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The reaction of gas-phase atomic hydrogen with hydrogen atoms chemisorbed on Fe(110) surface is studied by 
use of classical trajectory procedures. Flow of energy between the reaction zone and bulk solid phase has been 
treated in the generalized Langevin equation approach. A London-Eyring-Polanyi-Sato energy surface is used 
for the reaction zone interaction. Most reactive events are found to occur in strong single-impact collisions on 
a subpicosecond scale via the Eley-Rideal mechanism. The extent of reaction is large and a major fraction of 
the available energy goes into the vibrational excitation of H2, exhibiting a vibrational population inversion. 
Dissipation of reaction energy to the heat bath can be adequately described using a seven-atom chain with the 
chain end bound to the rest of solid. The extent of reaction is not sensitive to the variation of surface tem­
perature in the range of 드0-300 K in the fixed gas temperature, but it shows a minimum near 1000 K over 
the Tg=300-2500 K.

Introduction

An understanding of energy transfer among various 
modes in the interaction system on the surface is a prereq­
uisite for a detailed appreciation of reactive events that fol­
low. Many studies have thus addressed the dynamics of 
trapping and energy transfer on the surface and the sub­
sequent desorption of the product molecule in gas-surface 
reactions.1~3 Among others, it may be of special interesting 
to observe direct reactive interactions of gas-phase reactants 
with atoms or molecules chemisorbed on a metal surface to 
form a molecule that immediately desorbs from the surface. 
This so called the Eley-Rideal (ER) mechanism is less com­
mon than the Langmuir-Hinshelwood (LH) mechanism in 
which both reactants are adsorbed and in thermally equili­
brium with the surface before the reaction occurs.1,4 In the 
ER mechanism, the difference between the exothermicity of 
the gas-phase reaction and the heat of chemisorption is 
large. Thus elucidating the dynamics of intram이ecular en­
ergy flow in the trapped state formed from an active gas­

phase reactant containing excess energy and the distribution 
of the excess energy among various motions of the product 
has been an important problem in gas-surface reactions.4'22

Since chemisorption energies for H on a metal surface lie 
in the range of 2-3 eV,23,24 the H-metal surface is an at­
tractive reactive site to produce highly-excited products 
when the gas reactant to H attraction greatly exceeds this 
range. Rettner et al.12,13 studied the reaction of gas phase H 
(D) with D(H) adsorbed on Cu(lll). They showed the trans­
lational and internal energy and angular distribution of the 
HD product representing their sensitivity to the incident en­
ergy as well as to which isotope was incident. The spread 
of the translational energy distribution was found to range 
from zero to about the maximum available energy that is 
released in the ER mechanism for this system. Gates and co­
workers have examined the reaction between gas phase H 
(D) and D(H) adsorbed on Si(100) and Si(lll), and have 
suggested the ER mechanism based on kinetics studies and 
measured activation energies.14,15 Kratzer and Brenig16 per­
formed 2D quantum mechanical calculations for the ER 
reaction of H atoms incident on H chemisorbed to W. They 
found that the H2 product is formed in high vibrational 
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states. Jackson and Persson17"20 have accomplished similar 
calculations for the ER formation of H2 using potentials 
chosen to model reaction with H chemisorbed to W and Cu. 
They have also obtained a high degree of vibrational ex­
citation, and they featured an important differences between 
the possible isotopic combinations of H and D. Shin21 has 
explored the vibrational excitation of H2 produced in the 
reaction between gas-phase and chemisorbed H atoms on a 
tungsten surface by use of classical trajectory procedures. 
He found that the precursor Hgas- - Hads is formed in the ear­
ly stage of collision, retaining most of the initial excitation 
when it desorbs as H2. We22 also carried out classical traj­
ectory calculations for the reaction of gas phase atomic O 
with H atoms chemisorbed on a corrugated tungsten surface, 
and observed that most reactive events occur in single-im­
pact collisions on subpicosecond scale via the ER mecha­
nism producing highly-excited OH.

The purpose of this paper is to study the reaction of gas­
phase hydrogen atoms with hydrogen atoms chemisorbed 
on the Fe(110) surface. To our knowledge, this reaction 
has not been studied experimentally. Because the H-metal 
chemisorption energy and the stretching frequency are sim­
ilar as Cu, this reaction is considered to show similar prop­
erties as Cu. In the Hgas+Hads/Fe(110) system, the ex- 
othermicity of the gas-phase reaction H+H-^H2 is large (= 
4.478 eV), so that AE=E+DHH-DHFe=(^+2.07) eV is lib­
erated after dissociating the Hads-Fe bond in the case of on- 
top site on Fe(110). Here, E is the collision energy of Hgas, 
and Dhh and DHFe are the dissociation energies of the H-H 
and Hads-Fe bond, respectively. If there is a preferential 
build-up of energy in the H2 vibration, the product can ex­
hibit a population inversion. Therefore, the extent of reac­
tion, extent of H2 excitation, and energy dissipation in the 
solid should be determined in this gas-surface reaction. We 
formulate a London-Eyring-Polanyi-Sato (LEPS) potential 
energy surface for the Hgas-Hads, Hads-Fe, and Hgas-surface in­
teractions in the reaction zone. We also employ the molec­
ular time scale generalized Langevin formalism25'27 to in­
troduce a mechanism of energy transfer between the reac­
tion zone and the bulk phase. On the other hand, Jackson 
and Persson have explored the similar quantum mechanical 
calculations for Cu and W using a flat surface model 
which neglects the dissipation of energy into the solid.17-20 
Thus, it should be intere아ing to compare our results with 
their calculations. At first, we are mai이y concerned with 
the reaction taking place at the gas temperature (Tg) at 2500 
K and the surface temperature (Ts) at 0 K, and then have 
extended to consider the dependence of reaction pro­
babilities on both Tg and Ts.

