
species. The weak-€l bond dissociates below 200 K to yield o S~
surface methyl (Ck) groups, which then further decompose 28
stepwise to finally give surface C atorfs!é The coadsorbed MK,\ mie = 16

iodine does not strongly influence the surface chemistry of
hydrocarbons except for a site-blocking effect at higher cover-
ages, as shown by comparing €bh Pt(111) deposited from
the gas phase with CHproduced from the dissociation of
CHal.17:18 Similarly, we find that the presence of coadsorbed
iodine has minimal influence on the-aN coupling reaction.

Ammonia does not dissociate on Pt(111) at low pressures
and temperatures. It desorbs molecularly in two stages: a lower
binding energy statg (second layer) that is populated at higher ; ; : : ;
coverages and desorbs at +AB0 K and aru state representing 200 400 600 800 1000
molecules directly bonded to the platinum surface and desorbing Temperature ()
over the range of 200450 K1314However, it has been reported Figure 1. (a, b, d, and f) TPD spectra fane = 27 (HCN), 28 (N/
that NH; can decompose on Pt surfaces under conditions otherCO), 16 (CH), and 2 (H), respectively, obtained after exposing Pt-
than UHV and low temperature. Vajo and co-work&fsund (111) t0 0.2 L of CHl and 0.2 L of NH; at 85 K followed by 100 eV
ready decomposition under a steady flux at a pressurelot e c?ezam bol;nb_ard dmef?t. (OC ZaEd %TED sl?ectrarlf)te =28 (é\!zl C(g)
1076 Torr and temperatures of 36@00 K. On the other hand, gg K ((g&;r?dtﬁ;nﬁpgszrecira fa?NeE fg(cgi? :nc?grr(]l-lkr)r%blfat;ec?t
adsorbed Nklon Pt(111) is readily dissociated through electron  ggar 0.2 | of CHI has been e beam irradiated at 85 K.
irradiation to form N, NH, and Nk species on the surfaég.
Our present apparatus is arranged such that with the sample ineference spectrum was also taken at 85 K. A series of TPD
the IR position it can be exposed to an electron beam from our g, heriments have been performed to correlate the exposures and
LEED optics, which can be defocused to cover a large area. In oqiapiish the reproducibility between the two chambers and
this way we were able to |nducg NHlecomposition anq establish if the same surface conditions prevailed during the
generate surfgce 'WV = 0-2) species and study the reaction TPD, RAIRS, and XPS experiments. The Pt(111) surface was
of these_ Species W.'th GHx = 0_3). to _form_ CN. we r_eportgd cleaned and judged free of impurities by a standard procedure
our basic observation of-€N coupling in this system in a brief described earlie® The methyl iodide (Chl) was purchased
garlier pyblicatior?—.l nge we provide additional details and from Alfa Aesar Co. with a quoted purity of 99.5% and further
insights into the reaction. purified by transferring it to a glass bulb and subjecting it to

. ) five freeze-pump—thaw cycles using a liquid nitrogen bath. It

Experimental Section was then placed in a dry-ieeacetone bath and condensed into

The results were obtained in two separate UHV chambers, @hother glass bulb cooled by liquid nitrogen. Finally, it was

The XPS results were obtained in a chamber (chamber 1) with shielded from the light because of its tendency to .photolyze.
a base pressure of2 x 10710 Torr. The system has been NHs, Hz and GH4 were purchased from Matheson Tri-Gas Inc.

described in detail elsewhe?In brief, the UHV chamber is ~ With quoted purities of 99.9992%, 99.9999%, and 99.99%,
equipped with low-energy electron diffraction (LEED), an X-ray respectlvely, and used without further purification. A series of
photoelectron spectroscopy (XPS) system, a quadrupole massTF’D experiments have been performed to correlate exposures
spectrometer (QMS) for TPD, and a Fourier transform infrared With absolute coverages. Exposures-@f.2, 2.5, and 2.0 L are
(FTIR) spectrometer for RAIRS studies. The XPS system necessary to saturate the first layer of Ni€Hsl, and GHa,
consists of a VG CLAM2 hemispherical analyzer and X-ray respectively. These coverages are correlated with the absolute
source. Mg Kx radiation was used for the XPS study, and the coverages by comparison with data available in the litera-
spectrometer was calibrated with the PyApeak at a binding ~ ture!!>2*We used electron exposures-e2 x 10'° electrons
energy of 71.2 eV. All TPD and RAIRS experiments were Per cn¥ in all experiments reported here.

