
Intro duction

W e b egan this w ork with the en th usiastic in ten t of obtaining, for the �rst time, the re-

activit y functions of astroph ysically relev an t ion-molecule reactions in v olving the LiH +
2

system. Indeed, new and v ery accurate p oten tial energy surfaces w ere a v ailable and

ready to b e used in dynamical calculations. A classical and quasiclassical dynamics

program, set up in our group some y ears ago, w as suited for studying molecule-surface

scattering. W e therefore mo di�ed some parts of the co de in order to treat atom-diatom

reactions, and w e completed our preliminary w ork with calculation and implemen ta-

tion of the title system forces. The subsequen t dynamical study pro ceeded through

di�eren t steps: from estimations of necessary impact parameters, to the determina-

tion of ro vibrational e�ects, to the �nal obtainmen t of rate constan ts for the ground

state reactions. Besides, an undergraduate studen t has triggered and catalyzed the

ac hiev emen t of rate constan ts for the excited state reactions to o. In the second part of

m y PhD course, the opp ortunit y of dealing with molecule-surface reactions, an age-old

sub ject in our group, roused m y curiosit y . P oten tial energy surfaces for in teractions

b et w een Hydrogen atoms and a Nic k el surface had b een already implemen ted, c hec k ed,

and used in our group. F urthermore, the lately and curren t stress of the hot atoms

role, though p o orely studied, on surface pro cesses, has prompted us to deep en that

question. Hence, w e started the second part of our w ork with the parallelization of the

molecule-surface co de, in collab oration with Dr. Stefano Morisi, in order to study the

disso ciativ e c hemisorption of H2 on a Nic k el surface, and w e pro ceeded to c haracterize

the dynamical b eha viour of the hot atoms in v olv ed.

This w ork is organized in three parts. In P art I, w e describ e the metho dological

approac hes w e ha v e used to carry out calculations of the relev an t reactivit y functions

of atom-diatom and molecule-surface reactiv e scattering. This part is mainly dedicated

to the presen tation of quasiclassical tra jectory (QCT) metho ds, but also to alternativ e

classical approac hes, as the capture mo del, commonly used for ion-molecule reactions.

F urthermore, w e describ e the Langevin approac h to thermal bath sim ulations of solids,

emplo y ed for surface thermalization.
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In P art I I, w e in tro duce the LiH +
2 system and its relev ance in the Primordial Univ erse

c hemistry , and w e sho w reaction probabilities, cross sections and rate constan ts results.

In P art I I I, w e in tro duce the H2=Ni(100) system, and QCT results of c hemisorption

probabilities, hot atoms formation and relaxation are sho wn.
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1. Quasiclassica l T rajecto ry

Dynamics

In classical tra jectory (CT) dynamics [1], consecutiv e con�gurations of N -particle sys-

tems are generated b y in tegrating hamiltonian equations of motion. The result is a

tra jectory , i.e. a sequence of p oin ts in the phase space whic h sp eci�es p ositions and

v elo cities of all N particles at eac h instan t of time. Giv en a p oten tial energy surface

(PES) with analytical deriv ativ es (forces) and a w ell de�ned set of initial p ositions and

momen ta for all the n uclei, the classical equations of motion for a simple molecular col-

lision ma y b e solv ed exactly . W e b o w to the common use of the term �exact� to mean

�n umerically accurate to a few signi�can t �gures, within the con text of a certain set

of fundamen tal assumption�. Within the assumption of classical mec hanics, classical

tra jectory studies pro vide exact solutions for mo del scattering problems. The question

of CT v alidit y hinges on the imp ortance of quan tum e�ects as the in terference, tun-

neling, quan tization and selection rules. In order for the CT metho d to b e accurate,

these e�ects either m ust b e unimp ortan t or m ust b e accoun ted for in some satisfac-

tory fashion. The �rst question whic h m ust b e answ ered in a CT study of a reactiv e

system is whether one should b e using this metho d at all. CT studies are useful not

just b ecause they yield reaction cross sections, reactivit y as a function of initial energy

distribution and other observ able reaction attributes, but also for the insigh t they ma y

o�er in to the actual reaction ev en t. One ma y lo ok at the atomic motions in represen-

tativ e tra jectories, and one ma y calculate suc h non observ ables as opacit y functions

(probabilit y of reaction as a function of impact parameter) and dep endence on features

of the PES. F urthermore, for some complex systems with man y degrees of freedom,

the CT approac h is the only computationally feasible, at the momen t, to p erform full

dimensional dynamics.

The CT dynamics for reactiv e scattering consists of three steps:

1. Selection of initial conditions for eac h tra jectory

14



1. Quasiclassical T ra jectory Dynamics

2. Numerical solution of the classical equations of motion b et w een time t1 (b efore

the collision) and time t2 (after the collision)

3. Analysis of the �nal state of the system and c hannel determination

4. Ev aluation of reactivit y functions and statistical analysis o v er a batc h of tra jec-

tories.

If the initial conditions are c hosen to b e only those whic h corresp ond to the quan tally

allo w ed v alues of in ternal energy and rotational angular momen tum, then the metho d

is termed �quasiclassical�. In the quasiclassical tra jectory (QCT) metho d, molecules are

prepared in discrete in ternal energy states corresp onding to the quan tum states of the

molecule. Once the tra jectory has b egun, this quan tum restriction is relaxed so that the

time ev olution of the system is go v erned solely b y classical mec hanics. QCT metho ds

w ork reasonably w ell when applied to exo ergic and barrierless, or with small barriers,

reactions. In this w ork w e applied the QCT metho ds to gas-phase and molecule-surface

reactions, where the �rst are barrierless, whereas the second ones sho w small energy

barriers.

In this w ork w e ha v e used the QCT program TRAJ-S that has b een set up in our

group for molecule-surface dynamics studies [2, 3, 4, 5, 6 ] (see Section 1.1.2). This

program enco des classical (CT) and QCT metho ds with the p ossibilit y of using sev eral

p oten tial energy surfaces (PESs) kinds. W e ha v e then mo di�ed and added some routines

in order to adjust the program for atom-diatom dynamics studies (see Section 1.1.1).

1.1. Selection of Initial Conditions

Before equations of motion can b e in tegrated to obtain a tra jectory , initial v alues of

co ordinates and momen ta m ust b e sp eci�ed. These initial v alues dep end on the c hosen

set of collision parameters, whic h are those geometric parameters whic h c haracterize a

collision and mak e one collision di�er from another.

1.1.1. A tom-Diatom Collision P a rameters

Here w e consider a diatomic molecule AB colliding with an atom C, i.e. a three-atom

system AB + C with cartesian co ordinates qA ; qB ; qC . A con v enien t co ordinate system

15



1. Quasiclassical T ra jectory Dynamics

for AB + C scattering is one whic h emplo ys the Cartesian co ordinates of atom C relativ e

to the cen ter of mass of AB (giv en b y v ector R ) de�ned as

R = qC � qCM
AB = qC �

(mA qA + mB qB )
mA + mB

= qC � � AB

�
qA

mB
+

qB

mA

�

and the Cartesian co ordinates of atom B relativ e to atom A (giv en b y v ector r ) de�ned

as

r = qB � qA :

Co ordinates R and r corresp ond to the in ternal and relativ e motion resp ectiv ely . The

asso ciated momen ta P and p are giv en b y:

P = � AB;C
_R; p = � AB _r

where � AB;C is the reduced mass of the AB,C pair and � AB is the reduced mass of

AB. With these, after separation of the ABC cen ter-of-mass motion, the initial relativ e

motion is c haracterized b y the relativ e v elo cit y

vrel =

s
2Ecol

� AB;C

where Ecol denotes the �xed relativ e traslational energy (collision energy). Cho osing

the z axis as the initial direction of vrel and placing atom C initially in the yz plane

yields for the initial comp onen ts of R and P ,

X 0 = 0; Y0 = b; Z0 = �
p

� 2
0 � b2

P0X = 0; P0Y = 0; P0Z = � AB;C vrel

where b is the impact parameter and � 0 is the initial mo dulus of R (c hosen large

enough that at � 0 , V(R; r ) is negligible). The AB orien tation can b e sp eci�ed in terms

of spherical p olar co ordinates de�ned b y r , the magnitude of r , and angles � and � , so

that initially

x0 = r0 sin� cos�; y 0 = r0 sin� sin�; z 0 = r0 cos�

where � and � are the p olar and azim uthal orien tation angles of the AB in tern uclear

axis. One con v enien t metho d for sp ecifying the remaining v ariables p and r in terms

16



1. Quasiclassical T ra jectory Dynamics

of � , � , � and � is to place r at the inner turning p oin t and to de�ne � as

� = � 0 +
�

2�
vrel �

v;j
BC

so that when along the tra jectory the separation of C and AB decreases to � 0 , the AB

ro vibrational phase has the v alue � . Here � v;j
BC is the vibrational p erio d of AB in the

state (v; j ) and � is de�ned as the angle formed b y p with the v ector r � k̂ ( k̂ is the

unit v ector along the z axis). T o minimize the distance b ey ond � 0 that the tra jectory

is started, it is more e�cien t to use a random n um b er to c ho ose r b et w een r � and r+ ,

the inner and outer turning p oin ts of AB resp ectiv ely , in eac h tra jectory and replace

the vibrational p erio d b y the half-p erio d:

1
2

� v;j
AB =

r
� AB

2

Z r +

r �

�
� v;j � VAB (r ) �

j (j + 1) ~2

2� AB r 2

�
dr � 1=2

where � v;j is the in ternal energy of the state (v; j ) of the AB molecule and VAB (r ) is

de�ned as

VAB (r ) = lim
R!1

V(r; R ):

With the selection of r = r � , all the initial momen tum of the AB molecule is angular

momen tum, i.e. , at a turning p oin t there is no radial comp onen t of the AB angular

momen tum v ector J whic h has the magnitude:

J =
p

j (j + 1) ~ = r � p0:

W e ma y write

r 0 � J = 0

Let l b e a reference v ector normal to r de�ned b y

l = r 0 � k̂ = y0̂i � x0ĵ

where î , ĵ , k̂ are the unit v ectors along Cartesian axes so that

p0 � l = y0p0x � x0p0y
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1. Quasiclassical T ra jectory Dynamics

It follo ws that initially

px = �
J
r �

(sin � cos� + cos� cos� sin� )

py =
J
r �

(cos� cos� � sin� cos� sin� )

pz =
J
r �

(sin � sin� )

Fixing v alues of initial collision parameters, Ecol , � 0 , b, � , � , � , � , v and j , therefore

univ o cally determines the initial dynamical v ariables r 0 , p0 , R 0 and P0 for a single

tra jectory .

1.1.2. Molecule-Surface Collision P a rameters

F or AB + S scattering w e refer to a diatomic molecule AB impinging on a surface

S. In this case it is con v enien t to c ho ose a reference co ordinate system where r , p

are Cartesian co ordinates and momen ta of the molecule, and R , P denote relativ e

co ordinates and momen ta of AB cen ter of mass (c.m.) with resp ect to S (see �gure

1.1).

Assuming the total mass of the surface mS to b e m uc h greater than A and B masses,

mA and mB , the magnitude of the initial relativ e v elo cit y of AB c.m. is giv en b y

vcm =

r
2Ecol

mA + mB

where Ecol is the initial �xed relativ e traslational energy . The Cartesian comp onen ts of

the AB c.m. v elo cit y v ector, vcm , are giv en b y

vxcm = vcm cos � sin � ; vycm = vcm sin � sin � ; vzcm = vcm cos �

where � and � are the initial p olar and azim uthal angles of vcm in a spherical p olar

co ordinate system with the surface placed on the xy plane (see �gure 1.1). Relativ e

momen ta are therefore determined:

P0X = mAB vxcm ; P0Y = mAB vycm ; P0Z = mAB vzcm

where mAB = mA + mB . The initial relativ e co ordinates R are determined setting the

aiming p oin t (X aim ; Yaim ) and the initial distance AB-S , � . The aiming p oin t is the
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1. Quasiclassical T ra jectory Dynamics

Figure 1.1.: Co ordinate system of molecule-surface collisions.

ideal impact p oin t of the molecule c.m. on the surface plane, X aim and Yaim , if there

w ere no AB-S in teraction, so that

X 0 = X aim � � cos � tan � ; Y0 = Yaim � � sin � tan � ; Z0 = �

The initial v alue of � , and the remaining collision parameters whic h determine the initial

v alues of r and p , ha v e b een already describ ed in the previous subsection 1.1.1 for a

AB + C system.

1.1.3. Molecula r Rovib rational States Evaluation

T o determine the quan tally allo w ed in ternal energies of the reactan t molecule, w e ex-

ploited, in this w ork, a discrete v ariable represen tation (D VR) metho d in one dimension

with the Colb ert-Miller sc heme [7 ]. Consider a one-dimensional quan tum system with

co ordinate x restricted to the in terv al (a; b) . The kinetic energy op erator is

T = �
~2

2m
d2

dx2
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1. Quasiclassical T ra jectory Dynamics

and w e consider the case that the w a v e functions v anish at the endp oin ts a and b. The

grid, constituted b y N � 1 p oin ts f xkg:

xk = a + k� x

for the D VR is equally spaced of � x = ( b � a)=N and the asso ciated functions for a

uniform grid are F ourier functions

 n (x) =
q

2
b� a sin

h
n� (x� a)

b� a

i
; n = 1; :::; N � 1 : (1.1)

The D VR represen tation of the kinetic energy is giv en b y

Tkk 0 = �
~2

2m
� x

N � 1X

n=1

 n (xk) 00
n (xk0) (1.2)

By substitution of equation 1.1 in equation 1.2, and ev aluating analitically the resulting

sum, one obtains:

Tkk 0 =
~2

2m
(� 1)k� k0

(b� a)2

� 2

2

�
sin� 2

�
� (k � k0)

2N

�
� sin� 2

�
� (k + k0)

2N

��

for k 6= k0
and

Tkk =
~2

2m
1

(b� a)2

� 2

2

�
2N 2 + 1

3
� sin� 2

�
�k
N

��

the only parameter in v olv ed b eing the �energy quan tum of the grid� ~2=(2m� x)2
. The

p oten tial energy is diagonal

Vkk 0 = � kk 0V(xk )

If V(xk) is kno wn, w e consider the e�ectiv e p oten tial Vef f (xk) of a molecule AB b y

adding the cen trifugal term for a giv en rotational quan tum n um b er j

Vef f (xk) = V(xk) +
j (j + 1) ~2

2� AB x2
k

The resulting Hamiltonian matrix can b e diagonalized in order to obtain eigen v alues.

Negativ e eigen v alues are vibrational energies � vj of b ound states of the molecule in a

giv en rotational state j .
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1.1.4. Sampling Metho ds

Selection of initial co ordinates and momen ta of a batc h of tra jectories m ust b e made

according to the particular reactivit y function w e w an t to obtain. Some collision pa-

rameters ha v e to b e �xed for all tra jectories of a batc h, whereas some others ha v e to

b e randomly sampled, uniformly or according to a giv en distribution function, within

a �nite range of v alues. T o this aim, uniform deviates ha v e to b e generated to b e used

in sampling metho ds suc h as the transformation metho d or the rejection metho d.

1.1.4.1. T ransfo rmation Metho d

Supp ose that w e generate a uniform deviate x so that the probabilit y of generating a

n um b er b et w een x and x + dx is giv en b y

p(x)dx =

(
dx 0 < x < 1

0 otherwise

b eing normalized so that Z 1

�1
p(x)dx = 1

No w tak e some prescrib ed function of x , y(x) . The probabilit y distribution of y is

determined b y

jp(y)dyj = jp(x)dxj

or

p(y) = p(x)
dx
dy

:

In order to generate some arbitrary desired distribution of y 's, sa y one with p(y) = f (y)

for some p ositiv e function f whose in tegral is 1, w e need to solv e the di�eren tial equation

dx
dy

= f (y)

The solution is x =
R

f (y)dy = F (y) . Hence the desired transformation whic h tak es a

uniform deviate in to one distributed as f (y) is

y(x) = F � 1(x)
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This metho d is feasible whether the in v erse function of the in tegral of f (y) can b e

ev aluated.

