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Quantum-mechanical calculations of the reaction rate for dissociative adsorptionoof depped
Ru(000) are presented. Converged six-dimensional quantum calculations for this heavy-atom
reaction have been performed using the multiconfiguration time-dependent Hartree method. A
potential-energy surface for the transition-state region is constructed from density-functional theory
calculations using Shepard interpolation. The quantum results are in very good agreement with the
results of the harmonic transition-state theory. In contrast to the findings of previous model
calculations on similar systems, the tunneling effect is found to be sma&D0& American Institute

of Physics[DOI: 10.1063/1.192751]3

I. INTRODUCTION functional theory(DFT) calculations are sufficiently accurate
to provide a realistic description of the reaction dynamics,
The reaction rate is the central quantity in reaction dy-although the accuracy is much lower than the typical accu-
namics. For activated processes it is determined by the quaracy achievable for gas-phase systems.
tum dynamics in a well-defined region around the transition  Accurate quantum-dynamics calculations have not yet
state. Accurate quantum-mechanical calculations of the reageen presented for heavy diatomic or polyatomic molecules
tion rate are therefore possible without solving the full scat-on surfaces. However, such calculations are highly desired to
tering problem. Using the flux correlation approachthe  deepen the understanding of heterogenous catalysis. An ex-
dynamics can be restricted to the region in the vicinity of theample of a surface reaction that is very important in catalysis
reaction barrier. This approach has been applied to severg the dissociative adsorption of,Nn a stepped ruthenium
gas-phase systerfis> The combination of the flux correla- surface. In this reaction the nitrogen bond is broken and two
tion approach with the multiconfiguration time-dependentRu—N bonds are formed. It is the rate-limiting step in the
Hartree (MCTDH) scheme for efficient multidimensional jndustrial synthesis of ammonia on Ru cataly$tBue to its
wave-packet propagation made it possible to study the quafimportance, the MRu system has been extensively studied
tum dynamics of 12-dimensional systefis® The previous  experimentally®® Density-functional theory (DFT)

studies show that quantum effects are significant in reactionga|culationd?®*~**explored the electronic structure and the
where hydrogen atoms are transferred. At room temperatufgaction path.
the tunneling effect often increases the reaction rate by one  gseyeral low-dimensional quantum calculations for disso-
order of magnitude. Thus, accurate reaction rate calculationgation of N, on Ru and related systems, employing model
can require a full quantum-mechanical treatment. potential-energy surfaces, have been presented in the
While accurate quantum-dynamics calculations for poly-jiterature®®~"2 These calculations show a significant tunnel-
atomic reactions in the gas phase have become increasinglyg effect on the reaction probability. As discussed by Haase
available in recent years, reactions on surfaces still pose g a,%" the results suggest that at room temperature the re-
challenge. Accurate quantum-mechanical studies of reactiongtion is completely dominated by a tunneling mecharfiém,
on surfaces have so far been restricted to the most simplgnich is quite surprising for a heavy-atom system. Conse-

examples of surface reactions: dissociative adsorption,of H quently, transition-state theofTST) could not be used to

selected reactive scattering calculations have deepened the The present work studies the tunneling effect fordw

understanding of the reactions of molecules with surfacesry by performing accurate quantum-mechanical calculations
Comparisons between theoretical and experimental resul[§5ing a realistic potential-energy surf4&ES. The flux cor-
showed that potential-energy surfaces based on densitya|ation approach®is employed to calculate the thermal rate
constant and the cumulative reaction probability for dissocia-
¥Electronic mail: rob.v.harrevelt@ch.tum.de tive adsorption of N on a stepped R000J) surface. All six
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nitrogen degrees of freedom are included in this study, while N(E) = 277252 exo B-E)S £ £1(f ) 8(H = E)lf)[2
the positions of the surface atoms are frozen. The possible © PBoE) 2 (Fr X Il
effect of electron—hole paﬁ% has not been included in the

present description. In future work the effect of the motion of = 272h2 expl BoE)E foofi| ) expliEVA) Oy (D)2
the Ru surface will be investigatéd.The six-dimensional
PES in the barrier region is constructed by Shepard (6)

