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Pathways for dissociative methane chemisorption on P110}-(1X 2)

A. T. Anghel, D. J. Wales, S. J. Jenkins, and D. A. King
Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2 1EW, United Kingdom
(Received 20 December 2004; published 24 March 2005; corrected 10 May 2005

Two distinct pathways are characterized for dissociative chemisorption of methanglaf-#1 X 2). The
transition states are obtained to high precision using a fully unconstrained technique involving hybrid
eigenvector-following with variational eigenvector refinement and tangent space minimization. The two paths
yield products where methyl occupies a ridge atop site, with the dissociated hydrogen in one of two distinct
ridge bridge sites. Both pathways involve simultaneous stretching of-dHond and deformation of meth-
ane bond angles, in agreement with experimentally observed rate enhancement.
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The conversion of low value natural gas to higher valuewhich probably represents the highest precision achieved for
petrochemicals is of tremendous industrial importance. Thealculations of this sort to date. We found the corresponding
mechanism of Clldissociation on single metal surfaces haspotential energy surface to be rather flat, indicating that tight
therefore attracted considerable attenfichHowever, “de-  convergence conditions are essential to properly characterize
spite intense effort, there is still no atomic-scale picture ofthe mechanisms. For example, structures with an RMS force
the dynamics of this important gas-surface reactfon.” an order of magnitude greater can have significantly different

The aim of the present theoretical study is to providegeometries and energies compared to the true stationary
greater insight into the mechanism of chemisorption. Wepoints.
have analyzed ClHdehydrogenation on a complicated recon-  Three of the candidate transition states obtained by con-
structed surface, Pt10-(1x2) (shown in Fig. 1, which  strained geometry optimization eventually produced the
closely resembles the rough surface of a metal catalyst. Owwame pathway, although the energy decreased by between 0.3
calculations feature probably the most precise characterizaand 1.0 eV on accurate refinement by hybrid eigenvector-
tion of the transition states, local minima and pathways tdollowing. All three of these pathways are superimposed in
date for such a system, which enables us to comment ifig. 3, since they provide us with a useful estimate of the
detail on the dissociation mechanisms. Our results demorprecision achieved in these calculations. The corresponding

strate the presence of activated channels for the dissociatiqfynsition state i$1TO]TS. The other transition statg] 11},
process, which are assisted by excitation of both, 8tretch  \ya5 |ocated only once; the corresponding energetics are sum-
and bend modes. _ ~ marized in Table I.