Model and Numerical Procedures

We show the collision model for the reaction of the gas­
phase H atom with the chemisorbed H atom on the iron 
atom chain in Figure 1. The gas atom interacts with the 
adatom (Hads) and surface(S), characterized by chem- 
isoqjtion and physisorption types, respectively.28 The per­
tinent coordinates are R and 0 for Hgas and zHFe for de­
termining the 1%^ • • distance zHH=(R-zHFe)/cos0, and the 
chain atom coordinates g's; see Figure 1. The …F% in­
teraction potential is assumed to depend on the coordinates

I Heat bath |

Figure 1. Collision coordinates. The gas atom approaches the 
surface and the H atom chemisorbed to the Fe0 atom are shown. 
The chain atoms bound to the center atom (0) are numbered 1, 2, 
…，N, with the vibrational coordinates &), &, §2,••…，

of the - Fe0 bond, zHFe=dHFe+x, and the surface atom 0, 
&). Here, and x are the equilibrium bond distance and 
displacement of the H-Fe0 bond, respectively. We consider 
a chain of Fe atoms which couples the reaction zone to the 
bulk phase. The chain atoms are numbered n=0, 1, 2, N; 
see Figure 1. The motions of the chain is considered to pro­
vide a simple quasiphysical picture of energy flow between 
the reaction zone and the heat bath. All these (7V+l)-chain 
atoms interact directly with the gas atom. We thus consider 
the reaction zone atoms (Hgas, Hads, Fe0) and N chain atoms 
belonging to the primary system and solve the equations of 
motion for an appropriately chosen potential energy surface. 
We denote the remaining infinite number of solid atoms as 
secondary atoms. The secondary atoms influence the dynam­
ics of the primary system through dissipative and stochastic 
force terms, which explicitly enter in the Nth equation of 
motion. These two terms balance, according to the fluc­
tuation-dissipation theorem, so that the proper temperature 
is maintained in the primary zone.25,27 In this model of over- 
simplication of the solid structure, we have ignored some 
possibly important factors, such as the nearest neighbor site 
interactions along the chain and the crystallographic orien­
tation. But, we showed that the energy flow along the col­
linear configuration is the most important in the gas-surface 
interaction, and the inclusion of additional solid atom 
chains to the model does not significantly affect the out­
come of reactive events.29 Kubiak et al. reported also that 
the Cu(110) data are identical to the Cu(lll) data to within 
the experimental accuracy in the dynamics study of H2 and 
D2 recombinatively desorbing from Cu(110) and Cu(lll) 
surfaces.30 Thus, we replace the bulk solid phase by a sin­
gle fictitious TV-atom-composed nearest neighbor harmonic 
chain which is bound to the rest of solid.
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Table 1. Interaction parameters

Interaction Hgas'' ' Hads Hads - Feo H应• S
D (eV)， 4.478(32)* 2.409(33) 0.038**
co (cm ") 4401(32) 1280(33)
Re (A) 0.741(32) 1.36(33) 3.0(34)**

a (A) 0.257* 0.445* 0.40**
0D=h Wk=467 K**  (35)

‘D=D()+% h (0, where Do is taken from the reference.
#Parentheses include references. * Calculated from a=(D/2m)12co.
**See text. "The Debye temperature is needed in using(0就,corn,
Q”，and 队

The incident atom with the collision energy E becomes 
trapped at the adatom site. The trapped atom undergoes a 
strong interaction with Hads on the surface, causing energy 
flow from the Hgas- -Hads vibration to the Hads- -Fe0 bond in 
the complex Hgas- -Hads - Feo. When the Hads- -Fe0 bond 
weakens after gaining sufficient energy, H2 can desorb after 
a residence time. Otherwise, H will rebound into the gas 
phase without reaction. The Hgas-surface distance zHS is the 
relative coordinate R and the Hgas- Hads distance is Zhu느(R・ 
zHFe)/cos0. We describe each atom-atom interaction energy 
in the reaction region by an exponential function containing 
both repulsive and attractive terms and model the interac­
tion in the form of the London-Eyring-Polanyi-Sato (LEPS) 
type30-31 as