interpolatior?4 ™® of DFT data. As shown in previous
work,?>"® the Shepard interpolation scheme is particularlypiere  the overlap matrixOy(t) is given by Op(t)
efficient for the construction of accurate potential-energy sur- P Ht/ﬁ £ th dure foll dt
faces (PESS in the barrier region. Based on this realistic ~ =(filexp(-i [f)- In summary, the procedure followed to
PES, the effect of tunneling is examined by comparing thecalculateN(E) is to first calculate the e|genstatesR:g by
reaction rate in the exact quantum-dynamics study with théterative diagonalization, then propagate them in time, and

rate obtained from classical harmonic TST. finally obtainN(E) according to Eq(6).
The cumulative reaction probabilityEq. (6)] can be

written asN(E) =27 ,N,(E),** whereN;(E) can be considered
as the contribution of thih vibrational state of the activated

Il. THEORY complex toN(E). If there are many low-lying vibrationally
A. Quantum-mechanical calculation excited states of the activated complex, then the number of
of the reaction rate states required to converge the thermal rate constant

The quantum-mechanical approach followed in this
work has been reviewed in Ref. 24. Here, the general ideas
of this approach are briefly summarized. The rate condtant 27rﬁQr, 1
can be expressed as

f dEN(E)exp(— BE) (7)

may be prohibitive. As a solution to this problem one can use
f dEN(E)exp(- BE), (1) a harm_omc progression model to enhancg the convergfénce.
Assuming that\;(E) has been computed for 1,n, the con-
_ - _ . tributionsN;(E) i=n+1.. . are estimated using a harmonic
whereQ;, is the reactants’ partition function per unit volume, progression. The best estimate of the rate constant based on

E is the total energyN(E) is the cumulative reaction prob- the data for then lowest vibrational states of the activated
ability (i.e., the sum of the initial state-selected reactioncomplex then reads

probabilities for all possible initial statgsand 3=1/kT. An

k=

2mhQ;

exact quantum-mechanical expression XgE) is given by n
s f dE{ X Ni(E) [ exp(- BE)
N(E) = 242 TracdF8(H - E)F8(H - E)}, @ k1= Qrsexp- BEy) i=1 ®
27hQ, n '
whereF is the operator for the flux through a dividing sur- > exp- BE)

face separating the reactants and products. In numerical cal- =t

culations it is more convenient to work with the so-called

where Qg is the partition function at the transition state in
thermal flux operator

harmonic approximation anH; is the energy of théth vi-

- 1 A\a LA brational state of the activated complex in harmonic approxi-
Fy= exp(— zﬁoH)F exp(— 5/30"')’ () mation. Since

where the parametes, corresponds to a reference tempera- n

ture Ty according toBy,=1/kT,. For a finite reference tem- lim >, exp(— BE;) = Qrs exp(— BE,), 9

perature the thermal flux operator is a regular operator, in  "—~i=1

contrast to the singular standard flux operétoEquation(Z)

can be rewritten as kn(T) converges to the exa&tT)

N(E) = 27242 expl BoE) TracdF o (H ~ E)F 5 00(H ~ E)}. lim kn(T) = k(T). (10

4
@ If the harmonic approximation is reasonable, then m).
state representation Gf/solzv than Eq.(7). It should be noted that the first factor on the
right-hand side of Eq(8) also appears in the harmonic TST.
The thermal rate constant in harmonic TST reads

Fpy2= 2 [T fo fod (5)

TST _ l QTS exp(— BEl)
one obtains K== 8 2#kQ, (D
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B. The multiconfiguration time-dependent
Hartree approach

The MCTDH approach is an efficient scheme to perform
quantum calculations for high-dimensional systéh&° In
the MCTDH approach the wave function is represented as

ny n¢ f
V(X x )= ... 2 Ajl...jf(t)H ¢J(:)(Xkat)- (12
=1 e =

The time-dependent basis functiorj:é()(qk,t), k=1...f are
called single-particle functions. The single-particle functions
are expanded in time-independent ba,gj@{xk)

Ny
B(%,0) = 2 P04 (13)
j=1

The equations of motion for the coefficien@l_,_jf(t) and
ci(.k)(t) are derived from the Dirac—Frenkel variational prin-
ciple. The MCTDH wave function converges towards the
exact solution of the wave functiontif — N; andN; — o, for
i=1...f.