In this work, energies and grad_lents were calculated_ using For each transition state, steepest-descent paths lead
the cASTEP codé for supercells with 42X 2) cross section  gownhill in two directions to the connected local minima. In
and a six-layer Pt slab to model the{F#0} surface with the the present work, approximate steepest-descent paths were
(1X2) missing row reconstruction on one side. The details
of these electronic structure calculations are nearly all the
same as in previous work;! except that the kinetic energy
cutoff for the plane wave basis was set to 340 eV and the
convergence tolerance for the self-consistent-figidP cal-
culations was tightened to »610°8 eV per atom. Initial
guesses for transition statdS) geometries were obtained
using constrained minimization, as in previous work, with a
convergence criterion of 0.1 eV/A for the root-mean-square
(RMS) gradient on the Cklatoms. Many different surface
sites were initially considere¢Fig. 1), but we found that
CH, preferentially dehydrogenates over ridge atop surface
sites. The most promising TS candidates were then furthel
optimized by hybrid eigenvector-following methotfs}*us-
ing the opTIM program'® which has been interfaced to
CASTER This is a fully unconstrained technique, not previ-
ously applied in surface studies. Since analytical second de
rivatives of the potential energy are not available, variational
eigenvector refinement with tangent space minimization was FIG. 1. Dissociation was initially investigated at various
employedt?-4 The resulting stationary points were con- P{110-(1x 2) surface sites as indicated; Gl$ shown as a black
verged to an RMS force of 0.003 eV/A, or better, in eachcross, and the breaking H as a filled black circle. A perspective view
case. This condition corresponds to abouit*lftomic units, of the clean surface is shown in the inset.
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TABLE I. Properties of the stationary points located in the path-achieved using a modified version of Nocedal's LBFGS
way calculations. Pt atoms in the top three layers were unconschemé?® For the minima corresponding to gas phase meth-
strained in these calculations. Energies are in eV, and the commagne the optimization was simply terminated when the re-
energy of the chemisorbed mininfeo within the precision of the quired RMS force condition was met. Since the density func-
calculatior) was chosen as the arbitrary zeEesis the energy of  tional theory employed in the present study does not treat
the surface plus gas phase methdg,is the energy of the TS, and dispersion correctly, we will not speculate about whether
Eagsis the energy of the adsorbed stafeE,4s and AEqes are the  physisorbed local minima exist, since this potential would
corresponding barriers to adsorption and desorption, respectivelyiot satisfactorily describe such species. Some authors have
The final column gives the unique negative Hessian eigenvalue aittempted to correct for such dispersion effects using addi-
the transition state in eV/A The energies of the stationary points tjonal empirical potentialéf’ but we have chosen not to in-
are converged to a precision of about +0.01 eV. troduce further parameters into the present calculations. The
local minima obtained from the pathway calculations are
Eges AEass Ers AEgs Eags Eigenvalue — also described in Table I, and the corresponding pathways
— are illustrated in Fig. 2. The reaction coordinate for either
[110];s 012 040 052 052 0.00 -5.3 pathway is found to be a linear combination of both CH
[111}ys 011 040 051 051 0.00 -3.9 stretch and bend modes. All the energy profiles are shown in
Fig. 3 and geometrical parameters for the transition states
and minima corresponding to chemisorption are shown in
calculated by energy minimization following displacementsFig. 2.
of 0.02 A parallel and antiparallel to the transition vector. Upon dissociation, the resulting Gthoiety was found to
Here, the transition vector corresponds to the Hessian eigemeside preferentially at the ridge atop site. In contrast, the
vector associated with the unique negative Hessian eigenecation of the H atom immediately after dissociation de-
value, both of which were obtained using a variationalpends upon the transition state involved. The two possibili-
Rayleigh—Ritz approacK-1* Energy minimization was ties are the bridge site between two ridge atoms and the

<— ridge atoms, [110] direction

FIG. 2. (Color onling Snap-

shots of the pathways fgd 10]g
(top) and [111];5 (bottom. The
left, middle, and right panels cor-
respond to the gas phase methane
minimum, the transition state, and
the adsorbed minimum, respec-
tively. The other two panels are
snapshots of an intermediate ge-
ometry along the corresponding
path. The vertical displacement of
each panel is intended to indicate
the relative energy of the corre-
sponding structure. Two views are
provided for each path: one from
directly above the surface, and the
other from a tilted perspective. A
cutoff of 2.3 A was used in draw-
ing the bonds. The inset shows
geometrical details of the transi-
tion state and chemisorbed mini-
mum for [110]+s (left pair) and

[111}45 (right pain; the distances
are in A.
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bridge site between a ridge atom and a second-layer atom.
Ultimately however, the lowest energy closely coadsorbed
geometry features the H atom at a second-layer atop site.
This structure is 0.25 eV more stable than a gas-phasg CH
molecule above a clean surface. Several other structures with
| CH; at an atop ridge site and H at other high symmetry
surface sites were found to be only marginally less stable,
within the 0.1 eV range. CHand H adsorbed in separate
products - (2% 2) unit cells is 0.16 eV more stable, suggesting that sur-
face segregation would occur. At moderate temperatures,
[111)zs path however, CH will further dissociate yielding either adsorbed
methylidine or carboA®*! while hydrogen will desorb.