U = 日才 {Vhh + *珏  + Rs 나A嘉 +A吕& +A备

+*HFe ] "}, (1)

where
% =扌 D,{(3 + 厶)exp[(z,e-总)/%] - (2 + 6厶)exp[(z：e-z,)/2%]} 

and
A, = + D] {(1 + 34) exp[(z*  -z, )/妃-(6 + 24) exp[(z*  -z,)/2aj} 

for i=HH, HFe, and HS. Here, zie is the equilibrium value 

of the distance z(- and A is an adjustable Sato parameter. 
The potential parameters are listed in Table I.32~35 Although 
there have been no data available on the physisorption of H 
atoms on a Fe surface, the information for the related sys­
tem of HJCu is known. For the latter, the well depth is 괘5 
meVJ6 Assuming the ratio Ddiatom>surfacyDatom>surface=1.2 to hold 
in this case,37 we estimate Z)HS=0.038 eV and take 3^6=0.4 
A to reflect the characteristics of physisorption. The van der 
Waals radii of H and Fe are 120-145 pm and ~160 pm, 
respectively,34 so we take R=3 A. The explicit forms of V) 
and A, given above are now dependent on R, x, 0, and 或 i. 
e., the LEPS potential energy has the functional dependence 
on U(R, x, 0,臥

The value of the Sato parameter often lies in the range of 
-0.5 to 0.6 for atom-atom or atom-diatom reactions taking 

place for both the gas-surface system and the gas phase.19,223^2 
We adjust A such that the resulting potential minimizes the 
contribution of activation energy barrier and attractive po­
tential well in the exit channel. The result is A=0.33. Fig­
ures 2(a, b) show the potential energy surfaces calculated 
with this Sato parameter in the direction of 0=0° and 80°, 
respectively. The former exhibits a smooth entrance channel, 
whereas the latter shows the occurrence of a barrier in the 
entrance channel which is not shown explicitly. From finer 
calculations, the barrier is found to appear at the H-H dis­
tance of 2.29 A and H-Fe distance of 1.52 A. In the latter 
case, even though the barrier is low, the extent of reactive 
collision is significantly decreased, which will be discussed 
later.

In the present system, the dynamics of the %$"出心4宅() 

interaction is influenced by the inner Fe atoms. We assume 
these atoms, as well as 0 atom, to undergo harmonic vi­
bration V(^n)= Af(oe„2^„2f where M is the mass of Fe and 

is the Einstein frequency. Because of the cross terms, 
the sum of solid interaction potential energies includes 
terms such as 嘛;项粉，爲+i&g"+i，etc., where 
o)cn is the coupling constant characterizing the chain. Thus, 
with the LEPS function given above, we can express the 
overall interaction potential for the present system in the

或) 8
1
호
 S

K
I  

g

'

H

Figure 2. Potential energy contours for the LEPS function for (a) 0=0°. (b) 0=80° and 2眼(产抑吋 The position of the barrier is indicated 
by a cross. The labeled contours are in eV.
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form

u〈R,x, e,忑})=法{"卜 vHFe + vHS

+A嬴 +A^s ~(&*  +*&Fe  )&S 卩아

+2(須就必&2)+£(坂"辑一1§，另Ma#，讦忑&・+i，etc.),

1 1 ⑵

where the notation {&} denotes the set of chain atom coor­
dinates (&, &, &, .... &).

The gas-phase H atom approaches the surface at the im­
pact parameter b. In the initial approach, the angle between 
the Hgas - Hajs axis and the surface normal is represented by 
0=tan-1[b/(R-ZHFe)]. When the Hgas- - interaction sets in, 
however, 0 varies according to the angular velocity equa­
tion d0(t)/dt =(2E/^)V2 b/Z^H, where 卩 is the reduced mass 
associated with the H -surface interaction. A united set of 
the effective equations of motion for the reaction zone and 
N chain atoms can then be written as

以(t)=-dU(R,Xi 6,化})/派， (3a)

卩hf应(t)=-dU(Rfx, 0, {&})/3x, (3b)

0 (r)=(2矽"广 b/瑶, (3c)

m¥ 始3, {&})/%”(3d)

冲片—Ma后必2&⑴， (3e)

必痪(r)+Ah矽2&Q)+Ma爲&(，)， (3f)

M* 드-Mu#jv-i&v-a#v-i&v-2(7)+M), (3g)

M»(牛-Ma孤(t)+M峪BnM N0)+Mh뉘0).