1.1.4.2. Rejection Metho d

The rejection metho d is a p o w erful tec hnique for generating random deviates whose

distribution function p(x)dx is kno wn and computable. This metho d do esn't require

either the con tin uit y or the in tegrabilit y of p(x) , or the computabilit y of its in v erse

function.

It is alw a ys feasible to �nd a function f (x) , the comparison function, whic h has �nite

area and lies ev erywhere ab o v e the original probabilit y distribution. Assuming that

w e w an t to sample x in the range (x1; x2) and that w e ha v e some w a y of c ho osing a

random p oin t in t w o dimensions that is uniform in the area under f (x) . Whenev er that

p oin t lies outside the area under the original probabilit y distribution, w e will reject it

and c ho ose another random p oin t. Whenev er it lies inside the area under the original

probabilit y distribution, w e will accept it. In this w a y , the accepted p oin ts are uniform

in the accepted area, so that their x v alues ha v e the desired distribution. The fraction

of p oin ts rejected dep ends on the ratio of the area under f (x) to the area under p(x) .

The more f (x) is to p(x) , the less the fraction of p oin ts rejected will b e.

1.2. Equations of Motion

F or a generic N -atom system w e consider 3N cartesian co ordinates f qi g of the N n uclei.

The total kinetic energy of the system is giv en b y:

T =
3NX

i =1

1
2

mi _qi
2

(1.3)

where f mi g represen t masses and a dot o v er a co ordinate denotes di�eren tiation with

resp ect to time. In tro ducing the 3N momen ta f pi g conjugate to f qi g, de�ned as

pi = mi _qi

in to equation 1.3 yields

T =
3NX

i =1

p2
i

2mi
(1.4)
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and Hamiltonian

H (f qi g; f pi g) = T(f pi g) + V(f qi g) (1.5)

where V(f qi g) is the in teraction p oten tial. With equations 1.4 and 1.5, 6N Hamilton's

equations can b e obtained:

_qi =
@H
@pi

=
@T
@pi

=
pi

mi
(i = 1; :::; 3N )

_pi = �
@H
@qi

= �
@V
@qi

= Fi (i = 1; :::; 3N )

where Fi are the comp onen ts of forces acting on eac h atom.

1.3. Finite Di�erence Metho ds

Finite di�erence tec hniques are used to generate molecular dynamics tra jectories with

con tinous p oten tial mo dels [8]. The essen tial idea is that the in tegration of equations of

motion is brok en do wn in to man y small stages, eac h separated in time b y a �xed time

�t . The total force in eac h particle in the con�guration at a time t is calculated as the

v ector sum of its in teractions with other particles. F rom the force w e can determine the

accelerations of the particles whic h are then com bined with the p ositions and v elo cities

at a time t to calculate the p ositions and v elo cities at a time t + �t . The force is assumed

to b e constan t during the time step. The forces on the particles in their new p ositions

are then determined, leading to new p ositions and v elo cities at time t + 2 �t , and so

on. There are man y algorithms for in tegrating the equations of motion using �nite

di�erence metho ds, sev eral of whic h are commonly used in molecular dynamics calcu-

lations. All algorithms assume that the p ositions and dynamical prop erties (v elo cities,

accelerations, etc.) can b e appro ximated as T a ylor series expansion:

r (t + � ) = r (t) + �t v (t) +
1
2

�t 2a(t) +
1
6

�t 3b(t) +
1
24

�t 4c(t) + ::: (1.6)

v(t + � ) = v(t) + �t a(t) +
1
2

�t 2b(t) +
1
6

�t 3c(t) + :::

a(t + � ) = a(t) + �t b(t) +
1
2

�t 2c(t) + :::

b(t + � ) = b(t) + �t c(t) + :::

23



1. Quasiclassical T ra jectory Dynamics

where v is the v elo cit y (the �rst deriv ativ e of the p ositions with resp ect to time); a

is the acceleration (the second deriv ativ e), b is the third deriv ativ e, and so on. As

with an y other computer algorithm, an ideal in tegration sc heme should b e fast, require

minimal memory and b e easy to program. Ho w ev er , for most molecular dynamics

sim ulations these isuues are of secondary imp ortance; most calculations do not mak e

signi�can t memory demands of ev en a mo dest w orkstation, and the time required for

the in tegration is usually trivial compared to the other parts of the calculation. The

most demanding part of a molecular dynamics sim ulation is in v ariably the calculation

of the force on eac h particle in the system. More imp ortan t considerations are that

the in tegration algorithm should conserv e energy and momen tum and should p ermit

a long time step, �t; to b e used. The size of the time step is particularly relev an t to

the computational demands as a sim ulation using a long time step will require few er

iterations to co v er a giv en amoun t of phase space. A less imp ortan t requiremen t is

that the in tegration algorithm should giv e the same results as an excat, analytical

tra jectory (this can b e tested using simple problems for whic h an analytical solution

can b e deriv ed). W e should in an y case exp ect the calculated tra jectory to deviate from

the exact tra jectory b ecause the computer can only store n um b ers to a giv en precision.

The order of an in tegration metho d is the degree to whic h the T a ylor series expansion,

equation (1.6) is truncated: it is the lo w est term that is not presen t in the expansion.

1.3.1. Predicto r-Co rrecto r Integration Metho ds

The predictor-corrector metho ds [9] form a general family of in tegration algorithms from

whic h one can select a sc heme that is correct to a giv en order. These metho ds ha v e

three basic steps. First, new p ositions, v elo cities, accelerations and higher order terms

are predicted according to the T a ylor expansion, equations (1.6): r p(t + �t ); vp(t +

�t ); ap(t + �t ); bp(t + �t ) . In the second stage, the forces are ev aluated at the new

p ositions to giv e accelerations a(t + �t ) = F=m. These accelerations are then compared

with the accelerations that are predicted from the T a ylor series expansion, ap(t + �t ) .

The di�erence b et w een the predicted and calculated accelerations

� a(t + �t ) = ap(t + �t ) � a(t + �t )
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are then used to correct the p ositions, v elo cities etc. in the correction step:

r c(t + �t ) = r p(t + �t ) + c0� a(t + �t )

vc(t + �t ) = vp(t + �t ) + c1� a(t + �t )

ac(t + �t ) = ap(t + �t ) + c2� a(t + �t )

bc(t + �t ) = bp(t + �t ) + c3� a(t + �t )

The set of co e�cien ts to use dep ends up on the order of the T a ylor series expansion.

The storage required for the Gear predictor-corrector algorithm is 3(O + 1) N , where

O is the highest order di�eren tial used in the T a ylor series expansion and N is the

n um b er of atoms. More imp ortan tly , the Gear algorithm requires t w o time-consuming

force ev aluations p er time step, though this is not necessarily a disadv an tage as it ma y

p ermit a time step more than t wice as long as an alternativ e algorithm. The wide

v ariet y of itegration sc hemes a v ailable can mak e it di�cult to decide whic h is the most

appropriate one to use. Besides the computational e�ort, one of the most imp ortan t

considerations is energy conserv ation; this can b e calculated as the ro ot-mean-square

�uctuation and is often plotted against the time step. The di�eren t algorithms ma y v ary

in the rate at whic h the error v aries with the time step. There are no hard and fast rules

for calculating the most appropriate time step to use; to o small and the tra jectory will

co v er only a limited prop ortion of the phase space; to o large and instabilities ma y arise in

the in tegration algorithm due to high energy o v erlaps b et w een atoms. Suc h instabilities

w ould certainly lead to a violation of energy and linear momen tum conserv ation and

could result in a program failure due to n umerical o v er�o w. Unfortunately the atoms

mo v e most quic kly and tak e the largest energy and space steps in the v ery region (i.e.

near the energy minim um) where it w ould b e b est to tak e the smallest steps. The aim

is to �nd the correct balance b et w een sim ulating the correct tra jectory and co v ering the

phase space. When sim ulating �exible molecules a useful guide is that the time step

should b e appro ximately one ten th the time of the shortest p erio d of motion, generally

due to b ond stretc hes.

1.4. Monte Ca rlo Integration

The Mon te Carlo metho d is used in tra jectory calculations for ev aluation of m ultidi-

mensional in tegrals. Supp ose that w e pic k N random p oin ts, uniformly distributed in
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a m ultidimensional v olume V. Call them x1 ,..., xN . Then the basic theorem of Mon te

Carlo in tegration estimates the in tegral of a function f o v er the m ultidimensional v ol-

ume V ,

Z
fdV � V < f > � V

s
hf 2i � h f i 2

N
: (1.7)

Here the angle brac k ets denote taking the arithmetic mean o v er the N sample p oin ts,

hf i � 1
N

P N
i =1 f (x i ) hf 2i � 1

N

P N
i =1 f 2(x i ) :

The �plus-or-min us� term in equation 1.7 is an estimate of the standard deviation error

for the in tegral, not a rigorous b ound. F urther, there is no guaran tee that the error is

distributed as a Gaussian, so the error term should b e tak en only as a rough indication

of probable error.

1.5. AB + C Reactivit y F unctions

1.5.1. Opacit y F unctions

The reaction probabilit y is the fraction of collisions with impact parameter b that lead

to reaction for all p ossible v alues of all other collision parameters (see section 1.1.1).

The reaction probabilit y at some �xed collision energy Ecol and for some selected state

(v; j ) of the molecule AB is giv en b y:

< P r (b; Ecol; v; j ) > =
1

2(2� )3

Z �

0
sin�d�

Z 2�

0
d�

Z 2�

0
d�

Z 2�

0
d�P r (�; �; �; � ; b; Ecol; v; j )

(1.8)

The opacit y function is the mean reaction probabilit y just de�ned as a function of

impact parameter b. The m ultidimensional in tegral in equation 1.8 can b e solv ed via a

Mon te Carlo in tegration (see section 1.4). W e run a batc h of N tra jectories with initial

conditions c hosen to repro duce a uniform sampling of all the collision parameters. T o

this aim w e c ho ose N sets of initial collision parameters. Generating uniform deviates


 j within the range (0; 1), the i -th set of collision parameters (� i ; � i ; � i ; � i ) is giv en b y:

� i = 
 j �; � i = 
 j +1 2�; � i = 
 j +2 2�; � i = 
 j +3 2�:
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1. Quasiclassical T ra jectory Dynamics

Hence, from equation 1.7, the reaction probabilit y is giv en b y:

< P r (b; Ecol; v; j ) > =
1
N

NX

i =1

Pi �

vu
u
t 1

N

P N
i =1 P2

i �
�

1
N

P N
i =1 Pi

� 2

N

Assigning to the b o olean function Pi the v alue 1 or 0, whether or not the i -th tra jectory

is reactiv e, w e just obtain:

< P r (b; Ecol; v; j ) > =
Nr

N

 

1 �

r
N � Nr

Nr N

!

(1.9)

where Nr is the n um b er of reactiv e tra jectories.

1.5.2. Cross Sections

The reaction cross section � r go v erns the rate of those collisions whic h lead to c hem-

ical reaction. It is a measure of the e�ectiv e size of the molecules as determined b y

their prop ensit y to react. F or cross sections ev aluation it is necessary to preliminarly

determine the v alue of the maxim um impact parameter bmax at whic h a reactiv e ev en t

can o ccur. Unfortunately , it cannot b e foreseen, b ecause it v aries for di�eren t systems

but also for di�eren t v alues of the collision energy and of the initial ro vibrational state.

If bmax w ere underestimated, the calculated cross sections w ould b e di�eren t from the

actual v alues. Besides, it is not wise to excessiv ely o v erestimate it, b ecause, for a giv en

n um b er of tra jectories, the n um b er of reactiv e tra jectories decreases and the accuracy

of Mon te Carlo in tegration w ould b e reduced (see equation 1.9). It is therefore con-

v enien t to ev aluate opacit y functions (see section 1.5.1) in order to determine bmax for

di�eren t collision energies and ro vibrational state. Assuming to kno w bmax , w e de�ne

the state selected in tegral reactiv e cross section as:

� r (Ecol; v; j ) = �b 2
max < P r (Ecol; v; j ) > (1.10)

where < P r (Ecol; v; j ) > is giv en b y:

< P r (Ecol; v; j ) > =
2

b2
max

Z bmax

0
db < Pr (b; Ecol; v; j ) > b (1.11)
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1. Quasiclassical T ra jectory Dynamics

< P r (b; Ecol; v; j ) > has b een already de�ned in equation 1.8. T o ev aluate the in tegral

in equation 1.11, w e run a batc h of N tra jectories, sampling the collision parameters as

explained in section 1.5.1. Moreo v er, sampling b with a distribution function bdbb y the

transformation metho d (see section 1.1.4.1) w e select for the i -th tra jectory the v alue:

bi =
p


bmax

where 
 is a random n um b er generated within the in terv al [0,1]. Applying the Mon te

Carlo in tegration, from equation 1.7, w e deriv e for the state selected in tegral reaction

cross section:

� r (Ecol; v; j ) = �b 2
max

Nr

N

 

1 �

r
N � Nr

Nr N

!

1.5.3. Rate Constants

The canonical rate constan t of a reaction at a giv en temp erature T is de�ned as:

kr (T) = < v rel � r (Ecol) > T

� r (Ecol) is the in tegral cross section and it can b e obtained b y summing the state

selected in tegral cross sections [ � r (Ecol; v; j ) in equation 1.10] o v er all the ro vibrational

states, w eigh ted b y the Boltzmann distribution of p opulations at temp erature T :

� r (Ecol) =
j maxX

j =0

vmaxX

v=0

(2j + 1)
e

�
E vj
k B T

qvj (T)
� r (Ecol; v; j )

Ro vibrational partition functions qvj (T) at eac h temp erature T are ev aluated just as:

qvj (T) =
j maxX

j =0

vmaxX

v=0

e

�
E vj
k B T

< v rel � r (Ecol) > T is the a v erage o v er collision energies, w eigh ted b y the Maxw ell-

Boltzmann distribution of v elo cities at temp erature T :

p(vrel ) = 3

r
� AB;C

2�k B T
e

� � AB;C
2k B T v2

rel
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1. Quasiclassical T ra jectory Dynamics

The reactiv e rate constan t is giv en b y

kr (T) =

s
8kB T

�� AB;C

Z 1

0
d

�
Ecol

kB T

�
e

�
E col
k B T

Ecol

kB T
� r (Ecol) (1.12)

=

s
8

��� AB;C

Z 1

0
d(�E col) e

� �E col �E col� r (Ecol)

where � = ( kB T)� 1
. In this w ork, the rate constan t at eac h temp erature is ev aluated

all at once running a batc h of N tra jectories, where thermal energies are selected

with the rejection metho d (see subsec. 1.1.4.2) according to the probabilit y function

e

� �E col �E cold(�E col) (see �g. 1.2).

W e assume that for v alues of �E col greater than 10, the in tegral can b e neglected. The

rejection metho d is also used to sample ro vibrational states according to the Boltzmann

distribution. All the other collision parameters are selected as describ ed in sections 1.5.1

and 1.5.2. F rom Mon te Carlo in tegration w e therefore obtain:

kr (T) =
�

1 �
11

e

10

� s
8�

�� AB;C
�b 2

max
Nr

N

 

1 �

r
N � Nr

Nr N

!

where the �rst normalization factor has b een added to tak e in to accoun t cutting of the

in tegration o v er collision energies.