performed in a second chamber (chamber 2) with a base pressure

of ~1 x 1071° Torr. A detailed description of this system can Results

be found elsewher&. In brief, it consists of a stainless steel

UHV chamber equipped for Auger electron spectroscopy (AES), (1) Detection of CN Bond Formation. (i) Temperature-
LEED, and TPD experiments with a QMS. It is also coupled to Programmed Desorptiorrigure 1 shows TPD traces of the most
a commercial FTIR spectrometer (Bruker IFS 66v/S). The IR relevant desorption products in the course of CN bond formation
beam enters and exits the UHV chamber through differentially on Pt(111) from CHand NH; fragments. The fact that the CN
pumped O-ring sealed KBr windows and passes through agroup can be formed under UHV on Pt(111) is demonstrated
polarizer before reaching an IR detector. To achieve maximum by the observation of HCN desorption in Figure la. After
sensitivity in the NH and CH stretch regions, all RAIR spectra exposing the surface to 0.2 L of GHand 0.2 L of NH at 85
reported here were obtained with a liquid nitrogen cooled InSb K followed by bombardment by 100 eV electrons, HONé&
detector with a low wavenumber cutoff near 1950 ¢rand a = 27) is observed at 497 K with a high-temperature shoulder
tungsten IR source. In cases where the sample was annealed tat 587 K. Following the direct adsorption of HCN on Pt(111),
a temperature above 85 K, the sample was then cooled back tatHCN desorbs at a lower temperature-e460 K225 Various

85 K before the IR spectrum was acquired. The background control experiments were performed that proved that the HCN
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is produced only when N§ CHgl, and electron irradiation are
used?!

For the same conditions that lead to desorption of HCN
(Figure 1a), Figure 1 also shows results for CQ(h/e = 28)
(Figure 1b), CH (m/e = 16) (Figure 1d), and H(m/e = 2)
(Figure 1f). These results are compared with the cases of
irradiation with 100 eV electrons of surfaces on which only
NH3; (Figure 1c and 1g) or only C#f (Figure 1le and 1h) is
adsorbed. Although in principle threle = 28 signals in Figure
1c and 1b could be due to either desorption of & CO

adsorbed from the background, we established that the peaks

at 443 K in b and c are due to CO with the higher temperature
features due to N This is based on the fact that CO is known
to desorb from the clean surface-a440 K26 and by comparison
of them/e = 28 traces in Figure 1b and 1c with th#e = 12
and 14 signals (not shown), which are predominantly due to
CO and N, respectively. The decrease in the désorption at
~500 K in Figure 1b (CH + NH3z + €7) compared to Figure
1c (NHs; + e7) is likely due to consumption of surface N atoms
by the CN bond formation reaction.

Desorption of H corresponding to the conditions for HCN
formation in Figure la is shown in Figure 1f. The Heak
observed at 457 K is attributed to the decomposition of surface

NH and/or CH and is seen at essentially the same temperature

of 452 K for electron irradiation of Nkladsorbed alone (Figure
1g) and at 464 K for electron irradiation of GHalone (Figure
1h). The lower temperaturesHtlesorption peaks in Figure 1f,
1g, and 1h correspond to;Hecombinative desorption from
hydrogen adsorbed from the background and from hydrogen
produced through the dehydrogenation of N\&thd CH,.27-28
The lower amount of K desorption at 457 K in Figure 1f
compared with the peaks at 452 and 464 K in Figure 1g and 1h
is attributed to loss of hydrogen through HCN desorption.
Methane Ve = 16) desorption is not observed (Figure 1e)
following a 0.2 L CHyl exposure at 85 K and electron irradiation
unless NH is present (Figure 1d). Comparison with the thermal
decompositio#P2° of CHzl shows that exposure to the electron
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Figure 2. RAIR spectra obtained after exposing 0.2 L of {£idnd

0.2 L of NH; to the sample at 85 K followed by ebeam irradiation

with subsequent heating to the indicated temperatures and exposure to
10 L of H, at 300 K.
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Figure 3. N 1s XPS peak obtained after (a) exposing 2.0 L of HCN
to the sample at 85 K, followed by annealing to 500 K, (b) annealing
to 500 K a surface that had been exposed to 0.2 L oflOH2 L of
NHs, and 100 eV electrons at 85 K, and (c) annealing 1@ &@ surface
that had been exposed to 0.2 L of f&hd 100 eV electrons at 85 K.