(%)

Here gHFe is the reduced mass associated with the H-Fe0 
bond. The Hgas- -Hads interaction dominates others in the 
LEPS potential, so that the HH force term in the r.h. side of 
Eq. (3a) is of major importance in determining the collision 
trajectory R. Eq. (3c) determines the variation of 0 during 
the interaction for a given value of b. Eqs. (3d-h) for n=0, 1, 
2, N are the chain representation of the many-body dy­
namics and correctly describe the short-time (Einstein limit) 
processes. In Eqs. (3d-h), (oen and a丄“ are the short-time 
scale effective harmonic frequencies and d is the adiabatic 
frequency. At short time the /ith oscillator responds like an 
isolated harmonic oscillator with frequency(aeNi whereas d 
determines the long-time response of the heat bath. The fric­
tion coefficient governs the dissipation of energy to the 
heat bath, which occurs long after the reaction.29 Hie quai> 
tity MfN+l(t) in the Nth equation is governed by the fluc­
tuation-dissipation theorem 明+") • ^+1(0)>=(6jt7yW)Pv+i(0-27 
The values of cneN, a)彼,d, andare given elsewhere29; the 
Debye temperature 0D= ii K.35 With computation­
ally convenient friction kernels and fluctuating forces, Eqs. 
(3a-h) offer an approximate but realistic way of handling 
many-body coupling of the reactants to the solid atoms in 
the primary zone and then the primary zone to the heat bath.

Results and Discussion

Computational Details. The computational routines

include Monte Carlo procedures43 to generate random num­
bers. We first sample collision energies E at Tg in accord­
ance with the Maxwell distribution function RE, Tg) oc 
e-E/kT?. This sampling is important in studying the tem­
perature dependence, since each atom with a given collision 
energy collides with the surface and undergoes reaction. In 
sampling impact parameters b, we note that dFe.Fe is 2.52 A,44 
whereas zHH,e is 0.741 A,32 so that L7zHH,e is very close to 
the half-way point between two adjacent surface atoms. 
(Hereafter, we express zHH,e by 乙). Thus, we o미y consider 
gas atoms approaching the surface with an impact parame­
ter in the range 0<b/ze<1.7. The initial condition for solv­
ing Eq. (3c) is Wo)=tai】T{b/困仏))・Zhf0)}, where R0o)=R+ 
끼n[0)/E)+0)/E)2]+2이머cosh[0/2卩)%血)] - [D/(E+D)]^}, 
and ZHFe^o, EViHFf, &IFe)=ZHFe,o+ 2角成1口{[1+(&皿%)皿)'血 

(』HFe4)+8HFe)]/[l-(Ev,HFe%)HFe)]L Here, A HFe=[2(Z)HFe-^v,HFe°)/ 

卩HFe]*/2aHFe,  D and a are the potential constants for the Hgas 
• -Hads interaction, and D^,角成,&Fe and £ViHFe° are the po­
tential constants, initial phase and vibrational energy of the 
H-Fe0 bond, respectively. We also consider the H-Fe0 vi­
bration to be initially in accordance with the Maxwell dis­
tribution function g(Ev^, Ts) oc 厂如햐次奶, Therefore, we 
need to sample E, &,杼3 &血，and b. For the nth chain 
atom, the initial conditions are ^n(r0)=Ansin((o€„r0+5n) and 
£ n (M)二 一 数f o)] * , where A?=2kT/M 鴻 and the

phase 8n is randomly sampled. Once the initial conditions 
are sampled, Eqs. (3a-h) can be solved by standard traj­
ectory methodology.21,43,45 In solving these equations, we be­
gan trajectories at a distance R(t°) or 15 A, and the equa­
tions are integrated until trajectories proceed to at least 50 A 
from the surface after the final turning point. We define the 
reaction time tR as the time at which the center of Hgas- - -Hads 
bond reaches 5 A after passing through the final turning 
point. The time step in the integration is set at 0.25 fs or 1/ 
30th the vibrational period of H2, the shortest period in the 
reaction system.

We first consider the effect of chain length on the reac­
tion to establish the optimum size of the chain for a real­
istic calculation of reactive events. For this purpose, we 
take some representative trajectories of single-turning-point 
(STP) reactive event and compute the dependence of energy 
transfer to the solid Es on N at Tg=2500 K and Ts=0 K. In 
these calculations, Eq. (3h) is replaced by N(t)=-Mco^N

(t) +M ) to neglect the dissipative mechanism. 
When there is no dissipative mechanism, the energy transf­
erred to the (N+l) chain Es(f) remains without dissipation 
into the inner region of the solid, so that the limiting value 
£s(°°) is constant. As N increases, the limiting value 氏(。。) 

oscillates, leveling off to the constant value after N=6. This 
indicates that we can do a realistic calculation of the gas-sur­
face reaction with a relatively small number of heat bath a- 
toms. Throughout this work, we will therefore use the 7- 
atom chain (ie, N=6).

Distribution of Collision Times, The interaction be­
gins at near t=0, and then the incident atoms either rebound 
to the gas phase or combine with the adatom to form a H2 
m이ecule. Of 10000 trajectories sampled in 0<b/Ze<1.7, 
1736 have produced H2. These trajectories are distributed 
over a range of reaction times tR; this distribution is shown 
in Figure 3. These reactive trajectories have their reaction 
times in the range of 0 to 3.5 ps. Moreover, 1391 of 1736
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Figure 3. Distribution of reaction times.

trajectories undergo STP collisions on a subpicosecond 
scale (Zr<0.5 ps). Peden and co-workers have considered 
the reaction to follow the ER mechanism, if its reaction 
time is less than 10 ps.46 If we apply the latter time scale, 
essentially all reactive events clearly follow the ER mecha­
nism.