In the present work, the MCTDH approach is utilized to fig. 1. The transition state for the dissociation of. Nhe big and small
perform all real and imaginary time propagations appearingalls represent Ru and N atoms, respectively.
in the flux correlation functions. A modified iterative Lanc-

zos scheme as described in Ref. 81 is used to calculate thestricted by the kinetic-energy cutoff of 25 Ry. We em-
eigenstates of the thermal flux operator. For the real- oployed revised PerdemBurke—Ernzerhof(rPBE)SS general-
imaginary-time propagation a modified version of the con-jized gradient correction self-consistently, and the core elec-
stant mean-field integration schethéias been employed. trons of both the Ru and N atoms were treated with
Matrix elements of the potential are calculated using thevanderbilt nonlocal ultrasoft pseudopotenti$isThe sam-

correlation-discrete variable representation appr(?i%ch. pling of six speciak points was used together with a Fermi
smearing of 0.1 eV. The Ru steps were modeled by using
C. Shepard interpolation Ru(000) and a(4x2) surface cell, where two atom rows

o o ) were removed to give a step. The thickness of the slab was
An_ efficient procgdure to _cons:truct7muItldlmenS!OnaI three layers. It has been shown that this gives a good descrip-
PESs is the Shepard interpolation schéfié The potential tion of N interaction with R(0001).% The transition state of
at a pointZ is given as a weighted average of local secondy, gissociation was localized by constraining the N—N dis-
order Taylor expansions;(Z) for different reference points (5ce and relaxing the other nitrogen degrees of freedom. By
Z, varying the N—N distance, we localized the saddle point. We
V(Z) = S wi(2)Vi(2). (14) applied the same structure optlmlgqtlon procedure also for
i the other N—N distances on the minimum-energy path. The
Hessian matrices needed for the interpolation of the
potential-energy surface were obtained by displacing one N
atom at a time in the three different Cartesian directions
Vi(Z2)=V(Z) +(Z - zi)TGZi +(Z - Zi)THZi(Z -Z). around the optimized configuration.

(15

Gz, is the gradient(irst derivatives ofV to the coordinates Interpolation schemes based on inverse-bond distahces
Z) andHz, is the Hessiar{matrix of second derivatives t0 gre favorable for many systems, since it automatically pro-
Z;) at pointZ;. The number of reference points required toyjges correct asymptotes and a correct description of the
obtain an accurate potential depends on the choice of thgrong atom—atom repulsion at short atom-atom distances. A
coordinates and the weighing function. The optimal choice procedure to define bond lengths between molecular atoms

w;(Z) weighs the contribution of the reference pofjtand
Vi(2) is given by

B. The Shepard interpolation procedure

depends on the system. and surface atoms in the Shepard interpolation approach is
introduced by Crespost al®"®8 the distances between the
I. N, ON A STEPPED Ru(0001) SURFACE molecular atoms and the closest surface atoms are defined as

bond lengths. For the present system, the upper and the
lower N atoms have two and three close Ru neighbor atoms,

The density-functional theory calculations presentedrespectively(see Fig. 1 Following the procedure of Crespos
here have been performed with tbacapo code®* where et al.®”®® we use these bond lengths in the interpolation
the Kohn—Sham equations are solved in a plane-wave basssheme. Since the total number of borifise N—Ru bonds

A. Density-functional theory calculations
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05 (a.u.)
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FIG. 2. The PES as a function 65 and Qg (Q;...Q, are relaxefl The _LILTST . . )
equipotential lines are for energies between 0.7 and 1.2 eV, with a spacingﬁéa?;ég%k#kabIeCIaICUIated using the various sets of reference points as

of 0.05 eV. Solid lines: PES Ainterpolation in inverse bond lengthdDot-
ted lines: PES B(interpolation in transition-state normal coordinates

Circles: positions of the reference points. . .
2.15, 2.25, and 2.5 A The positions of these points are

) shown graphically in Fig. 2. The point with a N—N distance
and one N-N bondis equal to the number of degrees of ;¢ 1 95 A is closest to the saddle point.