390

beam does not exert a strong influence on the surface chemistry, i, an NH symmetric stretch in the range of 3368370 cn.

of this molecule. It therefore follows that electron irradiation is
needed only to induce Nftissociation. This is confirmed by

a series of TPD experiments (not shown here) that show little
or no difference in theve = 27 trace when both Nyand CHi

are € irradiated compared to when only Nl irradiated and
then CHl adsorbed afterward. At the low initial GHcoverages
corresponding to the 0.2 L exposures used in Figure 1,
dehydrogenation dominates the thermal chemistry wheg CH
is adsorbed alone and no ¢Hesorption is observed, which is

in agreement with previous studi&sHowever, the electron-
induced dissociation makes additional hydrogen available, so
that hydrogenation of the GHgroups formed from the low-
temperature breaking of the-@ bond of CHl can compete
with the CH; dehydrogenation reaction, and methane desorption

The 450 K anneal yields an intense peak at 3312%¢nvhich
grows in intensity and shifts to 3315 chafter H, exposure.
This peak is due to the NH species, and we described its
properties in detail elsewheféThere is no peak due to CNH
for the 450 K anneal nor for any annealing temperatures below
450 K. The 500 K anneal eliminates théNH) peak of the NH
species, which reappears at 3311 émafter H, exposure due
to rehydrogenation of surface N atoms. In additief\NH) of
the CNH species now appears at 3370 dindemonstrating
that the 500 K anneal leads to formation of CN on the surface.
This peak is still present after a 550 K anneal but has a lower
intensity.

(i) X-ray Photoelectron Spectroscopyn Figure 3 we
compare XPS N 1s binding energies for CN produced by HCN

is observed. This interpretation is supported by the presence ofjisgociation (Figure 3a) with CN produced by the K coupling

a small valley at 268 K in the fHdesorption shown in Figure
1f.

(ii) Reflection Absorption Infrared Spectroscofe use of
RAIRS to detect the €N coupling reaction is demonstrated
in Figure 2. After exposing the Pt(111) surface to 0.2 L ofsCH
and 0.2 L NH at 85 K, it was irradiated with 100 eV electrons

reaction (Figure 3b). In both cases peaks are centered at 398.4
eV, a N 1sbhinding energy that is characteristic of the CN
group3° Figure 3c is a control experiment showing the N 1s
binding energy of N atoms adsorbed on Pt(111). The N-covered
surface was produced by a 0.2 L KHxposure at 85 K,
irradiation with 100 eV electrons to dissociate the ammonia,

and annealed to 450, 500, and 550 K. After each anneal theand annealing to 500 K to dissociate any ammonia dissociation

sample was cooled to 300 K, exposed to 10 L ¢f &hd then
cooled to 85 K, where the spectra were acquired.

As previous work has showi§;!1if there is CN on the Pt-
(111) surface, then fexposure at 300 K should produce CNH

fragments and desorb hydrogen. The surface was then cooled
back to 85 K, where the spectrum was obtained. The results
provide further proof of the formation of CN from the surface
C, and N species present. Although the signal-to-noise ratio is



Surface Chemistry of CN Bond Formation J. Phys. Chem. B, Vol. 109, No. 37, 20067563

a) b)
7 ’ Constant NH, coverage (~ 0.5 ML) Constant CH,| coverage (~ 0.1 ML)
g * & g

2 IS ¢
= 6 4
=}
£ ¢ L4
T5 o ®
2 . L
>
Z 4
g 4

3{®

0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.5 1.0 15 2.0
CHjl coverage (ML) NH; coverage (ML)

Figure 4. (a) HCN yield as a function of Cl coverage for a fixed initial Nkl coverage of~0.5 ML. (b) HCN yield as a function of Nk
coverage for a fixed initial CH coverage of~0.1 ML. The HCN yield is equal to the area below the TPD curvenfte = 27.
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Figure 5. (a) TPD spectra fom/e = 2 (H,) and 27 (HCN) obtained after exposing Pt(111) to 0.1 L gf£and 0.2 L of NH at 85 K followed
by 100 eV € beam bombardment. (b) RAIR spectra obtained after exposing 0.1 LHof &d 0.2 L of NH to the sample at 85 K followed by
e~ beam irradiation with subsequent heating to the indicated temperatures and exposure to 19dt 80B1K.