Dynamics of Reactive Collisions. To examine de­
tails of the time evolution, we selected a trajectory which is 
representative of the single-impact collision at Tg=2500 K 
and Ts=0 K, and plotted the evolution of pertinent quantities 
in Figure 4. In Figure 4a, we show the collision trajectory, 
Hgas…Hads distance, and Hads -Feo distance. The incident 
atom is trapped for a short time on the surface at the be­
ginning of collision, forming a loosely bound state Hgas- - 
Hads in the upper region of the potential well, and exchanges 
energy with the Hads-Fe0 bond. H2(g) will form when the 
amount of energy transfer to the HLds-Fe。bond exceeds the 
dissociation threshold Otherwise, either the Hgas atom 
rebounds from the surface or it becomes trapped on the 
adatom site permanently, forming H2 in the adsorbed state. 
For the present system, however, the latter fraction is negli­
gible. In this figure, we also show that the vibration of Hgas 
•• •Hads is in near resonance with the Hads- -Fe()vibration in a 
complex 11郸•••Hads…F%, In fact, a near-resonant variation 
of these bonds is also seen in the time evolution of £v H2(r) 
and Ev>HFe(0j Figure 4b. Here, we can determine the time de­
pendence of the vibrational energy of Hgas - Hads and Hads- - 
Fe0 bond in each collision from the expressions 
号H2(r)=% ^H2zHH(t)2+D and
&皿")=男 MHFe [ZhfG-，負)]2+，DHF.{l-eTzH由M。"아/}2, 

respectively. The sharp variation of these energies during 
the impact indicates an efficient flow of energy from the 
newly formed Hgas- - Hads bond to Hads- Feo in the complex 
Hgas . Hads …Fe。on the surface as a result of a strong col­
lision between the Hgas and Hads atoms. The time evolution 
of £v>h2(z) shown in Figure 4b indicates that the deactivation 
of high-energy Hgas- occurs in a single step losing a 
large amount of energy (»kT), most of which transfers to 
Hads • Feo. The essential part of energy flow from Hgas - Hads
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The collision trajectory, H-Fe0 distance, and Hga广H^s distance, (b) 
the time evolution of the vibrational energies of H2 and H-Fe0, 
and (c) the solid energy with dissipation.

completed during the compression of Hgas- -Hads toward the 
closest approach in a short period of 0.1 ps. Hgas - Hads sta­
bilizes to H2 as it stretches out from the closest approach 
and desorbs at m0.2 ps with &此(£)=2.237 eV. That is, 
molecule H2 desorbs with significant vibrational excitation, 
accompanied by some translational energy. Figure 4c shows 
the energy buildup in the solid chain on the Hg銘…瓦山 im­
pact and its slow dissipation into the heat bath. In this fig­
ure, the dissipation process is shown up to t=1.5 ps, but 
even at several picoseconds after reaction, the dissipation is 
still in progress. The Hgas- -Hads attractive energy at the be­
ginning of collision is 4.751 eV, and after dissociating the 
Hads-Fe0 bond, the remaining energy and the collision en­
ergy for the representative trajectory considered in Figure 4 
are distributed among various motions of the product H2 as 
Ev,H2=2.237 eV, £r,H2=0.503 eV, E(,h2=0.0314 eV, and 瓦= 

0.0299 eV. That is, nearly all the energy liberated in the 
reaction is carried by the gas phase H2.

The ensemble average of selected effects of all STP col­
lisions should provide a great insight into the dynamic as-
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pect of the reaction. Figure 5b shows the ensemble avera­
ged time evolution of the vibrational energy of H2,风嵌)， 

in these STP collisions. Comparing this curve with the col­
lision trajectory shown in Figure 5a, the incident atom re­
sides at the surface for a 돕hort period of about 0.3 ps before 
desorbing as H2. The vibrational energy curve begins with 
Dh2 at tQ and rapidly decreases to the limiting value E^h』00) 
=2.175 eV. Also shown in Figure 5b is the time evolution 
of the rotational energy, It increases in the trapped 
state and then levels off to the limiting value 0.434 eV, 
which is much less than 风此(8). The translational energy 
of the desorbing H2 is 0.219 eV. In Figure 5c, we plot the 
time evolution of the ensemble averaged vibrational energy 
of the solid with or without the energy dissipative mecha­
nism. In the non-dissipative case, the energy that has ac­
cumulated in the chain remains in it; i.e., Es(t) levels off to 
a constant value of about 0.029 eV as —>。。； see the upper 
curve. On the other hand, in the presence of the dissipative 
mechanism, Es(t) slowly dissipates into the heat bath. Even 
at Z=4.5 ps, about 14% of Es(t) has not yet dissipated. It
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Figure 5. Ensemble-averaged time evolution: (a) The collision 
trajectory, (b) the vibrational and rotational energies of H2, and (c) 
the solid energy with or without dissipative mechanism. In (b), 
the dotted line indicates the reaction threshold. 

takes many picoseconds to complete dissipation, represent­
ing that the many-body effect does not affect the short-time 
reactive event, in which the product has departed from the 
surface long before energy dissipation.