freedom, gradients and Hessians in the inverse-bond coordi- Comparing the results of quantum calculatidgfer de-

nate system can be calculated straightforwardly from gradit;iis see Sec. Il Dwith different sets of reference points,
ents and Hessians in Cartesian coordinates. A correspondinge can see that even this small set of reference points is

choice of the weighing function is used sufficient for accurate reaction-rate calculations. Because the
differences between the calculated rate consthrase very
, (16)  small, it is more convenient to discuss the differences in the
2lz-z™ ratio k=k/k™ST, wherek™T is the thermal rate constant ac-
! cording to harmonic TST. Figure 3 presertgalculated us-
ing the different sets of reference points defined in Table I.

whereZ are the inverse-bond distances. The diff bet th its of th ts of two. f
For comparison, we also considered an interpolation pro- "¢ GMMErences between the results of the Seis of two, our,

cedure using transition-state normal coordinates for th(?md seven reference pgints_are negligible. This indicates that
second-order Taylor expansiop&(Z) of Eq. (15)]. The two  ONIY the reference points in a narrow rang9-2.1 A

PESs obtained by the different interpolation schemes aLrground the transition state are required. Even the result ob-
called PES Alinterpolation in inverse-bond distangeand tained with a single reference point differs with less than 6%

PES B(interpolation in transition-state normal coordinates frorr_1 _the seven-point result. It can therefore be expected that
Contour plots of the PESs as functions of the transition-:~3taté‘dd't',9n of more refergnce points on the MEP close to the
normal mode€)s and Q,, with optimized coordinate values Tansition state(N-N distances between 1.95 and 2.0p A
for Q,...Q,, are shown in Fig. 2 together with the positions would have a negligible effect on the reaction rate.

of the reference point<Yg, the reaction coordinate, mainly Although the potential is accurate close to the MEP, the
involves N-N stretching, an@s mainly involves movements potential should not be expected to be accurate in regions far

of N, perpendicular to the surfac8s is the mode with the from the MEP, whgre no rgfergnce poi.nts are ayailable. PES
strongest coupling with the reactive mod@,. Figure 2 A and PES B, obtained using different interpolation schemes,

shows that PES A and PES B are very similar close to th&learly differ in the region outside the reaction path. How-

minimum-energy path, but differ substantially further awayever, Eig. 4 shows that the diﬁerencg between the results for
from the reaction path. k obtained using PES A and PES B is sm#dkss than 4%

Since the different treatment of anharmonicities in PES A
and PES B does not effect the harmonic TST rate constant,
) ) comparison of the rate constaktyields the same result as
C. Convergence with the number of reference points the comparison of the factors. This suggests that the accu-

The dominant computational effort in the present study
arg the DFT CaICUIa“_OnS of the Hessians at the refere_nc?ABLE I. Sets of reference points for the interpolation of the potential.
points. It is therefore important to use the smallest possible
number of reference points in the Shepard interpolation proset N-N distancéA)
cedure. In the present study, only seven reference points onm
the minimum-energy pattMEP) have been considered. The ; pz:gts 11'255 505
reference points are obtained by optimizing the nitrogen dez1 zoints 1.85 1'_95 2‘_05 215
grees of freedom with the constraint that the N-N distance is points 175 185 195 205 215 225 25

fixed for a series of N-N distancé$.75, 1.85, 1.95, 2.05,

Z-Zj™
wiz)= 22l
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1.4 T ‘ \ T T TABLE Ill. Numerical parameters used in the wave-packet propagation.
Ty (Reference temp. 300 K
1.3 Propagation time 73 fs
k 1.2x10°% a.u.
Q5 -80 a.u.
Q5 160 a.u.

a sufficient range to yield converged rate constants. The nu-
merical parameters used in the converged quantum calcula-
tions are presented in Tables Il and Ill.

Several convergence tests have been carried out to en-

1.1

1

200300 400 500600 700 sure that the quantum-dynamics calculations are converged.
T & One of these convergence test concerns the convergence with
FIG. 4. k=k/K™ST for PES A and PES B. n, the number of activated states explicitly included in the

calculation ofk [Eqg. (8)]. Figure 5 compares for n=1, 6,
nd 21. The differences are negligible and converged results
re already obtained far=1. This was also found in previ-
ous calculations for gas-phase systéhfs.
The rotational and vibrational partition functions of, N
D. Quantum-dynamics calculations have been computed within the rigid rotor and the harmonic
The system is described using the six transition-stat@scillator approximations, respectively. Relevant PES data
normal coordinate; ...Qs, which form a convenient coor- ©obtained from DFT calculations are given in Table IV.
dinate system to describe the dynamics in the vicinity of the
transition stateQg, the mode with the imaginary frequency, IV. RESULTS AND DISCUSSION
can be considered as a reaction coordinate. The dividing sur-

face is defined aQs=0. The HamiltoniarH in atomic units

racy of the PES in the region outside the reaction path is noi
crucial for the accuracy of reaction-rate calculations.