low, comparison of the N 1s shape in the three spectra suggests (3) C—N Coupling in the Absence of lodine Although CHjl
a shoulder on the low binding energy side of the peak in Figure is a convenient source of;Giydrocarbons, it is desirable to
3b, consistent with the presence of both CN molecules and N verify the benign role of coadsorbed iodine by using a different
atoms, as indicated by the RAIRS results. source of carbon in the-©N coupling reaction. In a separate
(2) Coverage Dependencelemperature-Programmed De-  study of submonolayer coverages aHz on Pt(111), we have
sorption.Figure 4 shows the dependence of HCN yield from a shown that G-C bond scission is feasible at temperatures above
series of TPD experiments where we varied the;Qidverage 450 K31 Therefore, surface carbon atoms can be produced from
for a fixed initial NH; coverage and vice versa. The HCN yield ethylene decomposition well below the CN bond formation
is defined as the area of t@e = 27 TPD peak. A monolayer  temperature. After the surface was exposed to 0.1 L $#,C

(ML) is defined here as the saturated first layer of JNfd- and 0.2 L of NH at 85 K and then exposed to the electron
NHS3) or CH;l. By this definition, 1 ML of ammonia corresponds beam, HCN Ve = 27) is observed to desorb with a peak
to one NH molecule per four surface Pt atothsvhile for temperature of 516 K in Figure 5a, demonstrating that\C
methyl iodide it corresponds to one GHmolecule per five coupling occurs under these circumstances. The fact that the
surface atom&® HCN TPD peak in Figure 5a is 19 K above what was seen in

The initial NHs coverage of approximately 0.5 ML was Figure 1 when ChHl was used as the source of carbon atoms
achieved by a 0.1 L exposure of Midt 85 K. The surface was  may be due to the HCN desorption being limited by Cbond
then bombarded with 100 eV electrons and exposed to differentscission.
amounts of CH. The HCN yield reaches a maximum for 0-20 In addition to TPD, RAIRS also reveals the presence of the
0.15 ML of CHgl, after which it drops significantly, implying CN coupling reaction when ethylene is used as the carbon
that either CHl itself or one of it dissociation products causes source. The spectra in Figure 5b were obtained after the surface
the quenching of the €N coupling reaction. Figure 4b shows was first exposed to 0.1 L of £, and 0.2 L of NH at 85 K
the HCN yield vs NH coverage for a fixed initial Ckl coverage and then exposed to the electron beam. Annealing to 510 K
of ~0.1 ML for an experiment in which 0.2 L of G3Hwas yields only one peak at 2964 crh which is assigned te(CH)
exposed at 85 K followed by Niexposure and &beam of the CH species. Further details on the formation and
irradiation. The HCN vyield increases up to 0.2 ML of iH properties of CH formed from £, can be found elsewhe#é.
after which it remains essentially constant up to 1.0 ML. Up to Upon hydrogen exposure at 300 K two new peaks are observed
1.0 ML the HCN vyield behavior is consistent with the reaction with the same assignments as for Figure 2d. The 3370'cm
of all of the surface carbon by nitrogen with the plateau in HCN peak of CNH demonstrates that the CN bond is formed,
yield reached when all of the carbon has been consumed. Thealthough the amount appears to be less based on the lower peak
decrease in the amount of HCN for Nidoverages above 1 intensity than that observed for GHeven though the overall
ML can be attributed to the build-up of secong-NHs3) and carbon coverage was the same in the two cases. Figure 6 shows
higher order layef$14 of NH; that shield then state of NH the HCN yield as a function of initial ethylene coverage for an
from the electrons, thus preventing dissociation. initial ammonia coverage of 0.5 ML. A similar dependence of
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Figure 7. (a) | 3d XPS spectrum obtained after (a) exposing 0.2 L of
CHsl to the sample at 85 K, (b) annealing the sample in part a to 500
K, and (c) annealing the sample in part b to 800 K.
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Figure 8. TPD results form/e = 2 (H,) (a) and 27 (HCN) (b) after
the surface had been exposed to 0.2 L of;Cit 85 K, annealed to
800 K for 60 s, cooled to 85 K, exposed to 0.2 L of jrnd then
exposed to 100 eV electrons.