Energy Distribution and Reaction Probability. In 
Figure 6, we show the distribution of the vibrational, ro­
tational, translational energies of H2) and energies trans­
ferred to the solid in 0<b/ze < 1.7 for all reactive events at 
Tg=2500 K and Ts=0 K. Figure shows significant results on 
the dependence of these energies on the impact parameter. 
In Figure 6a, H2 molecules produced in a small b collision 
are vibrationally highly excited and there are many such 
reactive events. The vibrational energy decreases with in­
creasing b, but the number of reactive events is greatly di­
minished in such lai•응e-b collisions. The mean vibrational 
energy of the desorbed H2 molecules is 2.145 eV. In Figure 
6b, rotational excitation in small-b collisions is very small, 
but it is of significance in large-b collisions. However, the 
number of reactive events is very small when b is large, so 
that the problem of rotational excitation in the present gas­
surface reaction is less important than the vibrational ex­
citation. In Figure 6c, the translational energy of the reac­
tive product H2 molecule decreases with increasing b, but 
the rate of decrease is slower than the vibrational excitation. 
Particularly, these translational energies are lower than vi­
brational energies of H2, in the range of 0.0005 to 1.323 eV. 
The mean translational energy of the desorbed H2 molecules 
is 0.227 eV. Rettner47 reported that the mean kinetic energy 
of the HD produced in the reaction of a beam of H(D) at­
oms with D(H) atoms chemisorbed on a Cu(lll) surface at 
100 K is close to 1 eV, independent of final angle within a 
range of ±20° of the surface normal. Jackson and Persson 
also reported that the average translational energy calculated 
at normal incidence with the incident energy £=0.075 eV 
for the reaction between a gas phase H atom and an ad­
sorbed H atom is -0.85 eV.19 The latter values are sig­
nificantly higher than the value calculated in the present sys­
tem. In Figure 6d, energies transferred to the solid are re­
markably small, in the range of 0.0002 to 0.118 eV. These 
also decrease with increasing b, and the mean energy is 0.03 
eV. This value is significantly small compared to the mean 
calculated energy transferred to the solid in the reaction of 
gas-phase oxygen atoms with carbon monoxide molecules 
adsorbed on a platinum surface, 0.6 eV.29

In Figure 7a, we plot the reaction probability P(b)=NR(b)/ 
N(b) as a function of b, where NR(b) and N(b) are the reac­
tive and total numbers of trajectories in a given b range, 
respectively. The probability takes a maximum value of 0.64 
at 0<b<0.1. Then, as b increases from zero, P(b) sharply 
decreases. As noted in Sec. 2, the incident atom approaches 
the surface with the Hgas to H* ，direction at the angle 0=tan 1 
[b/(R-ZHFe)] from the surface normal. When the Hgas - Hads in­
teraction begins, however, 0 varies according to the angular 
velocity equation d 0(t)/dt = (2E/^b/z^ until 
the time at the first turning point), where 标 is dependent 
on the interaction potential. At the instant of the first impact, 
this equation gives the solution 어出, which can be con­
sidered as the "true" incident angle toward to the adatom. 
For all reactive collisions, this angle varies approximately 
linearly with the impact parameter. The angles are confined 
to the angle of 0 to 60°. In a collision with b>Ze, most of
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Impact Parameter (b/ze) Impact Parameter (b/ze)
Figure 6. Dependence of (a) the vibrational energy, (b) the rotational energy, (c) the translational energy, and (d) the energy transferred to 
the solid on the reduced impact parameter b/ze.

these angles are over 60°, and then the reaction probability 
is significantly small. The potential energy surface for over 
60° is quite different with for 0°; see Figure 2b. For the 
former there is a barrier in the entrance channel. Moreover, 
if the angle of incidence of the Hgas with respect to the sur­
face normal is over 60°, incident (normal) energy E is then 
less than one quarter of the total translational energy. Thus, 
the incident atom from 0FrP>6O° is less likely to overcome 
this barrier. Finally, H2 formation ceases for b/ze>1.3.