The Arrhenius plot of the rate constant obtained from
guantum-mechanical calculations and harmonic TST is pre-

is given by sented in Fig. 6. On the scale of this figure differences are
. 6 2 _ hardly visible, even at the lowest temperatuf280 K). This
H=-2> o +V(Qp, Qs ... Qe) —1Wq,, (17)  figure clearly demonstrates that quantum effects on the reac-
i=1 i

tion rate are small. The ratio between the accurate quantum
whereV(Q;,Q,, ... Qq) is the PES andN,_is a complex-  rate constantk(T) and the harmonic TST approximation
absorbing potentialCAP). The construction of the PES is K'°'(T), «(T)=k(T)/k™ST(T) (which is often called tunneling
discussed in detail in Secs. 11l A=lll C. The CMWQG) is factorn, has already been presented in Fig. 5. From this figure

given by one can find more detailed numbers; the enhancement due to
) guantum effects decreases from 409 at200 K to 10% at
k(Qs—Qp)? if Q5= Q, room temperature. Thus, TST yields an adequate description
Wo, = k(Qg+ Q'G)2 if Qg=< Q'6, (18) aF room temperature and gives a good approximation even at
0 if Ql6 < Q< QL. significantly lower temperatures.

More insight on the role of tunneling on the rate constant

Q andQj define the barrier regio@, < Qs=<Qj. The values  is obtained by studying the cumulative reaction probability
of Q'l and Qg have been chosen so that the barrier region has

1.4
TABLE Il. Parameters for the MCTDH representation of the wave function.
Nur_nber of 13 i
single-
particle Grid range
Coordinate  functions Grid size Grid type (a.u)
*1.2 -
Q 3 30 Hermite
DVR
Qs 3 32 Hermite
DVR 1.1 ]
Qs 3 33 Hermite
DVR
Q 3 = Hermite 300300 400500 600 700
DVR T(K)
Qs 3 96 FFT -240-320
Qs 4 192 FFT -320-400 FIG. 5. (T)=k/K™T for various numbers1 of vibrational states of the

activated complex included in the calculation.
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TABLE IV. Potential-energy surface data: The classical barrier height and sl
harmonic frequencies at the transition stiate— wg) and of isolated B (w).
Transition state 4
Classical barrier 1.0eVv =z
W, 578 cnrt
; 517 cnt 2+
w3 446 cmt
wy 423 cm ;
-1 0 N
s atlem 1.1 1.15 12 1.25
w6 409 cm energy (eV)
Isolated N FIG. 7. The cumulative reaction probability as a function of the energy.
Geometry 213, Solid line: quantum result. Dashed line: TST result. The inset s in
» 2492 cm? the threshold region.

gest coupling with the reactive mo@g. Negative and posi-
tive values ofQg correspond to the reactant and product side,
respectlvely Figure 8 presents the probability density
(Qs,Qg,1). Initially, the wave packet is localized around the
ransition-state regio®;=Qz=0. In the course of time al-
Mmost the complete wave packet moves towards the product

N(E). In TST, N(E) is equal to the number of states of the
activated complex with an energy less thin Figure 7

shows the harmonic TST result together with the quantum
result, displayed for an energy range relevant at room te

of the potential energy of Nin the gas phase. The quantum
result is in good overall agreement with the TST result. The
only difference is that the steps are smoothened due to tun- 100k il
neling, which is most obviously demonstrated in the inset of
Fig. 7. For most practical purposes, however, the tunneling
can be neglected. At an energy of 0.1 eV below the threshold
energy (1.15 eV}, the reaction probability has already a
value below 10°. This result is in sharp contrast to the re-
sults of previous model calculations of the dissociation prob- -100
ability for N, on various metal surfacé;”? where signifi-
cant reaction probabilitieg=107°) have been found for more

05 (a.U.)