A model of the interactions dt110];s was constructed
from a Kohn-Sham one-electron eigenstate analysis. The or-
(1Tojos pat bitals of equilibrium and TS-like distorted gas phase ,£H
00 . . T ; . . ; have been compared with those [ib10];s. The important

-4 E 2 -1 o i 2 3 4 one-electron Kohn-Sham orbitals are shown in Fig. 4. Dis-

integrated path length (&) tortion of gas phase CHeads to symmetry breaking in the
t, orbitals; in particular, the component corresponding to the
FIG. 3. Energy(eV) as a function of integrated path length)  breaking G—H bond (labelled 1.,), is strongly destabilised.
for four paths, three of which corresponddl0];s and the otherto  Mixing of 1t,, and 1,- orbitals with each other and with
[111}rs (see also Table)) delocalized Pt surface orbitals, occurd irl0];s. Higher ly-
ing antibonding CH states are not believed to be involved
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FIG. 4. (Color online One electron Kohn-Sham real eigenstates.
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due to the large energy mismatch with thedRitates. the incoming molecule’s vibrational excitation state. The
In summary, two distinct activated pathways were foundpresent theoretical results, however, now favor the precursor-
for dissociative CH chemisorption on the highly corrugated mediated low translational energy model, in agreement
P{110-(1X 2) surface. Since our calculations provide a pre-yth the earlier conclusion of Seets al? from a study on
cise reaction coordinate at the TS, unlike previous studieg{110,, and imply a long lifetime for the vibrationally ex-
(for example, on NiL1L by Kratzeret al’), we can unam-  cjted angular deformation mode in the molecule in the phy-
biguously conclude that both stretch and bending modes argsorhed state. This result also suggests that the lifetime of
involved in dissociation. The present results demonstrate tha, o siretch mode in this state is short, and that its excitation

pathways for dissociation on metal surfaces are Cons'dgrabh‘lerefore does not increase the dissociation rate at low trans-
more subtle than has, perhaps, been appreciated hlthertl(g1

Elucidating th di tati int d path tional energies. In the experiments at high translational en-
ucidaling the corresponding stationary points and pa ergies it was concluded that only the stretch mode excitation
ways requires precise geometry optimization of the type em

loved by this studv. Th | d rained mi _caused an increase in the dissociation rate. This observation
pioyed by this study. 1he commonly used constraine mlnl'may be due to the experimental method, where the vibra-

mization approach, although usgful for suggesting transitiorgional temperature of the gas was changed, and the mode
state candidates, does not provide properly converged SUUE cited was inferred from an Arrhenius plot. This approach

tures. would be biased towards the process with the higher excita-

Thg absence O.f a barrierless path_way suggests a reintefs energy. Of course, as the vibrational molecular tempera-
pretation of experimental data. In their supersonic molecul ure is raised the excitation of the deformation modes is

beam study, Walker and Kidd distinguished two different also increased. State selective studies have recently been

mechamsms for .CH d!ssoc!at!ve adsorption on {Rﬂ.O}:_ ndertaken on less corrugated metal surfaces. For example,
one that yields high dissociation rates as the transla’nona:in Ni{11T Smith and co-workefs have compared the
energy 1S '°V_Ve”3°" and ?‘”Other that becomes fagt only Hissociative sticking probability for the ground vibrational
high translational energies. The former mechanism wag; .. and,=1 excited asymmetric stretch of GHind found

attnputed o a steermg-asssted. process over a ne.g“g'bgvibrational enhancement for all translational energies up to
barrier, while the latter mechanism was clearly ac'uvated1 45 eV

An alternative precursor-mediated explanation for the low

translational energy process, in which incoming molecules The authors gratefully acknowledge support from the
are trapped into a weakly bound molecular state prior tdRoyal Society(S.J.J. and computer equipment and a stu-
dissociation, was dismissed because it required a memory dfentship from the EPSRA\.T.A.).
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