HCN vyield on GH4 coverage is observed as in Figure 4a,
indicating that a low carbon coverage is most favorable for HCN
production.

Another way to study the reaction in the absence of iodine is
to perform the experiment after annealing thesGébvered Pt-
(111) surface to 800 K for 60 s, which previous studies have
suggested desorbs the iodit¥8 The XPS spectra of the | 3d
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Figure 9. (a) RAIR spectrum acquired at 85 K after exposing the
sample to 0.2 L of CHl at 85 K, annealing to 800 K for 60 s, cooling
back to 85 K, exposing to 0.2 L of Njie~ beam irradiating, and
annealing to 500 K. (b) RAIR spectrum acquired at 85 K after exposing
10 L of H, at 300 K.
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react with nitrogen to form cyanide. The surface was prepared
by exposing to 0.2 L of CHl, annealing to 800 K, cooling to

85 K, exposing to 0.2 L of Nk followed by electron irradiation.

The m/e = 2 TPD trace in Figure 8a has a shape very similar
to the one in Figure 1g. This is expected since annealing to
800 K decomposes all GHyroups to surface &;162%and in

both Figures 8a and 1g hydrogen desorption is mainly due to
the electron-induced decomposition of pltiowever, no HCN
desorption is observed (Figure 8b), indicating that surface CN,
if present, is not detectable by this method. In contrast, the
RAIRS data in Figure 9 do reveal that the-8 coupling
reaction has taken place. The surface was prepared in the same
way as for Figure 8. No peaks are present in the spectrum after
the 500 K anneal. Upon exposure to 10 L ofdd 300 K (Figure

9b), two peaks are observed with the same assignments as for
Figure 2d. Although development of the Chideak at 3370
cm~1 confirms the presence of CN, the intensity of the peak is
about one-half of that in Figure 2d. This is most likely due to
conversion of some of the carbon into an unreactive graphitic
form upon annealing to 800 K33

Discussion

According to model-reactor studies by Schmidt and Hick-
man?* the highly endothermic formation of HCN from GH
and NH; should not occur at all at temperatures bels@000
K. However, desorption of HCN at 497 K in Figure la is
consistent with CN bond formation at or even below this
temperature. We have shown earlier that the high-temperature
shoulder at 587 K is not specific to the-Gl coupling reaction
but rather is related to HCN desorption from the step Zites.
Moreover, RAIRS data in Figure 2e and 2f further confirm that
there is no significant EN coupling at temperatures above 500
K. This is probably due to the fact that above 500 K there are
fewer N atoms available on the surface, as confirmed by the
N, desorption trace in Figure 1c. In addition, surface C atoms
gain higher mobility, which could lead to formation of unre-
active graphitic islands. The appearance of a Gpé&hk at 3370

region as a function of annealing temperature shown in Figure cm™* in Figure 2d, after hydrogenation of the surface at 300 K

7 verify this. The | 3@, and 3d,, peaks at 621.6 and 634.0
eV, respectively, for 0.2 L of Ckl adsorbed at 85 K shift to

following the 500 K anneal, reveals that CN bond formation
likely coincides with the HCN desorption peak centered at 497

620.9 and 632.6 eV but do not change intensity after a 500 K K (Figure 1a).
anneal, reflecting the fact that although the molecule dissociates The appearance of the aminocarbyne peak at 337G am

at around 200 K, the iodine is still present at 500 K. These
values in Figure 7b are typical of atomic iodine on surfaées.

Figure 9b for the case when GIi$ completely dehydrogenated
to C before the experiment was performed indicates that a