1.6. Molecula r Beam Simulation on Surfaces

An imp ortan t quan tit y that can b e deriv ed from quasiclassical tra jectory metho ds is

the disso ciativ e c hemisorption probabilit y (DCP) of a molecular b eam on a metal sur-

face. The DCP is calculated as the fraction of disso ciativ e tra jectories of a batc h of

tra jectories whic h sim ulate the incidence of a molecular b eam on a surface. The b eam

sim ulation is obtained b y randomly sampling the aiming p oin ts (X aim ; Yaim ) (see Sec-

tion 1.1.2) of the molecule on a single unit cell of the surface. If the unit cell has sides

(xcell ; ycell) , the aiming p oin t of eac h tra jectory will b e selected as:

X aim = � i xcell

Yaim = � i +1 ycell
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1. Quasiclassical T ra jectory Dynamics
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Figure 1.2.: Maxw ell-Boltzmann probabilit y distribution of thermal energies, where x =
�E col .
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1. Quasiclassical T ra jectory Dynamics

where � i are uniform random deviates. The other collision parameters whic h de�ne

the molecule orien tation and the initial rotational and vibrational phases, according

to the initial (v; j ) state, are sampled as explained in Sections 1.5.1 and 1.5.2 for a

general AB + C case. C is no w represen ted b y the surface where the impact parameter

is replaced b y the aiming p oin ts and the reaction probabilities represen t cross sections

p er unit area of the surface. The disso ciativ e c hemisorption probabilit y is de�ned for a

giv en incidence direction of the b eam with resp ect to the surface, determined b y �xing

the p olar and azim uthal angles � ; � (see Fig. 1.1) of the batc h of tra jectories. A

state-selected mono c hromatic b eam is sim ulated b y �xing the collision energy of the

batc h of tra jectories as long as the initial ro vibrational state of the molecule.
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2. Gas-Phase Ion-Molecule

Reactions

Rate constan ts are often determined largely b y the long-range part of the p oten tial

energy surface, whic h is kno wn accurately for man y ion-molecule systems. The theories

that ha v e b een used most often in this �eld are based on the capture appro ximation,

in whic h it is assumed that if a molecule has enough energy to pass o v er a cen trifugal

barrier, then it alw a ys reacts [10]. The w ell-kno wn Langevin appro ximation for ion-

symmetric molecule reactions is probably the simplest example of a capture appro x-

imation [11]. F or systems with strongly anisotropic p oten tials, suc h as the reactions

of ions with molecules ha ving p ermanen t dip ole momen ts, the application of capture

theories is not completely straigh tforw ard as the rotational motion of the molecule

is strongly hindered b y the presence of the ion, and this strong p erturbation of the

rotational motion has to b e included explicitly in an y realistic theory .

In this section w e will deriv e the expression of the capture radius, i.e. the maxim um

impact parameter at whic h a collision o ccurs, within the classical capture appro ximation

when the dominan t long-range p oten tial of a molecule-molecule in teraction is of the form

VLR = �
C
Rn

where n > 2, C is a constan t and R is the distance b et w een the cen ters of mass of the

molecules. As an initial appro ximation, the angles of orien tation of the molecules are

ignored. In classical mec hanics, the e�ectiv e p oten tial is then

Vef f (R) =
b2Ecol

R2
�

C
Rn

where b is the impact parameter and Ecol the collision energy . The classical capture

appro ximation assumes that reaction o ccurs with unit probabilit y for impact param-

eters that giv e a maxim um in Vef f (R) lo w er than the collision energy , and with zero
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2. Gas-Phase Ion-Molecule Reactions

probabilit y otherwise. It is also assumed that once the incoming particle has passed

o v er the e�ectiv e barrier to reaction, then reaction alw a ys o ccurs. Therefore the theory

is restricted to exo ergic reactions and to reactions that has no secondary barriers in the

p oten tial energy surface.

The maxim um v alue of Vef f (R) is found at a distance Rmax whic h satis�es:

d Vef f (R)
d R

�
�
�
�
R= Rmax

=
d

d R

�
b2Ecol

R2
�

C
Rn

� �
�
�
�
R= Rmax

= 0

that is

R2
max =

�
nC

2Ecolb2

� 2=(n� 2)

Hence the criterion of reaction is that during their approac h motion the molecules ha v e

to reac h the distance R = Rmax with at least some kinetic energy left, so that they can

b e able to en ter the reaction zone . This is expressed b y the inequalit y

Ecol � Vef f (Rmax ) =
b2Ecol

R2
max

�
C

Rn
max

from whic h w e deriv e that the reactiv e impact parameters m ust satisfy the follo wing

inequalit y

b2 � b2
max =

n
2

�
n � 2

2

� � (n� 2)=n �
C

Ecol

� 2=n

where bmax is the so called capture radius. The reaction cross section will b e

� L = �b 2
max

F or the sp eci�c case of a long-range in teraction c harge-p olarizabilit y , n = 4 and C =

�= 2, where � is the p olarizabilit y , and w e obtain the capture radius bL :

bL =
�

2�
Ecol

� 1=4

(2.1)

and the Langevin-Gioumousis-Stev enson cross section

� L = �b 2
L = �

r
2�
Ecol

(2.2)
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2. Gas-Phase Ion-Molecule Reactions

and the corresp onding rate constan t

kL = 2�
r

�
�

(2.3)

where � is the ion-molecule reduced mass. It is w orth noting that the rate constan t (2.3)

is indep enden t of the collision energy so that the corresp onding thermal rate constan t

is temp erature indep enden t.

34



3. Molecule-Surface Langevin

Dynamics

3.1. Langevin Dynamics

In statistical ph ysics, a Langevin equation is a sto c hastic di�eren tial equation (SDE)

describing Bro wnian motion in a p oten tial, that is the result of statistical �uctuations

whic h o ccur in a system in thermal equilibrium [12 , 13 ]. Bro wnian motion can serv e as

a protot yp e problem whose analysis pro vides considerable insigh t in to the mec hanisms

resp onsible for the existence of �uctuations and dissipation of energy . A SDE is a

di�eren tial equation in whic h one or more terms is a sto c hastic pro cess, th us resulting

in a solution whic h is itself a sto c hastic pro cess. F or the sak e of simplicit y w e shall

treat the problem of Bro wnian motion in one dimension. The �rst Langevin equations

to b e studied w ere those in whic h the p oten tial is constan t, so that the acceleration

a(t) of a Bro wnian particle of mass m and p osition r (t) , is expressed as the sum of

a frictional force whic h is prop ortional to the particle v elo cit y v(t) and a noise term

L(t) represen ting the e�ect of a con tinous series of collisions with the molecules of the

underlying �uid:

a(t) = _v(t) = � �v (t) + L(t) (3.1)

where � is the friction co e�cien t. If w e consider the thermal bath as a con tin uum, �

is giv en b y the Stok es la w:

� =
3��d

m

where � is the �uid viscosit y and d the spherical particle diameter. In statistical ph ysics,

the �uctuation-dissipation theorem is deriv ed from the assumption that the resp onse

of a system in thermo dynamic equilibrium to a small external p erturbation is the same

as its resp onse to a sp on taneous �uctuation. There is therefore a direct relationship

b et w een the �uctuation prop erties of the thermo dynamic system and its linear resp onse
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3. Molecule-Surface Langevin Dynamics

prop erties. In other w ords, the �uctuation of the particle at rest has the same origin

as the dissipativ e frictional force it m ust do w ork against, if one tries to p erturb the

system in a particular direction. The �uctuation-dissipation theorem is a v ery general

result in statistical thermo dynamics and it can b e used to giv e an explicit relationship

b et w een molecular dynamics at thermal equilibrium, and the macroscopic resp onse

that is observ ed in a dynamic measuremen t. It th us allo ws molecular scale mo dels

(microscopic mo dels) to b e used quan titativ ely to predict material prop erties in the

con text of linear resp onse theory [14 , 15]. The essence of �uctuation-dissipation theorem

is that it relates equilibrium �uctuations to out-of-equilibrium (but to equilibrium or

stationary states) quan tities. The theorem is based on �elds that are relativ e to the

p oten tial of molecular in teraction so that rates of relaxation are not a�ected b y the

applied �eld.

F orces exerted b y the �uid in the Langevin equation (3.1) (Langevin force) ha v e the

follo wing prop erties:

1. The force consists of a term linear in v(t) , whic h is the damping, plus a term L(t)

indep enden t of the state v(t) of the particle.

2. < L (t) > = 0 so that the damping term is also the a v erage force. The a v erage

is tak en o v er an ensem ble of man y systems eac h consisting of a particle in a

surrounding �uid. In practice it means a v eraging o v er a n um b er of Bro wnian

particles in the same �uid, or o v er successiv e observ ations of the same particle,

pro vided that they are su�cien tly far apart not to in�uence eac h other.

3. The force L(t) is assumed to b e rapidly v arying in time, as expressed b y the

auto correlation function:

< L (t)L(t0) > = � � (t � t0) (3.2)

where � is a constan t and � (t � t0) the Dirac delta. The idea is that eac h collision

is practically instan taneous and that successiv e collisions are uncorrelated.

The Langevin equation de�nes v(t) as a sto c hastic pro cess pro vided that an initial

condition is added. Consider therefore an equilibrium ensem ble, eac h sample con taining

one cop y of the Bro wnian particle with initial v elo cit y v(0) . F or eac h sample system
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3. Molecule-Surface Langevin Dynamics

the v elo cit y at t > 0 is found b y solving eq. (3.1):

v(t) = v(0) e

� �t + e

� �t
Z t

0
e

�t 0
L(t0)dt0

(3.3)

On a v eraging o v er the ensem ble one obtains

< v (t) > v(0) = v(0) e

� �t

Moreo v er, after squaring (3.3) and a v eraging

< v 2(t) > v(0) = v2(0) e

� 2�t + e

� 2�t
Z t

0
dt0

Z t

0
dt00e
 (t0+ t00) < L (t0)L(t00) >

= v2(0) e

� 2�t +
�
2�

(1 � e

� 2�t )

The hitherto unkno wn constan t � can no w b e iden ti�ed b y emplo ying the fact that for

t � 1=� the e�ect of the initial v elo cit y has disapp eared and the mean square v elo cit y

m ust ha v e the thermal equilibrium v alue

< v 2(1 ) > v(0) =
�
2�

=
kT
m

where k is the Boltzmann constan t, so that

� =
2�kT

m
(3.4)

The latter equation relates the constan t � , whic h measures the size of the �uctuat-

ing term in (3.1), to the damping constan t � . It is the simplest form of the general

�uctuation-dissipation theorem. The ph ysical picture is that the random kic ks, em b o d-

ied in the Langevin force in (3.1), create a tendency for v to spread out o v er an ev er

broadening range of v alues, while the damping term tries to bring v bac k to zero. The

equilibrium distribution of v is the outcome of these t w o opp osite tendencies.

3.1.1. Many-Bo dy Dynamics fo r Gas-Surface Systems

In dynamics sim ulations of gas-surface systems, one of the ma jor problems whic h is en-

coun tered is connected with energy dissipation to the bulk. When a gaseous molecule

impinges on a surface with high kinetic energy a certain quan tit y of energy is exc hanged
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3. Molecule-Surface Langevin Dynamics

with surface atoms th us propagating through phonon vibrations along the underlying

bulk atoms. A ctually , the solid has macroscopic dimensions suc h as the collision energy

is completely dissipated in to the bulk. In dynamic sim ulations it is practically (compu-

tationally) unfeasible to deal with a h uge n um b er of atoms when they are all explicitly

tak en in to accoun t. T o o v ercome this obstacle, the surface is mo delled b y a �nite slab

of few la y ers of atoms for whic h equations of motion are exactly solv ed, whereas the

dissipation of energy to the bulk is sim ulated through atoms placed at the slab b ottom

[4]. The latter, called Langevin atoms, b esides the in teraction forces F (r ) with the

other atoms, are sub ject to an additional damping force, so that their accelerations are

giv en b y

_vL (t) =
F (r )

m
� �v L (t) + L(t) (3.5)

In dynamical sim ulations time is discretized in small in terv als of length h (see section

1.3) whose recipro cal is assumed to appro ximate the Dirac delta function in eq. (3.2),

namely

< L (t)L(t0) > =
�
h

If w e assume that L(t) has a Gaussian distribution, from eq. (3.2), the mean square

deviation o v er the ensem ble results to b e

< L 2(t) > � < L (t) > 2= < L 2(t) > =
�
h

Hence, b y using random n um b ers � i distributed according to a normal probabilit y dis-

tribution with unitary standard deviation, at eac h instan t of time, Langevin atoms will

ha v e the follo wing equation of motion

_vL (t) =
F (r )

m
� �v L (t) +

r
�
h

� i

where � is related to � according to the eq. (3.4):

_vL (t) =
F (r )

m
� �v L (t) +

r
2�k B T

mh
� i (3.6)

3.1.2. The Macroscopic Oscillato r

Assuming that the surface can b e represen ted as a set of harmonic oscillators (harmonic

solid [16, 17 , 18 ]), w e no w consider the case of a macroscopic damp ed harmonic oscillator
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of mass M with e�ectiv e frequency 
 :

F (r ) = � kr = � M 
 2
M r

The equation of motion b ecomes:

•r (t) = � � _r (t) � 
 2
M r (t) + L(t) (3.7)

In order to solv e the equation (3.7), w e use the Laplace transform metho d. The Laplace

transformation of r (t) is de�ned as

Lf r (t)g � r̂ (z) =
Z 1

0
e� zt r (t)dt

The Laplace transform is a linear op eration with the follo wing prop erties:

a) Lf ar (t)g = aLf r (t)g, with a = constan t

b) Lf r 1(t) + r 2(t)g = Lf r 1(t)g + Lf r 2(t)g

c) Lf _r (t)g = zr̂ (z) � r (0)

d) Lf •r (t)g = zLf _r (t)g � _r (0) = z[zr̂ (z) � r (0)] � _r (0) = z2r̂ (z) � zr (0) � _r (0)

e) Lf r 1(t) � r 2(t)g = Lf
Rt

0 r 1(� )r 2(t � � )d� g = r̂ 1(z)r̂ 2(z)

The Laplace transform of b oth sides of equation (3.7) is

Lf •r (t)g = � � Lf _r (t)g � 
 2
M r̂ (z) + L̂ (z)

Substituting the expression of the Laplace trasform of the �rst and second deriv ativ es

in the previous equation w e �nd:

z2r̂ (z) � zr (0) � _r (0) = � �z r̂ (z) + � r (0) � 
 2
M r̂ (z) + L̂ (z)

Hence the Laplace transform of the tra jectory is giv en b y

r̂ (z) = ( z2 + �z + 
 2
M )� 1[(z + � )r (0) + _r (0) + L̂(z)]

De�ning resp onse functions as

�̂ M (z) = ( z2 + �z + 
 2
M )� 1

(3.8)
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�̂ M (z) = �̂ M (z)( � + z)

w e obtain

r̂ (z) = �̂ M (z)[_r (0) + L̂(z)] + �̂ M (z)r (0) (3.9)

The tra jectory results to b e the in v erse Laplace transform of the equation (3.9):

r (t) = � (t) _r (0) + � (t)r (0) +
Z t

0
� (t)L(t � � )d� (3.10)

where

� M (t) = e

� �t
2

sin!t
!