100F - ‘»"“\\ S

than 0.3 eV below the barrier energy. Note thHE) is an
upper bound to the initial state-selected reaction probabilities .
since it is the sum of all reaction probabilities. ;

In order to gain insight into the wave-packet dynamics, < T
we discuss the time evolution of the thermal flux eigenstate ©
which corresponds to the ground state of the activated com- 100k

plex with positive flux eigenvalue. This state will be denoted
as|f,) in the following. The wave packet is projected on the
(Qs5,Qg) plane.Qg, the reaction coordinate, mainly involves 100
N-N stretching, andds mainly involves movements of N
perpendicular to the surfac®s is the mode with the stron-

E)
3 oF
wn
T a
-25 — Quantum - _ N
— Qua 100
- 100F g
= 30+
153
= —
= 3
& o ol
- 0o
351 g
-100} -
1 1 1 1
-50 0 50 100 150
-40 Qg (a.u.)

| . L L | L
0.002 0.003 0.004 0.005
YT (1/K)
FIG. 8. Contour plot of the probability densiy(Qs,Qg,t) (see texk at
FIG. 6. Arrhenius plot of the thermal rate constants obtained from quantumeéifferent times as indicated in the figure. Solid lines: contours of the density.
mechanical and TST calculations. Dashed line: contour plot of the PES.
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model potential-energy surfaces employed. While the model
calculations concern dissociation on plain surfaces and not
on stepped surfaces as in the present study, there is no reason
to expect a different behavior for dissociation on step sites
than on the plain surface.

Although the present work gives an accurate sSix-
dimensional(6D) quantum-dynamics study, the present rate
constants cannot be compared directly with experimental re-
sults. In this work, the Ru surface is treated as a rigid sur-
face. Relaxation of the positions of the ruthenium atoms re-
sults in a significant reduction of the barrier eneYrZ‘)y.

N e e However, the ruthenium and nitrogen degrees of freedom are
200 300 400 500 600 700 almost uncoupled in the barrier region. The topology of the
T PES in the barrier region is not significantly changed when
FIG. 9. x(T)=k/K'ST obtained from accurate quantum-mechanical calcula-th€ Surface atoms are allowed to relax. Thus, the effect of the
tions and Wigner’s tunneling theory. surface degrees of freedom is mainly an energy shift. Al-
though this has a large effect on the magnitude of the reac-

side. Only a tiny part moves towards the reactant side, aton rate, it does not affect the reaction dynamics. Therefore
revealed in the probability density far12 fs. After about the frozen-surface description allows for a reliable evaluation
36 fs the wave packet has left the transition-state region. Thef quantum effects, which is the aim of the present work.
other wave packets behave similarly; wave packets with

positive flux eigenvalue move towards product region, whileV- CONCLUSION

wave packets with a negative flux eigenvalue move towards Approaches developed for gas-phase reaction-rate calcu-
the reactant region. Only tiny parts of the wave packet moveations have been applied successfully to a molecule—surface
towards other directions. This behavior can be explained b)éystem: dissociative adsorption of,dn Ru. A potential-

the small variations in the PES in the region where the initialenergy surface is constructed using density-functional theory
wave packet is localized. In previous rate calculations incg|cylations and Shepard interpolation. Reaction rates are
volving hydrogen atom§,**the initial wave packets have a then calculated using flux correlation functions and MCTDH
much larger extension relative to changes in the PES. Sigivave-packet dynamics. Using this approach, the full-
nificant parts of the wave packets were thus located relagimensional guantum dynamics of a heavy-diatom reaction
tively far from the dividing surface, which explains the on a surface could be described accurately. The effect of
stronger recrossing behavior. The difference between Hynneling on the reaction rate is found to be almost negli-

transfer reactions and the dissociation of N thus domi-  giple, which is in marked contrast to findings of previous
nantly a mass effect. Because of the higher mass of nitrogepsgodel  calculation€8°8772 Harmonic transition-state

the imaginary frequencys is much smaller for the present theory can be used to reliably predict the rate constant for
system. This results in a smaller relative width of the thermalyissociative adsorption of nitrogen on Ru and similar pro-

flux eigenstates. _ _ _ . cesses. While the present work has been restricted to a frozen
The Wigner tunneling correction factdrgives a direct Ry surface, future worR will include the effect of surface
relation betweenwg and k, motion.
kM= 1+ 54| wog)). (19
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