However, the iodine peaks disappear completely after a 800 K hydrogenated form of carbon is not needed for theNC

anneal.
The TPD results in Figure 8 were obtained to determine if

coupling reaction to occur. The TPD results in Figure 1c and
1g showing N and H desorption peaks at 500 and 452 K,

the carbon remaining on the surface after iodine desorption couldrespectively, together with the disappearance of the NH stretch
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’ e coverage that completely poisons the reaction fgiJs about
\_ wH J 1 ! 1 J l one-half of that of CH. This strongly suggests that surface
/C\H po o carbon is responsible for deactivation of the surface, in
R N agreement with the kinetic studies of Hasenberg and ScH’rmd't.
They inferred that every C atom blocks three sites on their
HJ 345K 309K k'Hz polycrystalline surface, and if we assume that this number is
2 H approximately the same for Pt(111), then the free sites on the
§| ,L surface necessary forﬂ\_l bond formation to occur could be
— completely blocked at higher carbon coverages. Furthermore,
\ / graphitic islands are much more easily formed at higher than
> deaK 452 K( lower carbon coverages. It then follows that at higher carbon
Hy O\ /" “Hy coverages N atoms are able to react readily only with C atoms
N tside of ordered island t island ed hich Id
—C N outside of ordered islands or at island edges, which wou
explain the inability to convert all of the carbon present on the
~ 500K surface to CN.
—C=N__ Comparison of Figures 4a and 6 shows that the maximum
Figure 10. Proposed reaction mechanism of CN bond formation from HCN Yield is higher by a factor of-3 for ethylene than for
CHsl and NHs on Pt(111). CHGal. However, RAIRS experiments (Figures 2d and 5b) show

that the intensity of the aminocarbymé\NH) peak in the case

of C,H4 is actually smaller than that obtained from &€H
suggesting that less CN is formed from C and N atoms in the
former case. This seemingly contradictory observation can be
readily explained by the fact that more hydrogen is available at
500 K when GH4 is used as a source of C atoms. Previous
studies® of ethylene decomposition on Pt(111) have shown that
hydrogen desorption can be easily observed up@60 K. This

also can be seen in Figure 5a for thée = 2 trace. In separate
experiments of hydrogen desorption we determined that the
amount of hydrogen evolving from the decomposition gfi¢

at 500 K is much higher than that for the gHit follows then

that most of the CN molecules formed fromHG are im-
mediately hydrogenated and desorb as HCN. However, in the
case of CHI, even if more C-N bonds are formed, not all of
the CN formed can be hydrogenated because of the lack of
hydrogen atoms on the surface.

peak at 3315 cmt in the RAIR spectrum of Figure 2c after
annealing to 500 K indicate that by 500 K only N atoms remain
on the surface following electron-induced dissociation ofsNH

It therefore follows that the nitrogen-containing species in the
C—N coupling reaction are adsorbed N atoms. These conclu-
sions are summarized in Figure 10. Once formed at around 500
K, the surface CN can be hydrogenated to GNfHhe surface

is cooled to 300 K. The thermal dissociation of CNétcurs
between 400 and 500 K and leads to desorption of HCN in the
range of 456-600 K. Since dehydrogenation of the NH species
is complete well before 500 K, the source of the hydrogen for
the HCN desorption must originate from the dissociation
products of CHI. We have direct RAIRS evidengethat the

CH species is stable up to 500 K, and in Figure 1h the
dissociation of CH gives rise to the;ldesorption peak at 464

K, which has a high-temperature tail that extends to about 550
K. Therefore, we conclude that the hydrogen in the HCN

desorption observed in Figure 1 originates from the dissociation Finally, there are various ways to extract kinetic parameters
of CH. from thermal desorption data, provided certain assumptions are