(3.11)

� M (t) = e

� �t
2

�
cos!t +

�
2!

sin!t
�

= _� M (t) + �� M (t) (3.12)

and

! =

r


 2
M �

� 2

4
(3.13)

The tra jectory can also b e written in terms of � M (t) and its deriv ativ e only:

r (t) = � M (t) _r (0) + [ �� M (t) + _� M (t)]r (0) +
Z t

0
� M (� )L(t � � )d� (3.14)

Fixing initial conditions, the tra jectory is univ o cally determined b y the resp onse func-

tion � M (t) whic h is equal to the sup erp osition of a damp ed oscillator motion p erturb ed

b y L(t) . � M (t) tends to zero for long times, so that:

r (1 ) =
Z 1

0
� M (� )L(t � � )d�

If the p erturbation force is constan t in time, i.e. L(t) = L , the oscillator reac hes a

stationary state for long times:

r (1 ) = L
Z 1

0
� M (� )d� = L

Z 1

0
e

� 0� � M (� )d� = L �̂ M (0) =
L


 2
M

(3.15)

The resp onse function also go v erns the mean tra jectory of the macroscopic particle,

a v eraged o v er the initial conditions w eigh ted b y the distribution function f [r (0); _r (0)] :

< r (t) > =
Z

r (t)f [r (0); _r (0)]dr (0)d_r(0) (3.16)
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The resp onse function do es not dep end on initial conditions so that:

< r (t) > = � M (t) < _r (0) > +[ �� M (t) + _� M (t)] < r (0) > +
Z t

0
� M (� )L(t � � )d� (3.17)

A t equilibrium, w e kno w that the system can o ccup y eac h p oin t of the phase space with

the same probabilit y so that at t = 0 :

< r (0) > = < _r (0) > = 0 (3.18)

and

< r (t) > =
Z t

0
� M (� )L(t � � )d� (3.19)

The mean v elo cit y is giv en b y

< _r (t) > =
d
dt

Z t

0
� M (� )L(t � � )d� =

Z t

0
_� M (t � � )L(� )d� + � M (0)L(t)

Since the resp onse function is n ull at t = 0 :

< _r (t) > =
Z t

0
_� M (t � � )L(� )d� =

Z t

0
_� M (� )L(t � � )d� (3.20)

F rom eqs. (3.19) and (3.20) it is clear that mean p osition and v elo cit y go to zero for long

times. F urthermore the resp onse function determines the deca y of v elo cit y �uctuations

from the equilibrium v alue < _r (0) > whic h arise when an external p erturbation is

applied to the damp ed oscillator. Infact, if eq. (3.10), without the p erturbation term,

is m ultiplied b y
_r (0) and a v eraged o v er initial conditions, w e obtain the correlation

function:

< r (t) � _r (0) > = � M (t) < _r (0) � _r (0) > + � M (t) < r (0) � _r (0) > (3.21)

A ccording to the equipartition theorem of the classical statistical mec hanics, for a sys-

tem at equilibrium at the temp erature T :

< _r (0) � _r (0) > =
3kT
M

(3.22)
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whereas, since p ositions and v elo cities are statistically indep enden t:

< r (0) � _r (0) > = < r (0) > � < _r (0) > = 0 (3.23)

where in the second equalit y w e used the iden tit y (3.18). Substituting (3.22) and (3.23)

in (3.21) w e obtain:

< r (t) � _r (0) > = � M (t)
3kT
M

W e obtain the �rst �uctuation-dissipation theorem stated b y the follo wing relation of

the resp onse function

� M (t) =
M

3kT
< r (t) � _r (0) > (3.24)

and equiv alen tly b y its �rst deriv ativ e

_� M (t) =
M

3kT
< _r (t) � _r (0) > (3.25)

Substituting (3.24) and (3.25) in (3.19) and (3.20):

< r (t) > =
M

3kT

Z t

0
< r (t) � _r (0) > L (t � � )d� (3.26)

< _r (t) > =
M

3kT

Z t

0
< _r (t) � _r (0) > L (t � � )d� (3.27)

Remind that auto correlations functions ha v e b een calculated in absence of the p ertur-

bation force.

3.1.3. The Microscopic Oscillato r

The linear resp onse theory [14, 15 ] demonstrates that the �rst �uctuation-dissipation

theorem, i.e. equations (3.24) - (3.27), is of general v alidit y and it correctly describ es

a microscopic oscillator of mass m . Since w e are considering �uctuations from an

equilibrium state, the stationary condition is v alid:

< r (t + s) � r (s) > = < r (t) � r (0) > (3.28)

Deriving the eq. (3.28) with resp ect to s:

d
ds

< r (t + s) � r (s) > = 0
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< _r (t + s) � r (s) > + < r (t + s) � _r (s) > = 0

F rom eq. (3.28):

< _r (t + s) � r (s) > + < r (t + s) � _r (s) > = < _r (t) � r (0) > + < r (t) � _r (0) > = 0

Hence

< _r (t) � r (0) > = � < r (t) � _r (0) > (3.29)

If s = � t , eq. (3.28) b ecomes

< r (0) � r (� t) > = < r (t) � r (0) >

and deriving with resp ect to time

< r (0) � _r (� t) > = < _r (t) � r (0) > (3.30)

Therefore the �rst deriv ativ e of the resp onse function is an ev en function:

_� (� t) = _� (t) (3.31)

and the resp onse function is an o dd function:

� (� t) = � � (t) (3.32)

The sp ectral densit y � (! ) of _� (t) is de�ned as the F ourier transform of _� (t)

� (! ) =
2
�

Z 1

0
cos(!t ) _� (t)dt = �

2!
�

Im �̂ (z) � 0 (3.33)

where w e to ok in to accoun t the parit y prop ert y (3.31) of the resp onse function. The

in v erse tranform of the sp ectral densit y results to b e

_� (t) =
Z 1

0
� (! ) cos(!t )d! (3.34)

that for t = 0 b ecomes

_� (0) =
Z 1

0
� (! )d! = 1 (3.35)
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F rom the equation (3.34) it can b e deriv ed the short-time b eha viour of _� (t) , expanding

the cosine function according to the T a ylor series:

_� (t) =
Z 1

0

�
1 �

1
2

! 2t2 + :::
�

� (! )d! = 1 �
1
2

� Z 1

0
! 2� (! )d!

�
t2 + :::

W e de�ne no w the second momen t of the sp ectral densit y as the quan tit y ! 2
e :

! 2
e =

Z 1

0
! 2� (! )d! (3.36)

so that

_� (t) = 1 �
1
2

! 2
et2 + ::: (3.37)

3.1.3.1. Sho rt Times

It can b e recognized from eq. (3.37) that for short times the system b eha v es lik e an

isolated oscillator vibrating with the so called Einstein frequency ! e of the microscopic

oscillator:

_� (t) = 1 �
1
2

! 2
et2

In this regime the equation of motion is

•� (t) = � ! 2
e� (t) (3.38)

Ph ysically it means that for short times the thermal bath is not able to in�uence the

oscillator motion. Ho w ev er the thermal bath en ters in the dep endence of the Einstein

frequency (3.36) on the sp ectral densit y of the man y-b o dy system and therefore ! e is

not the frequency of an actual isolated oscillator.

3.1.3.2. Long Times

F or long times, w e can deriv e from equations (3.26) and (3.24) for t ! 1 :

< r (1 ) > =
m

3kT

Z 1

0
< r (� ) _r (0) > L (t � � )d� =

Z 1

0
� (� )L(t � � )d�

F rom eq. (3.29) w e can also write

< r (1 ) > = �
m

3kT

Z 1

0
< _r (� )r (0) > L (t � � )d�
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whic h, for L(t) = L :

< r (1 ) > = �
m

3kT
L[< r (� )r (0) > ]10 = �

m
3kT

L[< r (1 )r (0) > � < r 2(0) > ]

After an in�nite time, co ordinates of a thermalized oscillator are completely uncorre-

lated so that < r (1 )r (0) > = 0 and

< r (1 ) > =
m

3kT
L < r 2(0) > (3.39)

W e can observ e from eq. (3.15) that the long time regime is connected with the zero

frequency one, if w e denote the v ariable z as a frequency in the Laplace transform

domain. It is w orth noting from eq. (3.8) that for z = 0 the resp onse function is that

of an isolated oscillator, namely

�̂ (0) = 
 � 2
(3.40)

Hence, from equations (3.15), (3.39) and (3.40) w e obtain the so called adiabatic fre-

quency 
 :


 =

s
3kT

m < r 2(0) >

Although the equiv elence is rigorously v alid for z = 0 (static regime), w e can assert that

also for lo w frequencies (quasi-static regime) the system tends to b eha v e as an isolated

oscillator. Ph ysically , the analogy b et w een a slo w motion microscopic oscillator and an

isolated one is due to the abilit y of the thermal bath to p erfectly follo w the oscillator

motion, adjusting itself without energy dissipation (adiabatic regime). The resp onse

function for lo w frequencies will b e equal to that of a macroscopic oscillator (eq. (3.8))

with � = 0 :

�̂ (z) = ( z2 + 
 2)� 1
(3.41)

As seen for the short time regime, the adiabatic frequency 
 is not the actual frequency

of an isolated oscillator and it can b e expressed through the sp ectral densit y � (! ) of

the man y-b o dy system:


 � 2 =
Z 1

0
! � 2� (! )d! (3.42)

The latter considerations can b e applied to the concrete case of a solid b y adopting

the Deb y e sp ectrum of frequencies (Deb y e mo del). In the Deb y e appro ximation it is

assumed that � (! ) is prop ortional to ! 2
for ev ery frequency less than a limit v alue ! D ,
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called Deb y e frequency , and it is n ull otherwise:

� (! ) =
3

! 3
D

! 2� (! � ! D ) (3.43)

where � (! � ! D ) is the Hea viside function de�ned as:

� (! � ! D ) =

(
1 ! � ! D

0 ! > ! D

In order to determine the Deb y e appro ximation v alidit y , w e �nd a relationship b et w een

the sp ectral densit y and a correlation function. In tegrating the eq. (3.33):

� (! ) =
2!
�

Z 1

0
sin!t� (t)dt (3.44)

Substituting the expression of the resp onse function (3.24) in (3.44) and in tegrating:

� (! ) = �
2m!
3�kT

Z 1

0
sin!t < r (t) � _r (0) > dt =

2m! 2

3�kT

Z 1

0
cos!t < r (t) � r (0) > dt

Expanding the cosine function with the T a ylor series:

� (! ) =
2m

3�kT

�
! 2

Z 1

0
< r (t) � r (0) > dt � ! 4

Z 1

0
t2 < r (t) � r (0) > dt + :::

�
(3.45)

In tegrals in eq. (3.45) exist if the auto correlation function go es to zero quic kly enough

(as observ ed in solids). W e can see that the Deb y e appro ximation, i.e. � (! ) / ! 2
,

is v eri�ed for lo w frequencies. Equating the equation (3.43) and (3.45), w e �nd the

microscopic expression for the Deb y e frequency:

! D = 3

s
9�kT

2m
R1

0 < r (t) � r (0) > dt

In the Deb y e mo del, _� (t) can b e calculated b y the in v erse transform of the sp ectral

densit y (3.44):

_� (t) = 3
�

sin(! D t)
! D t

+
2 cos(! D t)

(! D t)2
�

2 sin(! D t)
(! D t)3

�

and

� (t) = 3
�
�

cos(! D t)
! 2

D t
+

sin(! D t)
! 3

D t2

�
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3.1.3.3. Regimes Compa rison

Because of the unlik e resp onse of the thermal bath to the oscillator motion in the t w o

di�eren t regimes of short times and lo w frequencies, in general ! e 6= 
 , but they matc h

in the isolated oscillator case, in absence of thermal bath. F rom de�nitions (3.36) and

(3.42), and from the Cauc h y-Sc h w artz inequalit y , w e deriv e:

! e > 
 (3.46)

F rom equations (3.36) and (3.43) w e obtain the relationship b et w een Einstein and Deb y e

frequencies:

! 2
e =

Z ! D

0
! 2 3

! 3
D

! 2d! =
3
5

! 2
D

from whic h

! e =

r
3
5

! D

Similarly , from equations (3.42) and (3.43), w e deriv e for the adiabatic frequency:


 � 2 =
Z ! D

0
! � 2 3

! 3
D

! 2d! =
3

! 2
D

from whic h


 =

r
1
3

! D

so that

! e =
3

p
5




whic h sati�es the inequalit y (3.46).

3.1.3.4. E�ective Equation of Motion

W e ha v e seen in the previous subsections that the exact equation of motion for the

resp onse function m ust repro duce the t w o limit cases describ ed b y eq. (3.38) for short

times, and b y eq. (3.41) for lo w frequencies. W e no w analize what happ ens at in terme-

diate situations, when the oscillator and the thermal bath particles mo v e at comparable

time scales. In this case, the Einstein limit is no more v alid since the thermal bath has

enough time to partially adjust itself to the oscillator motion but not completely to v er-

ify the adiabatic limit. In this w a y , the thermal bath has a certain dela y with resp ect

to the oscillator motion, causing frictional damping of the oscillator and hence energy
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dissipation. This e�ect has b een included in the equation of motion of the macroscopic

damp ed oscillator through the friction co e�cien t � . Ho w ev er the latter mo del is unable

to repro duce the Einstein limit when t = 0 , namely

•� (0) = 0

as it can b e seen b y deriving eq. (3.11) from whic h

•� M (0) = � �

It can b e demonstrated that the exact equation of motion can b e obtained from the

equation of the macroscopic damp ed oscillator (3.7), substituting the friction co e�cien t

� with a friction k ernel � (t) non lo cal in time:

Lf •r (t)g = �Lf
Z t

0
� (t � � ) _r (� )d� g � 
 2r̂ (z) + L̂ (z)

Hence de�ning resp onse functions as

�̂ (z) = ( z2 + �̂ (z)z + 
 2)� 1
(3.47)

�̂ (z) = �̂ (z)( �̂ (z) + z)

w e obtain

r̂ (z) = �̂ (z)[_r (0) + L̂(z)] + �̂ (z)r (0) (3.48)

The tra jectory results to b e the in v erse Laplace transform of the equation (3.48):

r (t) = � (t) _r (0) + � (t)r (0) +
Z t

0
� (� )L(t � � )d� (3.49)

Comparing the exact expression of the resp onse function (3.47) with the damp ed macro-

scopic oscillator one (3.8), w e notice that they matc h for z ! 0:

� (0) = 
 � 2

and for lo w frequencies if � = �̂ (0) . F rom eq. (3.47) w e deriv e:

�̂ (z)z = �̂ � 1(z) � z2 � 
 2
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Deriving with resp ect to z:

z
d�̂ (z)

dz
+ �̂ (z) =

d�̂ � 1(z)
dz

� 2z

�̂ (z) =
d�̂ � 1(z)

dz
� 2z � z

d�̂ (z)
dz

F or z ! 0:

�̂ (0) =
d�̂ � 1(z)

dz

�
�
�
�
z=0

=

R1
0 t� (t)dt

�̂ 2(0)
= 
 4

Z 1

0
t� (t)dt

�̂ (0) =
! 4

D

3

Z 1

0
t
�
�

cos(! D t)
! 2

D t
+

sin(! D t)
! 3

D t2

�
dt =

�
6

! D

namely

� =
�
6

! D

This v alue will b e used in equations of motion (3.6) of Langevin atoms for slab sim u-

lations, where ! D = kTD in atomic units. TD is the Deb y e temp erature whic h dep ends

up on the c hemical nature of the solid. F or the Langevin nic k el atoms w e ha v e assumed

the bulk v alue TD = 375:0 K.
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In this w ork, a thermal bath sim ulation ha v e b een emplo y ed (see Chapter 3), to re-

pro duce energy dissipation in to the metal bulk, obtained through the application of

Langevin forces to a small p ercen tage of metal atoms (see Section 10.1). In order to

sim ulate the impact of a molecule b eam on a metal surface at the temp erature Ts , it

is assumed that the surface, b efore the impact, is at thermal equilibrium. Hence, a

separated dynamics step is required, in order to thermalize the slab, b efore the prop er

b eam sim ulation could b e p erformed. Indeed, the kinetic energies of the slab atoms

m ust statistically follo w a canonical distribution at the surface temp erature Ts . The

energy equipartition theorem in the canonical ensem ble reads as:

�
A

@H
@xk

�
= kB Ts

�
@A
@xk

�

where A is the generic v ariable in the con�gurational space. Our slab mo del is consti-

tuted b y three subspaces:

1. f pi g, i.e. the momen ta space of all the Newtonian atoms, asso ciated to the tem-

p erature

T1 =
1

kB

�
pi

@H
@pi

�

2. f qi g, i.e. the co ordinates space asso ciated to the temp erature

T2 =
1

kB

�
qi

@H
@qi

�
(4.1)

3. The subsystem of the thermal bath (Langevin atoms) whic h is at the desired

temp erature Ts , selected from input.