On the other hand, we can express the classical reaction 
cross section, conesponding to P(b) determined above in 
the form。느27寸:P0)b db. The result is 0=0.268 A2 at Tg= 

2500 K and Ts=0 K. It is interesting to compare the cal­
culated cross section with g^0.5 A2 for the H2 formation 
on Cu(lll) estimated in the collision energy range 0.05-0.25 
eV by Persson and Jackson.19 These calculated values are 
significantly smaller than the approximate values 4±2.7 A2 
and 5.4±1.3 A2 which are estimated from the observed 
reaction probabilities between H(D) and saturated over­
layers of D(H) on Cu.12 The reason the calculated values 
are significantly smaller than the experimental values seems 
due to the hot atom mechanism neglected in the cal­
culations.48

Both £Vih2 and P(b) decrease with increasing b; see Fig­
ures 6a and 7a. That is, the production of a large number of 
H2 with high vibrational excitation and a small number with 
low excitation creates conditions for a vibrational population 
inversion; see Figure 7b. Here we reversed the &此 axis 
from 3.0 eV to 0 eV to reflect the situation that small-b col­
lisions produce highly-excited H2, whereas large-b collisions 
produce unexcited H2. The maximum population occurs at 
氏现2=2.3 eV, which corresponds approximately to v=4. A 

similar vibrational population inversion has been found in 
OH produced from the recombination of gas-phase oxygen 
atoms and chemisorbed hydrogen atoms on a tungsten sup 
face,22 and in CO2 produced from the reaction of oxygen at­
oms with chemisorbed CO on a platinum surface.7,29 In Fig­
ure 7c, we show the rotational population. As mentioned 
above, rotational excitation in small-b collisions is very 
small, even though the number of reactive trajectories is 
large in this region. But, rotational excitation is significant 
when b is large, while the number of reactive events is very 
small when b is large. Thus, the maximum population oo 
curs at 0<£r)H2<0-2 eV. This suggests that the rotational ex­
citation is not important in the desorption process.

Temperature Dependence of Reaction Probabil­
ity. We consider the dependence of the extent of reaction 
on both Tg and Ts. The results provide valuable information 
on the dependence of reaction probabilities on surface and 
gas temperatures. Nearly all the reactive events occur in a 
single-impact collision. Thus, a direct reaction is in favor at 
the high gas temperature but is weakly dependent on the 
surface temperature. In Figure 8a, we plotted the reaction 
probability over the Ts=0-300 K for the fixed value of Tg= 
2500 K. It is then a total reaction probability P(T) and is dif­
ferent from P(b)=NR0?)/N(b) presented above, which is the 
probability at given impact parameter. The figure shows 
that the P(T) decreases o이y slightly with Ts in the surface 
temperature range. This indicates that the reaction energy 
comes primarily from the incident atom, which is the es­
sential feature of the ER mechanism.49 Futhermore, the frac­
tion of adatoms in the F0矿F% vibrational energy state cor­
responding to the first excited state at Ts=300 K is less than 
0.22%, thus it is not important to consider excited Had广F%
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states in calculating reaction probabilities in this system. 
The weak temperature dependence may also indicate that 
the principal features of the reaction dynamics discussed 
above for Ts=0 K remain unchanged.

In Figure 8b, we plotted the total reaction probability 
over the Tg from 300 to 2500 K with fixed Ts=0 K. This fig­
ure shows that the dependence of the P(T) on the gas tem­
perature is also not significant. But, the reaction probability 
shows a minimum near 1000 K. For analyzing this situation, 
we calculated the reaction probability P(E) for the fixed 
value of the collision E in the range of 0.02-0.30 eV, and 
plotted in Figure 9a. In the former calculation, we also have 
fixed Ts=0 K. In this figure, it can be noticed that the reac­
tion probability P(E) 아lows a minimum near E=0.1eV. That 
is, there is a significant decrease in the probability P(E) 
when E is raised from 0.02 to 0.10, but beyond this energy 
range the probability P(E) increases smoothly. On the other 
hand, the reaction probability P(T) can be calculated by in­
tegrating over a Maxwell-Boltzmann distribution of the
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Figure 9. (a) The dependence of the reaction probability on the 
collision energy, (b) The Maxwell distribution of energies and its 
dependence on the temperature.
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translational energies at a given temperature as P(T)= 
j°°QP(E)f(E)dE. We plotted the Maxwell distribution of en­

ergies and its dependence on the temperature in Figure 9b. 
Then, the minimum of the reaction probability near Tg=1000 
K can be explained by P(E) and f(E). At the gas tem­
perature 300 K, the maximum intensity of kinetic energy is 
shown at 0.04 eV, and the reaction probability at this en­
ergy is quite large, 0.159. Whereas, at the gas temperature 
1000 K, the maximum intensity of kinetic energy is ap­
peared at E=0.13 eV, and the reaction probability shows the 
minimum, 0.130, in this energy. At Tg=1500 K, the max­
imum intensity of kinetic energy appears at 0.19 eV, and 
the reaction probability at this point increase to 0.139. Thus, 
it can be noticed that the minimum of the reaction prob­
ability appears near Tg=1000 K by considering P(E) and f 
(E).