From kinetic measurements of the gas-phase products inValid- Hagans et &k reported HCN TPD results on Pt(111)
model reactor studies of the catalytic synthesis of HCN from @nd found that the HCN desorbs with a constant peak temper-
CH, and NH; it was inferred that the reaction is feasible when ature at~460 K as a function of HCN exposure. They labeled
the surface contains less than a monolayer of carbon and that ithe desorption at this temperature as fhstate and attributed
is strongly inhibited and even totally quenched by the presence it t0 recombination of g and CNgs Although recombinative
of a carbon multilaye?.Our experiments provide more direct desorption should lead to sec_ond-order_ klr_letlc_s, des_orptlon at
information on the influence of carbon coverage on HCN yield. & constant peak temperature is a clear |nd|qat|on of first-order
At the simplest level we would expect the amount of CN formed Kinetics. We also observed HCN desorption at a constant
on the surface to be limited by whichever is lower, the N témperature in the range of 46600 K as a function of
coverage or the C coverage. If the initial coverage ofsNeH increasing HCN exposure to the c!ean Pt(111) surface and at
one molecule per eight surface atoms, then the amount of HCNVarious CHI and NH; exposures in the case of the-®
formed should increase steadily up to a coverage of one coupling reaction. If the rate of thé HCN desorption is
molecule of CHI per eight Pt atoms. However, this is not the determined by the rate of aminocarbyne decomposition, then
case, as shown in Figure 4a. Initially, the HCN yield increases, flrst-orde.r desorption k|net_|(?s would pe expected. Since RAIR.S
but then it suddenly drops aftei0.1 ML of CHsl. This coverage observations pf the stability of aminocarbyne show that it
corresponds to 1 molecule of GHor every 50 surface atoms, ~ decomposes in the temperature range of 480 K, it is
which is below what is implied by the reaction stoichiometry reasonable to assume that aminocarbyne decomposition is rate
by a factor of ~6. At 500 K C and | atoms from CHi determining for HCN desorption in this temperature range.
dissociation are present on the surface and, as already shown For first-order desorption with a peak temperature of 470 K
in Figure 9, the coupling reaction occurs even in the absenceand an assumed preexponential factor df 0%, the Redhead
of lags In other words, surface iodine is not directly involved equatiod’ gives an activation energy of 128 kJ/mol, whereas
in the coupling reaction, and therefore, it is highly unlikely that assumed preexponentials of'1@nd 18! s ! yield activation
lagsis the CHI dissociation product that is responsible for the energies of 146 and 109 kJ/mol, respectively. A method
qguenching, especially in the low coverage regime,{430 Pt described by Chan, Aris, and Weinberg (CA)ermits both
atoms). Additional evidence can be found in Figure 6, where a the preexponential and activation energy to be obtained from
molecule that does not contain iodine;Hz, showed similar measurements of the peak temperature and peak width. By the
coverage dependence for HCN vyield. Not surprisingly, the CAW method we obtain a preexponential 06510 s1 and
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an activation energy of 128 kJ/mol. Since the HCN desorption Ill; Schmidt, L. D. Appl. Catal. A: Gen200Q 180, 287. Bodke, A. S.;

that accompanies the-@N coupling reaction reported here OIS(EQI;LH%S Qh?bifgmsqt’s'-c-h%ﬁﬁpt CDataC'é gl %98“52%010 ffé* 13.
occurs at a higher temperature than for HCN desorption  (5) Hasenberg, D.: Schmidt, L. D. Catal. 1986 97, 156.

following HCN exposure, it is reasonable to assume that the  (6) Hasenberg, D.; Schmidt, L. . Catal. 1987, 104, 441. _
rate of HCN desorption here is limited by the rate of CN (7) van Hardeveld, R. M.; Schmidt, A. J. G. W.; Niemantsverdriet, J.

. . . - W. Catal. Lett.1996 41, 125. van Hardeveld, R. M.; van Santen, R. A.;
formation. With this assumption the rate constant for CN \io 7o ric erdriet, 3. Wi, Phys. Chem. B997 101, 7901. van Hardeveld,

formation can be obtained. The CAW method applied to the Rr.m.; Borg, H. J.; Niemantsverdriet, J. . Mol. Catal. A: Chem199§
HCN desorption peak at 497 K in Figure 1 yields a preexpo- 131, 199.

i 01 ivati (8) Mullins, D. R.; Zhang, KJ. Phys. Chem. B001, 105, 1374.
nential of 8x 10s * and an activation energy of 113 ki/mol, g} {2 W' ‘Bertel. £ Netzer, F. B. Catal. 1978 60, 316.
whereas the Redhead equation with an assumed preexponential 10y jentz, D.; Celio, H.; Mills, P.; Trenary, NGurf. Sci.1995 341, 1.

of 103 s™1yields an activation energy of 132 kJ/mol. A reviéw (11) Jentz, D.; Mills, P.; Celio, H.; Trenary, Nsurf. Sci.1996 368,
of the effect of lateral interactions on kinetic parameters 354

(12) Ukraintsev, V. A.; Harrison, ISurf. Sci1993 286, L571. Meixner,
extracted from TPD data notes that both the Redhead and CAWp, | “oq0e 'S MSurf. 'Sci1993 297, 27. Alberas-Sloan, D. J.. White,

methods, although simple and easy to use, are invalid in thej M. Surf. Sci.1996 365, 212.
presence of lateral interactions except in the limit of zero  (13) Sexton, B. A.; Mitchell, G. ESurf. Sci.198Q 99, 523.