If the Langevin atoms are man y more than the Newtonian ones, the subsystems f qi g

and f pi g, whatev er the initial v alues assumed, will rapidly equilibrate with the thermal
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bath to reac h the mean v alues:

T1 ' T2 ' Ts:

Unfortunately , it is not computationally con v enien t to consider a great n um b er of atoms

in the thermal bath, b ecause all the equations of motion ha v e to b e solv ed. If the thermal

bath has comparable or smaller dimensions with resp ect to the other subsystems, an

early equilibration will o ccur b et w een the subsystems f qi g and f pi g to the temp orary

v alue Teq:

T2 < T eq < T 1

b efore the slo w er equilibration, due to the thermal bath, can succeed. In order Teq

to matc h with Ts , the follo wing tric k can b e used. The gas molecule is k ept far from

the surface so that the in teraction molecule-surface is n ull. W e p erform a geometry

optimization to the slab co ordinates so that:

@H
@qi

= 0

and hence from equation (4.1) T2 = 0 . The initial momen ta comp onen ts of the Ns slab

atoms are selected according to a Gaussian distribution cen tered at the mean v alue

�p, deriv ed from the a v erage kinetic energy foreseen b y the equipartition theorem at

temp erature T1 = 2Ts :

�p2

2ms
= kB Ts

�p =
p

2mskB Ts:

3Ns momen ta comp onen ts pi are giv en b y:

pi = � i �p

where � i are random deviates generated according to the Gaussian distribution

f (� i ) =
1

p
2�

e� 1
2 � 2

i :

Therefore, the early equilibration pro cess will bring to the desired mean surface temp er-

ature Ts . Thermalization tests with 10 < T s < 300 K ha v e sho wn t ypical equilibration

times from 100 to 250 fs.
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The LiH

+
2 System
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5. LiH =LiH

+
Abundances in the

Primo rdial Universe

In this c hapter w e in tro duce the LiH +
2 system, sho wing its p ossible imp ortance in the

Early Univ erse c hemistry . W e b egin with a brief history of the Univ erse ev olution,

as it turns out from the widely used Big Bang theory . W e then fo cus the atten tion

on the recom bination and p ost-recom bination eras whic h sa w the birth of c hemistry

and set the stage for the subsequen t ev olution of the Univ erse. W e therefore sho w the

connection b et w een the lithium c hemistry in the Early Univ erse and the LiH +
2 system.

5.1. Universe Evolution

In the Standard Big Bang mo del of the Early Univ erse [20 ] the Univ erse b egan roughly

10 billion y ears ago. W e brie�y review here the history of the Univ erse b y lo oking at

the crude diagram of �g. 5.1 in whic h only �recen t ev en ts� are sho wn. The diagram

represen ts the arro w of time and is based on data collected in T able 1 of the review

article of Lepp et al. [21]. The actual dating of ev en ts is correct in red-shift units (the

z parameter) while is somewhat uncertain in the usual time units. This is b ecause the

actual dates of the Univ erse ev olution ev en ts dep end on the cosmological mo del adopted,

whereas the redshift z is an observ ed quan tit y . As it is w ell kno wn, the redshift is the

fractional reduction of the frequency of ligh t that comes from a mo ving source: it is

related to the v elo cit y v of the mo ving source through a Doppler-lik e relation:

z =

r
c + v
c � v

� 1 !
v
c

when v � c

and to the distance d from the source b y the Hubble's la w, whic h (in the recen t Univ erse)

reads as

v = H0d
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Figure 5.1.: The arro w of time: some represen tativ e ev en ts of the ev olution of the Uni-

v erse. Picture from [19 ].

54



5. LiH =LiH

+
Abundances in the Primordial Univ erse

where H0 = 67 km s

-1

Mp c

-1

is the Hubble constan t, the parsec (p c) b eing the astronom-

ical unit of distance (1 p c = ' 3 � 10

16

m). The relationship b et w een z and t is giv en

b y

dt
dz

/ �
1

(1 + z)2
p

1 + 
 0z

where 
 0 (the closure parameter) is 1 for a �at Univ erse. Data of �g. 5.1 corresp onds

to 
 0 = 1 and H0 = 50 km s

-1

Mp c

-1

.

The ev en ts of �rst few seconds of life of the Univ erse do not concern our w ork:

this is matter of particle ph ysics whic h, with the curren t energy obtainable in particle

accelerators, has con�rmed the presen t theories up to 10� 10
s after the Big Bang. W e

b egin our history a few min utes after the Big Bang, when the adiabatic co oling due

to expansion allo w ed the formation of the �rst ligh t n uclei ( H +
, D + ; He2+

) with no

immediate photo disso ciation. Only ligh test n uclei w ere formed in this n ucleosyn thesis

pro cess, b ecause of the lac k of a stable n ucleus with atomic mass 5. Sligh tly hea vier

elemen ts w ere formed in rare collisions b et w een D +
, T+

,

3He2+
and

4He2+
n uclei: they

are

6Li 3+
,

7Li 3+
and

7Be4+
whic h complete the Standard Big Bang Nucleosyn thesis

(SBBN) scenario [22, 23 , 24]. These n uclei w ere free of electrons, as the matter w as

man tained ionized b y the still high temp erature, either through thermal collisions and

(high energy) photoionization. A t that time the Univ erse w as opaque, b eing �lled with

a homogeneous barion-photon �uid, and matter and radiation w ere strongly coupled.

Indeed, the bac kground radiation �eld could exc hange energy in a con tinous fashion

with c harged particles mainly through Compton/Thomson scattering on electrons. The

temp erature drop, due to the con tinous expansion, brok e this equilibrium at ab out

z = 2500 when n uclei b egan to recom bine with electrons in the order dictated b y

their ionization p oten tials as sho wn in �g. 5.2, where fractional abundances of neutral

atoms and p ositiv e ions ha v e b een sho wn at high redshift [25 ]. This means that, at

ab out 100,000 y ears old, the Univ erse w en t from b eing radiation dominated to matter

dominated, and it underw en t a phase transition from a c harged (plasma-lik e) system to

a mostly neutral and transparen t one (Recom bination Era). The radiation decoupled

from the matter whic h b egun its indep enden t ev olution and densit y p erturbations in

the matter b egan to gro w. The densit y in the Early Univ erse ev olv es as

nH = n0(1 + z)3

where n0 ' 10� 6
cm

-3

is the curren t a v erage densit y of h ydrogen atoms in the Uni-
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Figure 5.2.: F ractional abundances of neutral and p ositiv e atomic ions in the early Uni-

v erse at high redshift z, as ev aluated in w orks of Lepp et al [25] (thic k lines)

and Seager et al [26] (thin lines). The cosmological parameters corresp ond

to the standard cosmology mo del I I I of Stancil et al [27, 28]. Picture from

[25].
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v erse. This means that at recom bination the densit y of h ydrogen w as appro ximately

109
times larger, but also a densit y of the order 103

cm

-3

is still a v ery lo w densit y b y

ev eryda y standards and w ould b e considered an ultrahigh v acuum in lab oratory . The

Recom bination Era marks the istan t at whic h the Cosmic Bac kground Radiation (CBR)

in teracted with matter for the last time, apart for v ery w eak subsequen t in teractions:

the CBR conserv ed its original (equilibrium) sp ectrum, mo di�ed only b y the adiabatic

expansion. The temp erature of the CBR scales with redshift as

Tr = T0(1 + z)

where T0 ' 2:7 K is the curren t CBR temp erature. In the Recom bination Era, for z =

2500, the temp erature w as ab out 4000 K. Cosmic micro w a v e bac kground measuremen ts

can see bac k to the �opaque w all�, the so-called last scattering surface, and measure

the prop erties of the Univ erse at Recom bination Era [29, 30]. Before recom bination,

the temp erature of radiation and matter w ere the same and the Univ erse w as highly

uniform since densit y p erturbations w ere damp ed out and prev en ted from collapsing.

The Recom bination Era represen ts the b eginning of an ep o c h where the ev olution of

the Univ erse w as con trolled b y atomic and molecular pro cesses, since the temp erature

of the matter Tm w as primarily con trolled b y the adiabatic expansion, but atomic and

molecular heating and co oling pro cesses also pla y ed a role:

Tm = Td(1 + z)2

where Td is the temp erature at decoupling.

The c hemistry of the recom bination era and of the subsequen t p ost - r e c ombination

er a w as v ery simple: dust grains, cosmic ra ys, in terstellar radiation �eld and stellar UV

emissions had y et to app ear. The c hemical ev olution w as, th us, determined b y binary

collisions and lo w-energy photon pro cesses.

The formation of the �rst generation of stars (P opulation I I I, or simply P opI I I), at

ab out z � 20 � 12 c hanged abruptly the situation. These stars originated from the

collapse of the early clouds whic h is though t to ha v e b egun at ab out z � 100� 20. In

their high temp erature in teriors, they pro duced for the �rst time the hea vy elemen ts,

the so-called �metals�. F uthermore these stars pro duced solar winds, ultra v acuum UV

radiations and sho c k w a v es (with their death) that spread o v er the in terstellar medium,

thereb y complicating the �simple� situation of the previous ep o c h. This is the ep o c h
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of structure formation in whic h the Univ erse reac hed its presen t asp ect, together with

our Milky W a y .

5.1.1. Molecules F o rmation

The recom bination and p ost-recom bination eras are a somewhat unique area in astro-

ph ysics, b ecause of the curren t imp ossibilit y of observing �ob jects� of this ep o c h. Our

kno wledge of these eras relies on the curren t kno wledge of non-equilibrium c hemistry ,

ph ysical cosmology , h ydro dynamics and only o ccasionally can b e indirectly tested on

the Univ erse w e see to da y [31 , 32]. Muc h of the w ork in this area is a judicious use of

a v ailable rate constan ts and computational p o w er in c hemical ph ysics sim ulations of a

comp osite gas, sub ject to the initial SBBN concen trations of n uclei together with the

general relativit y theory of gra vitation in an expanding Univ erse.

In this Section, w e brie�y consider t w o main topics in this researc h area: the �a v erage�

ev olution of the c hemical sp ecies across this era and the onset of the collapse within

the gas that determined the end of the p ost recom bination era leading to the formation

of the �rst generation of stars. Since the pioneering w orks of Sasla w and Zip o y [33 ]

and of P eebles and Dic k e [34], the role of molecules in the Univ erse ev olution has

b een recognized. Molecules set scale of the �rst ob jects and migh t ha v e help ed to

amplify galaxy formation and lead to large-scale structure [35, 36, 37, 38, 39]. Molecular

formation in the early Univ erse has b een the sub ject of sev eral theoretical studies

[40 , 41, 42 , 43 , 27, 44 , 45, 46, 47 , 48, 20 , 49 , 25]. T o form a molecule (or molecular ion)

requires binding t w o atoms (or an atom and an ion) together and forming a c hemical

b ond. It is imp ossible to bring t w o particles together and ha v e them stic k while at the

same time conserving energy and momen tum. A molecule is formed only when some

w a y of remo ving this excess energy is found. It ma y b e remo v ed b y: a third b o dy , the

emission of a photon, or the ejection of a particle. The c hemical and ph ysical ev olution

of the late Univ erse w as(is) v ery complicated, in particular in the star forming regions.

F rom a c hemical p oin t of view dust grains are though t to ha v e pla y ed a k ey role in this

ev olution, since they allo w ed man y reactions that otherwise w ould ha v e b een forbidden.

F or example, only in this ep o c h the simple reaction

H + H ! H2

b ecame p ossible on the grains surface. In the Early Univ erse there are no surfaces and
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z T / K nH =cm

� 3

1000 2728.7 2.0 � 10

3

500 1365.7 252.1

100 275.3 2.1

20 57.2 0.018

T able 5.1.: Some relev an t quan tities at four signi�cativ e z v alues.

so the only w a y for a third b o dy to b e in v olv ed is for all three atoms to b e in v olv ed

in the collision. The lik eliho o d of three atoms colliding dep ends on the densit y; at

recom bination the densities are to o lo w for three-b o dy formation to b e signi�can t,

though it ma y b e imp ortan t in the collapse of the �rst ob jects where the densities get

m uc h larger (T ab. 5.1). Th us the �rst molecules formed either b y radiating a photon

(radiativ e asso ciation) or b y ejecting an electron (asso ciativ e detac hmen t).

In their w ork Galli and P alla [48 ] follo w ed the ev olution of 21 molecular sp ecies from

z = 104
to z = 0 in a homogeneous and isotropic gas (the Univ erse matter in the

F riedman cosmological mo del). They included 87 gas-phase reactions and critically

discussed some of them. Starting with the abundances predicted b y the SBBN mo del

the fractional abundances of the molecular sp ecies w ere follo w ed un til they reac hed their

asymptotic limit at z � 100. Indeed, at that time the reaction rates fell b elo w the sp eed

of the expansion of the Univ erse and the molecular concen tration �froze out� (�g. 5.3).

F rom that time the gas w ould ha v e remained in that state unless some p erturbation

w as in tro duced. As already noted, p erturbations app eared at z � 100� 20 as collapse

of o v erdense clouds and, later at z < 20, as reheating due to UV stellar radiation.

Therefore, the data of the ab o v e men tioned w orks are applicable do wn to these red-

shifts, where they set the initial conditions for the next stage of the ev olution of the

Univ erse.

The c hemistry of the p ost-recom bination ep o c h started at z � 1300 with the forma-

tion of the molecular ions HeH +
and He+

2 through r adiative asso ciation

He + H + ! HeH + + 


He + He+ ! He+
2 + 


The ions, ho w ev er, w ere depleted b y t w o disso ciative r e c ombination reactions

HeH + + e� ! H + He
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Figure 5.3.: F ractional abundances of molecules and molecular ions in the early Univ erse

at high redshift z. The cosmological parameters corresp ond to the standard

cosmology mo del I I I of Stancil et al [27, 28]. Picture from [25].
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He+
2 + e� ! He + He

th us increasing the rate of neutralization of He+
and H +

. F urthermore, the photo de-

struction at z � 1300 w as particularly e�cien t and therefore c hemistry really b egan

with the formation of the �rst H2 molecules. H2 could not b e formed b y radiativ e

asso ciation since the lac k of dip ole momen t forbids the con tin uum-to-b ound transition.

T w o di�eren t routes led to the molecule formation, eac h initiated b y slo w radiativ e

pro cesses,

H + e� ! H � + 


H � + H ! H2 + e�

and

H + + H ! H +
2 + 


H +
2 + H ! H2 + H +

(also the reaction HeH + + H ! H +
2 + He con tributed to the H2 formation for z > 500,

since the H +
2 pro duct of this reaction could en ter the c harge-exc hange pro cess with H ).

The so-called H +
2 sequence (see �g. 5.4) w as imp ortan t for z > 100 while the so-called

H �
sequence b ecame dominan t for z < 100 when photo detac hmen t of H �

w as reduced

b y the decline of the CBR.

The c hemistry of He is summarized in the ab o v e men tioned reactions while that of

D w as v ery similar to that of h ydrogen, except for the fact that HD can b e pro duced

also b y direct radiativ e asso ciation thanks to its (v ery small) dip ole momen t. The

Lithium c hemistry pla y ed only a minor role in the ev olution of the early matter since

the v ery lo w initial abundance of Li n uclei ( � 10� 9
with resp ect to H +

, in con trast to

D +
and He2+

that w ere � 10� 1
times the h ydrogen abundance) prev en ted the Lithium

sp ecies to really a�ect the other molecular abundances. Ho w ev er, as w e shall see in the

follo wing, Lithium sp ecies could really pla y an imp ortan t role in astroph ysics [50].

Let us no w go sligh tly deep er in the ev olutionary mo del of the early matter in order

to get some ideas of the order of magnitude of the relev an t quan tities. The ev olutionary

mo del consists of a set of coupled di�eren tial equations coupling the c hemical sp ecies,

the bac kground radiation �eld and the (matter) temp erature Tm ,

dni

dt
= kf nj nk � kdni + :: (5.1)
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Figure 5.4.: Bubble diagram of h ydrogen reactions in the early Univ erse. Picture from

[25].
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dTm

dt
= � 2Tm

dR
Rdt

+
2

3kn
[(� � �) scatt + (� � �) mol ] (5.2)

The �rst equation represen ts the canonical rate of formation of the sp ecies i , where kf

and kd are the formation/destruction rates and ni is the n um b er densit y of sp ecies i .