Concluding Comments

The reaction of H(gas)+H(ads) on an iron surface has 
been studied by solving the effective equations of motion 
for the reaction zone atoms and solid-chain atoms. A LEPS 
potential energy function has been used for the reaction 
zone interactions, and harmonic representation for the vi­
brations of s이id atoms with the Nth atom subject to dis­
sipative and stochastic forces. The coupling of the reaction 
zone motions to seven chain atoms is sufficient to give ade­
quate results for the present gas-surface reaction. Nearly all 
of the reactive events occur in STP collision, following the 
ER mechanism. The energy liberated in the reaction is de­
posited mainly in the vibrational motion of the desorbing H2. 
The reaction is treated at various impact parameters b and 
collision energies. The vibrational energy is largest for the 
collinear collision and decreases steadily with increasing b. 
The reaction probability takes also maximum value at b=0. 
The formation of a large number of highly excited H2(g) in 
small-b collisions and a small number of less excited H2(g) 
in large-b collisions results in a vibrational population in­
version. The probability of H2 formation is essentially in­
dependent of the surface temperature between 0 and 300 K 
at a given gas temperature. However, the probability of H2 
formation show a minimum near 1000 K when the gas tem­
perature increases from 300 to 2500 K.
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The addition of phosphite derivatives 1 to nitroalkenes 2 afforded a-phosphoryl nitronates which, on treatment 
MCPBA, were converted p-keto phosphonates 3. A versatile reaction conditions to generate a-phosphoryl ni­
tronates were examined. a-Cyanoalkylphosphonates 6 were prepared from the diethyl trimethylsilyl phosphite 
(DTSP) 1c with nitroalkenes 2 and followed by reduction.

Introduction

Phosphonates are valuable reagents for the construction 
of carbon-carbon double bonds because their use provides 
control of olefin regio- and stereoselectivity.1 p-Keto phos­
phonates and a-cyanoalkylphosphonates are useful inter­
mediates for homologations of aldehydes and ketones to a, 
p-unsaturated carbonyl and nitrile compounds via the Hor- 
nor-Wadsworth-Emmons condensation. Many synthetic ap­
proaches for the preparation of (3-keto phosphonates have 
been developed, ranging from the direct Arbuzov reaction 
of trialkyl phosphites with 1-haloalky 1 ketones2 to the more 
sophisticated methods using organometallic reagents.3 They 
have limitations in terms of the conditions employed, com­
petition from other reactions, and the preparation of starting 
materials. Recently, P-keto phosphonates were also obtained 
by either base-induced isomerization of enol phosphates or 
reaction of ketone enolates with dialkylphosphorochloridite 
followed by air oxidation.4 These synthetic methods using n- 
butyllithium are not convenient in terms of economical cost 
and safety. Other miscellaneous methods include oxidation 
of p-hydroxyalkylphosphonates,5 acylation of l-(trimethyl- 
silyl)vinylphosphonates,6 hydrolysis of vinylogous phos­
phoramides,7 reaction of 2-(diethoxyphosphinyl)carboxylic 
acid chlorides with organometallic reagents,8 the use of 
(diethoxyphosphoryl)acetonitrile oxides,9 via allenenic inter­
mediates,10 Pd(0)-catalyzed rearrangement of the 2,3-epox- 
y alkyl phosphonates,11 reaction of phosphite with epoxysul­
fones12 or chloroepoxide,13 reaction of silyl enol ethers with 
phosphite using hypervalent iodine compound,14 alkylation 
of p-keto phosphonates,15 addition of alleniqjhosphonates 
with dialkylamines,16 acylation of triethyl phosphonoacetate17 
or diethyl phosphonoacetic acid.18 a-Cyanoalkylphosphon- 

ates have been obtained by the reaction of triethyl phosphite 
with l-bromo-l-nitro-2-phenylethylene19 and treatment of 
benzyl cyanide with suitable base and diethyl chloropho­
sphate.20

Our research has focused on the reaction and develop­
ment of synthetic routes to a-substituted alkylphosphonates,21 
and we have developed the synthetic method from nitro­
alkene derivatives to P-keto phosphonates22 and a-cy ano­
alkylphosphonates.23 Herein we report the reaction of phos­
phites with nitroalkene derivatives in more details, provid­
ing information on its scopes, mechanisms, and limitations.

Results and Discussion

Synthesis of P-Keto Phosphonates 3. The nitro 
group is particularly versatile in synthesis since it may be 
transformed into legion of diverse functionality.24 It can be 
readily converted to a carbonyl substituent in the classical 
Nef reaction.25 The nitroalkenes are synthetic equivalent of 
the carbonyl a-cations.26 Addition of phosphites to nitro­
alkenes affords a-phosphoryl nitronates in the presence of 
Lewis acid. These nitronates are converted into P-keto phos­
phonates under Nef reaction conditions. The addition reac­
tion required one equivalent of Lewis acid and the order of 
reactivity of Lewis acids was TiCl4>SnCl4>ZnC12 (Table 1, 
entries 1-3). Therefore, we performed the addition of 
triethyl phosphite la with nitroalkenes 2 in the presence of 
TiCl4 and followed by the Nef reaction with m-chloro- 
perbenzoic acid (MCPBA). In general, 나le Nef reaction of­
ten involves either acidic or strongly basic condition. How­
ever, the reaction of triethyl phosphite and nitroalkene in 
the presence of TiCL followed by hydrolysis with water 
gave a p-keto phosphonate with trace amounts. Fortunately,