coverage. For HCN desorption from Pt(111), the invariance of 88 gfgg' E; Efé‘ﬁ?ﬁnpﬁﬁs'er?yt;lggﬁJfﬁggsf'% 6207
the peak position with coverage suggests that lateral interactions  (16) Henderson, M. A.: Mitchell, G. E.; White, J. Mgurf. Sci. Lett.

are small. The kinetic parameters obtained here from TPD data1987 184, L325. _ _

can be compared with the preexponential of#ds! and 5 (%7) Fa'fb,\fﬂoéhe? g'Hiiqggnzgs’ 5XL 2-5?5V'5W3nathan- R.; Stair, P. C.; Fan,
© o ~ . .; Trenary, M.Surf. Sci. .

activation energy of 216 _15 kJ/mol for the G-N coupling (18) Fan, J.: Trenary, M.angmuir 1994 10, 3649.

reaction on Rh(111) obtained from temperature-programmed  (19) Vajo, J. J.; Tsai, W.; Weinberg, W. H. Phys. Chem1986 90,

SIMS data’ The higher activation energy is associated with the 6531.

higher HCN desorption temperature 800 K on Rh(111). Ph§/259)1gglirr'l%LAégl‘é.S‘tS‘f:el\’(._EM?';S[Leannn'sDO_r."w?rh RHL l\NﬁIS CJh?\T

Vac. Sci. Technol. A996 14, 1516. Bater, C.; Campbell, J. H.; Craig, J.

Summary H., Jr.Surf. Interface Anal1998 26, 97.
. . (21) Herceg, E.; Trenary, Ml. Am. Chem. So003 125 15758.
We have demonstrated that the carboitrogen coupling (22) Kang, D. H.; Trenary, Msurf. Sci.200Q 470, L13.

reaction that underlies the catalytic synthesis of HCN from  (23) Brubaker, M. E.; Trenary, Ml. Chem. Phys1986 85, 6100.
ammonia and methane over platinum can be induced on the  (24) Mitchell I V.; Lennard, W. N.; Griffiths, K.; Massoumi, G. R.;
Pt(111) surface under UHV conditions. The experiments show Huppertz, J. WSurf. Sci.1991 256 (1-2), L598, ;

o e p o - (25) Celio, H.; Mills, P.; Jentz, D.; Pae, Y. |.; Trenary, Mangmuir
that the carbon-containing and nitrogen-containing species 1998 14, 1379.

involved in the coupling reaction are individual C and N atoms _ (26) Norton, P. R.; Goodale, J. W.; Selkirk, E. 8urf. Sci.1979 83,

rather than hydrogen-containing ¢tbr NHy, species. The ; . . .
. . . 27) Herceg, E.; Mudiyanselage, K.; Trenary, MPhys. Chem. BOO
formation of the CN species was detected both by desorption 10g()’ 2)828. 9 vevanseiag nay ve 3

of HCN and by observation of the aminocarbyne species, £NH (28) Herceg, E.; Celio, H.; Trenary, NRev. Sci. Instrum2004 75 (8),

with RAIRS following hydrogen exposure. The experiments 2542 o - .
further show that €N bond formation occurs at500 K. 245(%23)79'_."3”(1860”’ M. A; Mitchell, G. E.; White, J. Murf. Sci.1991

Electron-induced dissociation of ammonia was used to produce (30) Sexton, B. A.; Hughes, A. Burf. Sci.1984 140, 227. Lindquist,
surface N atoms, whereas both g€tnd GH, were used to J. M.; Ziegler, J. P.; Hemminger, J. Surf. Sci.1989 210, 27. Serafin, J.

produce surface C atoms. Formation of surface CN is strongly G';(?'fl”)egtng' "R"',J'HF;?ZSQCE?”%zﬁgrgzgﬁ?'Sd 2004 573 (2), 310

dependent on carbon coverage, in agreement with previous (32) zaera, FSurf. Sci.1989 219, 453.
kinetic studies. (33) Land, T. A;; Michely, T.; Behm, R. J.; Hemminger, J. C.; Comsa,
G. J. Chem. Phys1992 97 (9), 6774. Smirnov, M. Yu.; Gorodetskii, V.

V.; Cholach, A. R.; Zemlyanov, D. YuSurf. Sci.1994 311, 308.
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