The initial conditions are tak en from the SBBN mo del and usually expressed in terms

of fractional abundances with resp ect to the (most abundan t) H sp ecies.

The matter temp erature ev olv es b ecause of the expansion (the �rst term in eq. (5.2))

1

and b ecause of the in teraction b et w een matter and radiation: the (� � �) scatt term rep-

resen ts the net transfer of energy in Compton scattering of CBR photons on electrons,

while the (� � �) mol is the molecular heating/co oling. The (� � �) mol can b ecome an

e�ectiv e heating(co oling) source for the matter if the rate of collisional de-excitation

is faster(slo w er) than the radiativ e deca y; ho w ev er, in general, the con tribution of this

term is small. Nev ertheless, this term is imp ortan t for the collapse of the early clouds

that w e are going to describ e.

5.1.2. Molecules in the Collapse of Ea rly Clouds

The mo del of an isotropic gas �lling up the Univ erse is v ery useful in studying the

a v erage comp osition of the early matter, but it is clearly un tenable. As a matter of

fact, although v ery homogeneous on a large scale, our Univ erse is quite inhomogeneous,

ha ving lo cal o v erdense zones (galaxies and clusters of galaxies) separated b y almost

empt y regions, where the n um b er of atoms can b e as lo w as 1 p er a cubic meter. In

the Big Bang framew ork one has to p ostulate the existence of small deviations from

homogeneit y , i.e. of regions in whic h a signi�can tly o v erdense p ortion of the early matter

starts to collapse under the e�ect of self-gra vit y and, ultimately , can form gra vitationally

b ound ob jects. In particular, the star formation pro cess is one of the p ossible outcomes

of a falling do wn cloud.

One of the main problems that a collapsing cloud has to face at is its c o oling : without

a co oling mec hanism that w orks taking a w a y the energy excess, the collapse will end in

a stationary state in whic h pr essur e (i.e. the atomic and molecular motion) coun terbal-

ances gr avity . In particular, in the lo w-temp erature gas of the late p ost-recom bination

era a co oling mec hanism in v olving only h ydrogen and helium atoms is quite ine�cien t,

b ecause of the lac k of lo w-lying energy lev els. F or this reason it has b een long recog-

1

The adiabatic expansion of a monoatomic gas ( E = 3 =2kB T ) is giv en b y dT=T = � 2=3dV=V where

dV=V = 3 dR=R, R b eing the radius of the spherical Univ erse.
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nized that, ev en at a fraction of 10� 4 � 10� 5
of the total atomic h ydrogen abundance,

mole cules trigger the collapse. The mec hanism is kno wn as r adiative c o oling and has

b een in tro duced at the end of the previous section: in practice, molecules are collision-

ally excited and radiativ ely de-excited, thereb y taking a w a y the energy as ligh t quan ta.

This mec hanism pro v ed to b e e�cien t ev en when H2 only w as considered, but it is

clearly more e�cien t when HD and LiH are tak en in to accoun t: indeed, despite their

lo w er abundances, these t w o molecules ha v e more ly spaced energy lev els and greater

radiativ e e�ciency than H2
2

.

The c haracteristic quan tit y in this con text is the mole cular c o oling function whic h

for a molecule M in the initial state i is giv en (in steady-state lev el p opulations) b y

� i
M =

X

X;j>i

nX kX
i ! j P

rd
j ! i � eij

where nX represen ts the n umeb er densit y of a collisional partner, kX
i ! j is the relev an t

collisional rate constan t, P rd
j ! i is the radiativ e de-excitation rate and � eij is the (ab-

solute) energy gap b et w een lev el i and lev el j ; analogously , w e can de�ne a mole cular

he ating function


 i
M =

X

X;j>i

� eij P re
i ! j k

X
j ! inX

where no w P re
i ! j is the radiativ e excitation rate. The radiativ e rates can b e giv en in

terms of the Einstein co e�cien ts,

P rd
j ! i = A j i + B j i uj i

P re
i ! j = B j i uj i

where uj i is the energy densit y of the radiation p er unit frequency corresp onding to the

i ! j transition. The total co oling and heating functions are then giv en b y

� M =
P

i x i � i
M


 M =
P

i x i 
 i
M

2

It is w orth noting that radiativ e rotational transitions in H2 are of quadrup ole t yp e ( � j = � 2) and

th us they (i) need a higher collision energy to b e activ ated and (ii) giv e rise to a w eak er emission

e�ciency than in the case of HD and LiH .
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where x i is the fractional p opulation of lev el i , and the net c o oling function b y

� M = � M � 
 M

The net co oling function clearly dep ends on the temp erature and on the densit y of the

collisional partners: it is an increasing function of the temp erature, due to the increasing

abilit y of the molecules to b e excited in higher lev els, and it is a decreasing function of

the densit y of the collisional partners, since the higher the densit y the higher is the rate

of collisional de-excitation prior to radiativ e transfer

3

. Galli and P alla [48] computed

the co oling functions of LiH , HD and HH in the lo w densit y limit using the a v ailable

data to date. The Figure 2 in their App endix sho ws that LiH co oling dominates up to

100K , follo w ed b y HD in the temp erature range 100� 2000K and, ultimately , b y H2

for T > 2000K 4

.

5.2. Literature Review

There is considerable uncertain t y on the abundance of LiH in the early Univ erse [50 ].

This is somewhat unpleasan t since Li b earing sp ecies ha v e some imp ortance for the

astroph ysical comm unit y . Thanks to its high dip ole momen t, LiH could b e the �rst

�ob ject� of the early Univ erse to b e observ ed and, indeed, a v ery preliminary searc h

for primordial LiH molecules has b een started [51 ]. Dubro vic h [52] and Maoli [43 , 53 ]

ha v e suggested that Thomson scattering of CBR photons b y primordial molecules with

large dip ole momen ts ma y ha v e atten uated second order angular CBR anisotropies,

thereb y lea ving their imprin t on the CBR sp ectrum. This imprin t ma y b e observ able

if su�cien t molecular abundances w ere pro duced. On the other hand, it is imp ortan t

to assess the feasibilit y of suc h exp erimen ts since the total Lithium abundance turns

out to b e a discriminant for the n ucleosyn thesis mo dels. F urthermore, the role of LiH

in the co oling mec hanism of the early clouds, if an y , dep ends clearly on the molecular

abundance.

The pioneering computations of Lepp and Sh ull [41], using an estimated v alue for

the radiativ e asso ciation rates, ga v e the LiH=H 2 abundance ratio at lo w red-shift to

b e as high as 10� 6:5
; with H2=H � 10� 6

the fractional abundance of LiH w ould b e

3

It is w orth men tioning that the ab o v e form ulas should b e corrected, when needed, b y the en thalpic

con tribution of the c hemical reactions.

4

W e should men tion, ho w ev er, the fractional abundances of these sp ecies as they turned out from

their w ork for z < 20: f (H2) � 10� 6
, f (HD ) � 10� 9

and f (LiH ) � 10� 19
.
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10� 12:5
. Subsequen tly , and indep enden tly , Dalgarno et al. [54] and Gian turco and Gori-

Giorgi [55, 56] computed accurate rate constan ts for the radiativ e asso ciation pro cess

from ground-state atoms, b oth for LiH and for LiH +
. Gian turco and Gori-Giorgi also

examined the p ossibilit y of pro ducing LiH from an excited Li (1s22p) atom and found

the relev an t rate six order of magnitudes larger than that in v olving Li (1s22s) atoms.

These �rst-principle results ga v e rise to a m uc h smaller abundance of primordial LiH

[54 , 48 , 25 ]. Ho w ev er, recen tly , Bennett et al [57] ha v e calculated an enhancemen t b y

more than an order of magnitude of the rate co e�cien t for

Li (1s22s) + H (1s) ! LiH + 


ab o v e 600 K. The e�ect on the LiH abundance is no more than an increase of a

factor of 3 for limited ranges of redshift v alues, whereas the principal uncertain t y in the

abundance of LiH app ears to b e asso ciated with the rate co e�cien t for the dominan t

destruction mec hanism

LiH + H ! Li + H2 (5.3)

V ery little w as kno wn ab out this exo ergic reaction of LiH with the most abundan t

atoms, when Galli and P alla [48 ] used an estimated rate constan t of 2 � 10� 11 cm3s� 1

[27 ]. This has prompted sev eral ab - initio studies of the underlying in teractions and

�rst-principle determinations of the rate constan ts: Dunne et al [58 ] ha v e ev aluated

and analitically �tted an ab initio P oten tial Energy Surface (PES) whic h has b een

emplo y ed for quasiclassical tra jectory (QCT) [58] and v ery recen t quan tum dynamics

studies [60, 61]. The calculated rate constan ts strongly dep end on temp erature, also

if there is no quan titativ e agreemen t b et w een the di�eren t w orks. Indeed the rate

constan t obtained b y the quan tum dynamics study of De F azio et al. [60] di�ers from

that of P admanaban et al [61] of t w o orders of magnitude. F or these reasons strong

uncertain t y still remains on LiH fractional abundances (Fig. 5.5).

In their w orks, Galli and P alla [48 ], Stancil et al [28 ] and Lepp et al [25 ], calculated

that the LiH abundance fell b elo w that of LiH +
(see Fig. 5.6), since the formation of

the molecular ion is con trolled b y the radiativ e asso ciation pro cesses
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Figure 5.5.: F ractional abundance of LiH in the early Univ erse as ev aluated in w orks

of Stancil et al [28] (solid curv e) and Lepp et al [25 ]: utilizing new rate

co e�cien ts for m utual neutralization reactions [25 ] (dotted curv e); with

a 420 K activ ation barrier for reaction (5.3) [25 ] (short dashed curv e);

with reaction (5.3) set to zero [25] (long dashed curv e); and using the rate

co e�cien ts of Dunne et al [58] for reaction (5.3) (dot-dashed curv e). Picture

from [25 ].
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Figure 5.6.: F ractional abundances of LiH +
in the early Univ erse. Results of Stancil et

al [28] (dotted curv e), and utilizing new rate co e�cien ts for the disso ciativ e

recom bination reaction (5.6) [59] (dashed curv e). Comparison is made to

the LiH abundance calculations from Stancil et al [28 ] (solid curv e), and

using new rate co e�cien ts of Dunne et al [58 ] for reaction (5.3) (dot-dashed

curv e). Picture from [25].
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Li + H + ! LiH + + 
 (5.4)

Li + + H ! LiH + + 
 (5.5)

and Lithium remains ionized ev en at lo w red-shifts. The reactions (5.4) and (5.5) ha v e

b een studied b y Dalgarno et al [54 ] and Gian turco et al [56] resp ectiv ely .

The disso ciativ e recom bination rate, i.e. the rate of the pro cess

LiH + + e� ! Li + H (5.6)

has b een estimated to b e k = 3:8 � 10� 7 T � 0:47 cm3s� 1
[27 ] and only recen tly has b een

measured [59 ] to b e ab out 10 times the estimated v alue.

In their review articles, Lepp et al [25] and Bo do et al [50] ha v e highligh ted the lac k

of accurate rate constan ts for the e�cien t reactions

LiH + + H ! Li + + H2 (5.7)

LiH + + H ! Li + + H + H (5.8)

LiH + H + ! Li + H +
2 (5.9)

whic h can a�ect LiH=LiH +
fractional abundances (see �gures 5.5 and 5.6). In this

con text it is w orth men tioning that the lo w red-shift fractional abundance of H +
( f �

10� 4
) is m uc h lo w er than the corresp onding abundances of H ( f � 1) and He ( f �

10� 1
) but the c harge-dip ole in teraction acting b et w een the strongly dip olar molecule

and the proton can giv e rise to v ery large cross-sections ( 104 � 105
times a t ypical

neutral cross-section), thereb y o�setting the lo w er abundance of H +
. All the ab o v e

considerations motiv ated our in terest in the LiH +
2 system: it is the relev an t system for

studying the ionic Lithium (sub)net w ork, i.e. the in teractions of LiH=LiH +
with the

abundan t H + =H sp ecies. The recen t ev aluation of v ery accurate PESs of the lo w est

lying electronic states of LiH +
2 [62] made rate constan ts determination feasible for

reactions (5.7)-(5.9). Up to date, b esides this w ork, for reactions (5.7) and (5.8), a

quan tum dynamics calculation of reaction probabilities in the collinear geometries has

b een p erformed [63 ]. F or reactions (5.9) and its rev erse, state-selected rate constan ts

ha v e b een ev aluated for the vibrational ground state of the reagen t molecules LiH and

H +
2 [64, 65]. Ho w ev er, at high temp eratures, the in ternal excited states pla y a non
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negligible role. In this w ork, w e ha v e calculated rate constan ts for the reactions (5.7)

and (5.8), and for the reaction (5.9) and its rev erse (see Chapter 7).
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6. LiH +
2 P otential Energy Surfaces

In this Chapter w e presen t an o v erview of 3D ab initio reactiv e P oten tial Energy Surfaces

(PESs) calculated and �tted b y Martinazzo et al [62] for the t w o lo w est lying electronic

states of LiH +
2 . W e ha v e inserted the PESs and their analytical deriv ativ es in the QCT

program TRAJ-S [2, 3 , 4, 5, 6 ], that w e ha v e adapted to treat atom-diatom scattering.

The co ordinates used to sample the full con�gurational space are depicted in Fig. 6.1.

Initially 11341 ab-initio Multi Reference V alence Bond (MR VB) energy v alues ha v e

b een calculated to pro duce full dimensional PESs [66 ], then extended with 600 Multi

Reference Con�guration In teraction p oin ts. Since the t w o calculation approac hes are

of di�eren t qualit y , a somewhat complicated �tting pro cedure has b een used. Firstly

MR VB p oin ts ha v e b een �tted [67], subsequen tly the di�erence b et w een MR VB and

MR CI p oin ts has b een �tted to correct the previous PESs.

W e no w analyze the relev an t PESs c haracteristics whic h are necessary to in terpret the

dynamics results presen ted in Chapter 7. W e rep ort in Fig. 6.2 the correlation diagram

for the asymptotic energy states of LiH +
2 system in order to see the energy di�erences

b et w een fragmen tation c hannels. On the righ t hand side w e ha v e rep orted the c hannel

fragmen ts in terms of the LiH=LiH +
sp ecies while on the left w e ha v e dra wn the energy

lev els in the range of co ordinates corresp onding to H2=H+
2 molecules. The three atom

break-up c hannels are displa y ed (as dashed lines) in the middle of the diagram, b ecause

r(H-H)

r(Li-H)
Q

Figure 6.1.: Reaction co ordinates.
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Figure 6.2.: Correlation diagram for LiH +
2 and its asymptotic states. T riatomic frag-

men tation arrangemen ts are also displa y ed. Picture from [67].

of the relev ance for the ground-state pro cess. What is readily eviden t from the diagram

is the large energy gap b et w een the ground electronic state of LiH + + H and that of

LiH + H +
on one side and that for H2 + Li + =H+

2 + Li on the other side. This is due

to the large di�erence b et w een the ionization p oten tials of the Li -b earing sp ecies and

those of H , H2 . These features remain substan tially unc hanged in the in teraction region

th us w e will exclude non-adiabatic in teractions b et w een the �rst t w o states and w e will

fo cus on the adiabatic pro cesses o ccuring on the corresp onding PESs. An o v erall view

of the �rst t w o electronic states for r = req(LiH ) in cilindrical co ordinates is sho wn in

Fig. 6.3 where w e can see that the t w o states are w ell separated b y a � 5eV energy gap.

Co ordinates men tioned in �g. 6.3, r , R and � , are Jacobi co ordinates as it is sho wn in

�g. 6.4. Th us, the asymptotic energy gap noted in Fig. 6.2 is not substan tially altered

b y the in teraction.

Indeed, as it is eviden t from the three-dimensional represen tation of the �rst t w o

electronic states for the collinear Li � H � H geometry in Fig. 6.5, the ground and the

�rst excited states remain quite w ell separated in energy through the reactiv e regions.

This suggests that parts of the c hemistry of the neutral and ionic sp ecies of lithium

h ydride ha v e to b e revised since most of the reaction paths that w ere exp ected to

b e e�cien t are adiabatically forbidden. The reason is that the t w o states sho w no
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Figure 6.3.: Three dimensional view of the t w o surfaces as a function of cylindrical

co ordinates where x = Rsin� and y = Rcos� . The in tern uclear distance

r is that of LiH at its equilibrium geometry . Lo w er panels sho w con tour

plots of the t w o surfaces [19].
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Figure 6.4.: Jacobi co ordinates for the LiH+H

+
scattering system.

in tersections or non-adiabatic in teractions in the whole con�gurational space, that is

there is no evidence of electronic funnels whic h can connect the upp er state to the

lo w er one unless w e en visage the in terv en tion of the rather unlik ely photon �eld. An

order-of-magnitude estimate of the relev an t rate has b een calculated [68], considering

a m ultisurface ev en t that go es from the �rst excited state to the ground state through

a sp on taneous emission pro cess, obtaining k � 2 � 10� 18 � 2 � 10� 15 cm3s� 1
.

Let us therefore fo cus on the reactions

LiH + + H ! Li + H +
2 (6.1)

LiH + + H ! Li + + H2 (6.2)

LiH + H + ! LiH + + H (6.3)

LiH + H + ! Li + + H2 (6.4)

LiH + H + ! Li + H +
2 (6.5)

that are generally emplo y ed in ev olutionary mo dels of the primordial Univ erse [48 , 25 ]

(see Section 5.2).

A pictorial view of the p ossible reactions is presen ted in Fig. 6.6 where w e ha v e

dra wn sc hematically the energy lev els of the v arious asymptotes in v olv ed and some

arro ws connecting them in order to represen t the reaction path w a ys.

First of all, w e ma y state that the c harge transfer pro cess in equation (6.3) and in
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Figure 6.5.: 3D view of the PESs for the �rst electronic states in the � = 0 �
geometry

as a function of the t w o in ternal co ordinates (see �g. (6.1)). The t w o plots

di�er only from the p oin t of view of the relativ e p ersp ectiv e. All quan tities

are in atomic units. Picture from [19 ].
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Figure 6.6.: Allo w ed and forbidden adiabatic reaction path w a ys in LiH +
2 [68 ]. Picture

from [19 ].
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its in v erse, although v ery common in highly p olar systems, app ears not to tak e place

b et w een the gr ound-states of the molecular sp ecies in v olv ed. The c harge transfer pro cess

in v olv es in fact the in terc hange b et w een the asymptotic states LiH + + H and LiH + H +

that b elong to the ground and �rst excited states resp ectiv ely , a pro cess that has b een

excluded ab o v e.

If w e consider no w the pro cess whic h can lead to the destruction of LiH through

formation of molecular h ydrogen (eq. (6.4)) w e can, as b efore, exclude this reaction

from those relev an t to the depletion of LiH from the primordial gas since, lik e the c harge

transfer reaction, in order to tak e place it requires a crossing b et w een the electronic

surfaces of the ground and �rst excited states.

F urthermore, among the pro cesses that in v olv e the H +
2 molecular ion, the reaction

that pro duces LiH +
(eq. (6.1)) needs a jump b et w een the t w o lo w er-lying PESs and

therefore has to b e considered forbidden.

It is w orth men tioning at this p oin t that reaction (6.2) app ears to b e not so e�cien t

in forming H2 as one could exp ect from its high exo ergicit y , since it is strongly limited

b y the comp eting pro duction of the disso ciation pro duct ( Li + + H + H ) ev en in the

singlet state.

The situation is summarized in the pictorial represen tation of the system of Fig.

6.7. In this picture w e rep ort also the relev an t top ological features of the PESs: the

p olarization w ell of the ground-state Li + � � � H2 and t w o m uc h deep er w ells in the �rst

excited state. These last w ells are of electrostatic origin to o: on the reagen t side

( LiH + H +
) w e ha v e a c harge-dip ole w ell whic h turns out to b e the deep est, while on

the pro duct side ( Li + H +
2 ) w e ha v e a c harge-p olarizabilit y w ell. The third electronic

state, here not rep orted, turns out to b e purely repulsiv e.

W e exp ect that the triplet manifold state of LiH +
2 (whic h �touc hes� the LiH + + H and

Li + H +
2 asymptotes, apart from the three atom disso ciation limits) is purely repulsiv e,

b ecause of the non-b onding nature of the exc hange in teraction b et w een the t w o v alence

electrons. F urthermore, w e exp ect that the spin-orbit coupling that trigger the p ossible

singlet-triplet transition is small for suc h ligh t atoms and, th us, our singlet states should

not b e a�ected b y the triplet manifolds. It should b e emphasized, ho w ev er, that spin

m ultiplicit y m ust b e tak en in to accoun t in dynamical considerations; for example, only

1=4 of the LiH + + H collisions has a c hance to go on the singlet manifolds.
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Figure 6.7.: Pictorial view of the p oten tial energy surfaces for the t w o lo w est electronic

states of LiH +
2 . Picture from [19 ].
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6.1. The Ground State

The ground-state p oten tial energy function w as calculated and �tted b y Martinazzo et

al [62] with the follo wing functional form:

V =
3X

i =1

V (2)
i + (1 � f ) � V (3)

SR + f � VLR

where the short-range p oten tial VSR is the Aguado-P aniagua ansatz [69], and f is the

switc hing function de�ned as

f (R) =

(
e � exp

�
� 1

1� x2

�
x = Rc

R < 1

0 x � 1

where Rc is a cuto� distance and R is the distance b et w een the H � H geometric

cen ter and Li . Since the p ositiv e c harge is w ell lo calized on the Li atom, the t w o-b o dy

p oten tials V (2)
i are those of LiH + (X 2� + ) and H2(X 1� +

g ) .

The three-b o dy long-range p oten tial V (3)
LR has con tributions from the quadrup ole-

c harge and p olarizabilit y-c harge in teractions of the H2 molecule in the �eld of the

p ositiv e ion:

VLR (r; R ) =
Q(r )P2(cos� )

R3
�

� � 0(r )
2R4

�
� 2(r )P2(cos� )

2R4

where r is the H � H distance, � is the Jacobi angle, Pl is a Legendre p olynomial of

order l , Q(r ) is the quadrup ole function of the H2 molecule, and

� � 0 = � 0 � 2� H

where � 0 is the spherical p olarizabilit y of H2 , � H (4.5 in atomic units) is the h ydrogen

atom p olarizabilit y and �nally � 2 = � ZZ � � 0 is the anisotropic p olarizabilit y of H2 .

In Fig. 6.8 w e rep ort a con tour map of the �tted PES for the collinear geometry

Li � H + � H . As already men tioned, the surface is fairly unev en tful and sho ws one

deep and narro w c hannel corresp onding to the H 2 molecule formation and a shallo w

and broad c hannel corresp onding to LiH

+
formation.

When increasing the � angle from the zero v alue of the collinear geometry the PESs

do not c hange substan tially their qualitativ e b eha viour. The in teraction in the ground

electronic state is dominated b y the t w o-b o dy con tributions and in particular b y the
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Figure 6.8.: 3D surface and con tour plot of the ground state PES for the collinear

Li + � H � H geometry .
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strength of the H � H b ond. Indeed, when w e �x the � angle at a large v alue, for

the ground-state w e observ e the app earence of a repulsiv e barrier b et w een the t w o

asymptotic c hannels; this is clearly due to the steric e�ect of the Lithium atom that

prev en ts the pro jectile h ydrogen atom to reac h the target H .

6.2. The First Excited State

The �rst excited state p oten tial energy function w as calculated and �tted b y Martinazzo

et al [62 ] with the follo wing functional form:

V =
3X

i =1

V (2)
i + (1 � f ) � V (3)

SR + f � VLR

where the short-range p oten tial VSR is the Aguado-P aniagua ansatz [69 ]. F or this state

of the system the c harge is lo calized o v er the t w o h ydrogenatoms and th us the reference

LiH moieties are the LiH (X 1� + ) and LiH + (A2� + ) . In order to correctly tak e in to

accoun t the c harge-exc hange pro cess, the t w o-b o dy p oten tial is c hosen as follo ws:

V (2) (rHH ; rLiH a ; rLiH b) = VH +
2

(rHH ) + VLiH (r< ) + VLiH + (r> )

where

r< = min f rLiH a ; rLiH bg; r> = maxf rLiH a ; rLiH bg:

This form of the t w o-b o dy p oten tial captures the essen tial features whic h arise from

the c harge-exc hange pro cess. f is the switc hing function de�ned as

f (R) =

(
e � exp

�
� 1

1� x4

�
x = Rc

R < 1

0 x � 1

where Rc is a cuto� distance and R is the distance b et w een the Li � H geometric

cen ter and H +
. In the presen t electronic state the three-b o dy long-range p oten tial

has con tributions from the dip ole-, quadrup ole-, and p olarizabilit y-c harge electrostatic

in teractions and reads as

V (3)
LR (r; R ) = �

� (r )P1(cos� )
R2

+
Q(r )P2(cos� )

R3
�

� � 0(r )
2R4

�
� 2(r )P2(cos� )

2R4
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where r is the distance in the LiH moiet y and � is the angle b et w een the p osition v ectors

of R and r . � is the dip ole momen t of LiH , Q is its quadrup ole momen t (de�ned with

the origin of the reference system in the cen ter of the LiH axis), � 2 is its anisotropic

p olarizabilit y and � � 0 = � 0 � � H � � Li , � 0 b eing the spherical p olarizabilit y of LiH .

In Fig. 6.9 w e rep ort a con tour plot for the �tted surface of the �rst excited state

in the collinear geometry Li � H � H +
. It presen ts an in teresting top ology caused

mainly b y the strong electrostatic forces whic h act at large and in termediate distances

b et w een the fragmen ts. As it is eviden t from the �gure, the surface presen ts t w o w ell

lo calized minima and a saddle p oin t. The minim um in the reactan ts region (along

r
HH

) is at an energy of � � 1:315eV with resp ect to the LiH+H

+
arrangemen t with

R(LiH ) = 3 :31a0 and R(HH ) = 4 :72a0 and of ab out � � 3:74eV with resp ect to the

disso ciation limit ( Li+H+H

+
); the other is � 0:585eV b elo w the pro ducts H

+
2 + Li and

� � 3:24eV with resp ect to the disso ciation limit. The �barrier� is lo cated at � 2:655eV

with resp ect to the disso ciation limit with RLiH ) = 6 :982a0 and R(HH ) = 1 :902a0 .

The t w o LiH and H

+
2 asymptotes are resp ectiv ely � 2:47eV and � 2:78eV in reference

to the disso ciativ e threshold and therefore the barrier is 0:027eV lower in energy than

the LiH+H

+
asymptote with R(LiH ) = 4 :89a0 and R(HH ) = 3 :024a0 . This is clearly

illustrated b y the minim um energy path on this surface, rep orted sc hematically in Fig.

6.10. One should note ho w ev er that the p osition of the �left� asymptote is di�eren t

from what is sho wn in the �gure since the cut of it is tak en in a region where the dip ole

c harge con tribution is still not negligible and th us it lo w ers the real asymptote of ab out

0:13 e V.

It is in teresting to note that the transition state in v olv es a geometry in whic h the LiH

and the HH b onds are mark edly �stretc hed� ( r
LiH

� 5:0 a0 and r
HH

� 3:0 a0 ) and th us

one should exp ect enhancing of the reaction probabilit y when vibrationally excited LiH

(or H

+
2 for the rev erse reaction) is in v olv ed, whereas one should �nd a more limited

reaction e�ciency when starting with LiH ( H

+
2 ) in its vibrational ground state.

In the excited electronic state the features of the surface arise mainly from the strong

electrostatic in teractions b et w een the t w o partners, whic h are of course of the c harge-

dip ole t yp e in the LiH + H +
c hannel and of the c harge-induced dip ole t yp e in the Li +

H +
2 c hannel. In this case, ho w ev er, b ecause of the anistrop y of the dip olar con tribution,

w e observ e a mark ed di�erence in the strength of the in teraction when v arying the �

angle; this feature ultimately leads to a repulsiv e con tribution when � & 90

�
.

When w e �x the LiH distance at the v alue rLiH = 3:0a0 w e reco v er the exp ected

b eha viour of a dip olar in teraction and the collinear equilibrium geometry is a true
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Figure 6.9.: 3D surface and con tour plot of the �rst electronic state PES in the Li �
H � H +

geometry .
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Figure 6.10.: Minim um energy path for the �rst electronically excited state. Picture

from [67].

minim um of the system and it turns out to b e the absolute one.

W e discuss here in some details the excite d state PES fo cusing atten tion on the

p ossible reaction paths that could tak e place on this surface.

As exp ected, starting from the collinear geometry the saddle p oin t of eac h PES

b ecomes higher and higher in energy when � increases. That is, the collinear saddle

p oin t is a true saddle p oin t of the surface. The b eha vior of the saddle p oin t can b e seen

in Fig. 6.11 where the relev an t p ortion of the v arious surfaces is displa y ed. In upp er

panel of this �gure, the saddle p oin t mo v es to w ard larger rLiH distances when increasing

� b elo w 90

�
. This means that for � > 0

�
, not only the collision energy has to increase to

o v ercome the barrier, but also the degree of vibrational excitation of LiH m ust increase

to o v ercome the saddle p oin t. When w e futher increase � b ey ond 90

�
the saddle p oin t

coalesces on the repulsiv e C2v barrier un til for large � a second saddle p oin t app ears

that correp onds to the barrier for the c harge-exc hange pro cess. Therefore, w e ma y

argue that, from a classical p oin t of view, t w o mec hanisms are p ossible for the reaction.

A t lo w energy only a small angular cone (the dip ole allo w ed one) is e�ectiv e for the

reaction to o ccur: in this case the proton scatters o� the h ydrogen side of the target

molecule and w e exp ect the pro duct app ears b ackwar d with resp ect to the inciden t H +

b eam (bac k-scattering),

LiH a + H +
b ! Li + HaH +

b
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A t higher energies, the reaction ma y o ccur according to a �t w o steps� mec hanism, a

c harge-exc hange pro cess follo w ed b y a dip ole-driv en one, as indicated b y the equation

(
H +

b + LiH a ! LiH b + H +
a

LiH b + H +
a ! Li + HbH +

a

In this case w e exp ect that the pro duct app ears in the forwar d direction with resp ect

to the inciden t proton b eam (a sort of harp o oning mec hanism). In quan tum mec hanics

w e cannot distinguish these t w o paths b ecause the t w o protons are indistinguishable;

ho w ev er, the forw ard-bac kw ard nature of the pro cess could b e estabilished and the

in terference pattern b et w een the t w o paths could b e observ ed.

These conclusions w ould b e at least plausible if the dynamics pro ceeds in a dir e ct

w a y . Ho w ev er, the deep pre-reaction w ells suggest that the dynamics is dominated

b y the formation of long-liv ed metastable states whic h er ase memory of an y actual

mec hanism. In other w ords, the long time of surviv al of the metastable states allo ws

the system to p erfom complete rotations b efore its breaking-up and, th us, the pro ducts

are exp ected to app ear in random directions.
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7.1. Diatomics P a rameters

The considered H 2 p oten tial [62] has a w ell depth De = 4:75 e V and an equilibrium

distance re = 0:74 Å. F rom a D VR (see Subsection 1.1.3) calculation of supp orted

ro vibrational states p erfomed with a grid spacing of � r = 0:02a0 , and a grid cut at

rmax = 15 a0 , w e found 15 vibrational b ound states for j = 0 , the lo w est one ha ving

a disso ciation energy of D0 = 4:48 e V (see �g. 7.1). The Zero P oin t Energy (ZPE),

i.e. the molecular in ternal energy of H2 in its ro vibrational ground state ( v = j = 0 ),

results to b e ZP E = 0:27 e V.

The LiH

+
p oten tial has De = 0:139 e V and re = 2:185 Å[62]. By using � r = 0:05a0

and rmax = 50 a0 , w e found 7 vibrational lev els, the lo w est-lying yielding D0 = 0:112

e V (see �g. 7.1) and ZP E = 0:027 e V. In order to calculate the rate constan ts up to

T = 5000 K of LiH + + H reactions, w e also calculated all the supp orted ro vibrational

states. The ab o v e men tioned grid spacing and cut are su�cien t to obtain con v ergence

to 62 ro vibrational states, with a maxim um v alue of the rotational quan tum n um b er

j max = 15 .

LiH curv e turned out to ha v e De = 2:522 e V, re = 1:61 Å[62 ], with 24 vibrational

states (see �g. 7.2), the �rst one with a disso ciation energy of D0 = 2:43 e V and

ZP E = 0:092 e V. By �xing the D VR grid parameters as � r = 0:05a0 and rmax = 40 a0 ,

w e found a total n um b er of 910 ro vibrational states, with j max = 61 .

The H

+
2 molecule has De = 2:79 e V and re = 1:06 Å[62], with 20 vibrational states,

the �rst one with D0 = 2:65 e V (see �g. 7.2). W e used a grid spacing of � r = 0:05a0

cut at rmax = 40 a0 . The total n um b er of ro vibrational states is 422, with j max = 35 .

W e collect the relev an t molecular parameters in T able 7.1.
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Figure 7.1.: Upp er panel: b ound states of H2 for j = 0 . Lo w er panel: b ound states of

LiH +
for j = 0 .
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H +
2 for j = 0 .
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Molecule De=eV D0=eV re=Å vmax j max
H2 4.75 4.48 0.74 14 -

H +
2 2.79 2.65 1.06 19 35

LiH 2.52 2.43 1.61 23 61

LiH +
0.139 0.112 2.185 6 15

T able 7.1.: P oten tial energy curv e parameters of the relev an t diatomics: in teraction w ell

depths, binding energies and equilibrium in tern uclear distances for v = j =
0, and maxim um v alues of vibrational and rotational quan tum n um b ers.

7.2. Integration Algo rithm

F or tra jectory calculations w e p erformed some tests in order to c ho ose the in tegration

algorithm so that minim um computational costs w ere required to ac hiev e reasonable

total energy and total angular momen tum conserv ation. W e computed 9 tra jectories

man taining the same time step and the same tra jectory duration with the follo wing

in tegration algorithms:

1. 5-th order Bunk er's algorithm [70];

2. 4-th order Runge-Kutta-Gill's algorithm (RK G);

3. Predictor-mo di�er-corrector Nordsiec k's algorithm with v ariable step size;

4. 11-th order predictor-corrector algorithm, started b y RK G and lo w er order predictor-

corrector routines [71 ];

5. V elo cit y V erlet algorithm [72, 8 ];

6. 3-th order predictor-v elo cit y-corrector Beeman's algorithm, started b y a t w o-step

4-th order RK G routine [73];

7. 3-th order predictor-corrector Beeman's algorithm, started b y a 4-th order RK G's

routine.

W e sho w results in T ab. 7.3 from whic h the b est p erformances of the Nordsiec k's

algorithm app ear eviden t. In the second column the total computational time is sho wn,

in the third w e rep orted the maxim um total energy deviation and in the forth the

maxim um relativ e deviation of the total angular momen tum. The adv an tage of the
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Algorithm t / s � E (Eh) � L=L
1

68 0:36� 10� 8 0:40� 10� 10

2

111 0:58� 10� 8 0:56� 10� 10

3

24 0:27� 10� 9 0:44� 10� 10

4

69 0:10� 10� 7 0:13� 10� 5

5

43 0:24� 10� 4 0:26� 10� 13

6

50 0:30� 10� 4 0:14� 10� 5

7

48 0:30� 10� 4 0:14� 10� 5

T able 7.3.: In tegration algorithm tests. Energy di�erences are expressed in Hartree.

See text for explanations.

Nordsiec k's algorithm lies in the p ossibilit y of halving or doubling the time step size

dep ending on the atoms v elo cities. In this w a y , on one hand, it is p ossible to impro v e

the tra jectory accuracy in the in teraction region, where atoms are strongly deviated b y

the in teraction p oten tial and a smaller step size is required; on the other hand time is

sa v ed when atoms mo v e slo wly and they are not sub ject to the in teraction p oten tial.

W e used the Nordsiec k's algorithm for our QCT calculations.

7.3. Reaction Channel Assignment

F or the AB + C reaction, there are four di�eren t c hannels:

1) AB + C ! A + BC

2) AB + C ! B + AC

3) AB + C ! C + AB

4) AB + C ! A + B + C

F or c hannels selection w e used the follo wing pro cedure:

� T ra jectories are run un til t w o of the three in teratomic distances o v ercome a thresh-

old v alue Rmax = 20 Å

� If the other in teratomic distance o v ercomes Rmax then the 4-th c hannel is assigned
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to the tra jectory

� If the in teratomic distance is less than Rmax , w e assigne one of the three �rst

c hannels if the in ternal energy relativ e to the diatomic is negativ e with resp ect to

its disso ciation limit

� If the in teratomic distance is less than Rmax , but the diatomic in ternal energy

is p ositiv e, w e calculate the e�ectiv e p oten tial in order to establish whether a

quasi-b ound state has formed or the t w o atoms are simply disso ciating. In b oth

cases w e assigne the 4-th c hannel to the tra jectory .

W e iden tify a diatomic quasi-b ound state if the in teratomic distance is less than the

distance corresp onding to the maxim um v alue of the cen trifugal barrier Vmax and if the

diatomic in ternal energy E int < Vmax .

7.4. The Ground State

W e presen t in this Section the QCT results for the reactiv e pro cesses o ccurring via

LiH + + H scattering, corresp onding to three di�eren t reaction c hannels:

1. H2 formation

LiH + + H ! Li + + H2

2. H exc hange

LiH +
a + Hb ! LiH +

b + Ha

3. Collision Induced Disso ciation (CID)

LiH + + H ! Li + + H + H

7.4.1. Collinea r Reaction Probabilities

W e consider here the t w o collinear approac hes where b oth the reagen t molecule ( LiH +
)

and the target ( H ) lie along the v elo cit y direction: the �rst (denoted as LiHH ) with

� = 0 �
(see Fig. 6.1), where the H2 formation can o ccur, and the second with � = 180 �

(denoted as HLiH ), where the H exc hange can b e observ ed. It is w orth noting that

these are exceptional approac hes, v ery unlik e to o ccur, and they giv e a n ull con tribution
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Figure 7.3.: Reaction probabilities for the LiHH collinear approac h, for di�eren t v alues

of the initial vibrational energy of LiH +
. H2 formation (dashed lines) and

CID (solid lines). Dotted lines indicate the LiH +
binding energies.
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binding ener-
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to cross sections and rate constan ts. Ho w ev er they are useful to c hec k ho w the PES

top ological prop erties are related to the reactivit y . The reaction probabilities ha v e b een

ev aluated b y running 1000 tra jectories for eac h �xed initial vibrational state of LiH +

and for eac h collision energy in the range ( 0:005� 10) e V. The vibrational phase of

LiH +
is randomly sampled as explained in Section 1.1.1.

In Fig. 7.3 w e sho w the reaction probabilities for the LiHH approac h. When LiH +

lies in its vibrational ground state, the H2 formation probabilit y (dashed line) is non

n ull for collision energies less than the LiH +
binding energy (dotted line) and a quite

large ( 0:9e V) dynamical threshold is observ ed for the CID probabilit y (solid line). The

vibrational excitation of the reagen t molecule enhances the H2 formation at higher

collision energies, whereas the dynamical threshold for the CID tends to disapp ear.

In Fig. 7.4 w e sho w reaction probabilities for the HLiH approac h. The H exc hange

probabilit y (dashed lines) is non n ull for collision energies Ecol < 0:1 e V and it is

hindered b y the vibrational excitation of LiH +
. The CID probabilit y (solid lines)

presen ts ev en larger dynamical thresholds (1.3 e V for v = 0 ) whic h tend to v anish for

high vibrational quan tum n um b ers of LiH +
.

7.4.2. Opacit y F unctions

In this Section w e sho w the reaction probabilities P(b) as a function of the impact

parameter b (opacit y functions). They ha v e b een calculated b y randomly sampling

the orien tation of LiH +
relativ e to the target atom H (see Section 1.5.1), running 500

tra jectories for eac h v alue of the impact parameter. In Fig. 7.5 w e sho w the opacit y

functions for three di�eren t collision energies and for three di�eren t initial ro vibrational

states of LiH +
. The larger the collision energy , the smaller are the maxim um impact

parameters bmax , and the slo w er is the deca y of reactiv e probabilities with b. A t the

energy collision Ecol = 0:01 e V (upp er panels) the CID c hannel is still closed (blue

curv es) but the total reactivit y (blac k curv es) is v ery high ( 0:8 � 0:9 e V) and it do es

not dep end on b un til it deca ys v ery rapidly to zero for 6 < b < 7 Å. A t this collision

energy the H exc hange pro cess (red curv es) is enhanced b y the ro vibrational excitation

of LiH +
, but the H2 formation (green curv es) is more strongly hindered so that the

total reactivit y results to b e hindered. F or Ecol = 0:1 e V (cen tral panels) and for

LiH +
in its ro vibrational ground state, the opacit y functions of H2 formation and H

exc hange sho w comp etitiv e structured shap es: the H2 probabilit y is maxim um for small

b and it presen ts a relativ e minim um at b = 2:5 Å where the H exc hange is maxim um.
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Figure 7.5.: Opacit y functions for three di�eren t ro vibrational energies of LiH +
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dotted lines indicate the capture radius.
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When LiH +
is vibrationally excited, the CID c hannel op ens making the total reactivit y

increase, despite the sligh t hindering of the t w o other reactions. F or Ecol = 0:5 e V the

maxim um impact parameters of the H2 formation is v ery reduced to 3-4 Å and the

CID reaction prev ails. The dotted lines in Fig. 7.5 p oin t out the maxim um impact

parameters foreseen b y the classical capture mo del (see Chapter 2 and equation (2.1)):

bL =
�

2� H

Ecol

� 1=4

where � H is the atomic p olarizabilit y of H . It is eviden t as the capture appro ximation

results inadequate for high collision energies, where bmax is underestimated. This is

principally due to the high anisotrop y of the in teraction LiH + � H . F urthermore the

LiH +
molecule has a large in tern uclear distance ( re = 2:185 Å) suc h that also when

b= 0 , the atoms span a large amoun t of space (see Fig. 7.6).

7.4.3. Cross Sections

Cross sections (CSs) ha v e b een ev aluated b y sampling the impact parameters in the

range b et w een 0 and bmax (see Section 1.5.2), where bmax are �xed at v alues estimated

b y previous calculations of opacit y functions at some collision energies and initial ro vi-

brational states of LiH +
(see Section 7.4.2). F or eac h cross section v alue w e ran 5000

tra jectories. In Fig. 7.7 w e sho w the state-selected CS calculated for LiH + (v = 0; j = 0)

as a function of the collision energy (excitation functions). The H2 formation (green

curv e) excitation function has the t ypical b eha viour of an exo ergic pro cess without en-

ergy barriers, i.e. the CSs are v ery large at lo w collision energies and exp onen tially

decrease as the energy increases. The H exc hange CSs (red curv e) are quite constan t

with the collision energy v arying from 10 to 5 Å

2
, as exp ected from a barrierless and

energetically neutral pro cess. The CID cross sections (blac k curv e) are non n ull when-

ev er the collision energy o v ercomes the LiH +
binding energy D0 = 0:112 e V, and reac h

the v alue of 18 Å

2
at Ecol = 0:5 e V. It can b e noted the comp etitiv e b eha viour of the

CID and the H2 formation.

The total reactivit y CSs (blue curv e) are compared with the excitation function

calculated within the classical capture appro ximation (see Chapter 2 and equation

(2.2)):

� L = �

r
2� H

Ecol
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Figure 7.7.: State-selected cross sections for LiH + (v = 0; j = 0) + H reactions.
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Figure 7.9.: State-selected cross sections of the H2 formation reaction for di�eren t v alues

of the ro vibrational energies of LiH + (v; j ) .
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Figure 7.10.: State-selected cross sections of the H exc hange reaction for di�eren t v alues

of the ro vibrational energies of LiH + (v; j ) .

102



7. LiH +
2 Results

0 0.1 0.2 0.3 0.4 0.5
Ecol / eV

0
2
4
6
8

10
12
14
16
18
20

s
 / 

Å
‚2

CID
LiHa

+

LiHb
+

H2

Total

0 0.1 0.2 0.3 0.4 0.5
Ecol / eV

0 0
2 2
4 4
6 6
8 8

10 10
12 12
14 14
16 16
18 18
20 20

j=0
j=5
j=10
j=15

0 0.1 0.2 0.3 0.4 0.5
Ecol / eV

0
2
4
6
8

10
12
14
16
18
20

s
 / 

Å
‚2

v=0
v=1
v=2

Figure 7.11.: Cross sections of quasi-b ound molecules formed b y LiH + (v; j ) + H scat-

tering. The left panel is relativ e to LiH + (v = 0; j = 0) . In the cen tral

and righ t panels the global quasi-b ound molecules cross sections ha v e b een

sho wn.
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(dashed-dotted curv e). A t collision energies larger than 0.25 e V, when the CID reaction

assumes more relev ance, the total reactiv e CSs o v ercome the capture v alue. This is

due to the fact that, at high collision energies, the capture mo del underestimates the

maxim um impact parameters (see Section 1.5.1).

W e no w consider all the reactiv e pro cesses CSs b y v arying the initial ro vibrational

state of LiH +
. In Fig. 7.8 the CID CSs ha v e b een sho wn for di�eren t v alues of

vibrational and rotational quan tum n um b ers, v and j resp ectiv ely . The CID reaction, as

already noted from opacit y functions (Section 7.4.2), is enhanced b y b oth the vibrational

and the rotational excitation of the reagen t molecule as sho wn in Fig. 7.8 but the

qualitativ e b eha viour of the ecitation functions remains unc hanged up to 0.5 e V. F or

LiH +
excited states, the energy thresholds of the CID decrease according to the decrease

of the binding energy of LiH +
.

The H2 formation (Fig. 7.9) is hindered b y the ro vibrational excitation of LiH +
only

for collision energies less than 0.3 e V, where the CSs are v ery large, whereas for higher

energies up to 0.5 e V no ro vibrational e�ect is observ ed and the CSs are less than 5 Å

2
.

The qualitativ e b eha viour of the excitation functions remains unc hanged.

The H exc hange exp eriences a di�eren t ro vibrational e�ect dep ending on the range

of collision energies. The h ydrogen exc hange is energetically a neutral reaction, but

for excited in ternal states of the reagen t molecule the CSs sho w a t ypical b eha viour of

a barrierless and exo ergic reaction. Hence, at lo w collision energies, the ro vibrational

excitation of LiH +
strongly enhances the exc hange reaction. On the con trary , for

collision energies ab o v e 0.1 e V up to 0.5 e V, the exc hange reaction is sligh tly hindered

b y the ro vibrational excitation.

W e no w consider the formation of quasi-b ound molecules (AB )q for di�eren t v alues

of the ro vibrational energies of LiH +
lo oking at the Fig. 7.11. W e denote with LiH +

a ,

LiH +
b and H2 the cross sections relativ e to the follo wing pro cesses resp ectiv ely

LiH +
a + Hb ! (LiH +

a )q + Hb

LiH +
a + Hb ! (LiH +

b )q + Ha

LiH +
a + Hb ! Li + + ( H2)q

As men tioned ab o v e, the tra jectories whic h end with a quasi-b ound molecule formation

are considered in the CID c hannel. In the left panel w e sho w the total CID cross

sections (blac k sym b ols) compared with the global cross sections relativ e to all the

three t yp es of quasi-b ound molecules (y ello w sym b ols) for the reagen t molecule LiH +
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Figure 7.12.: Rate constan ts of LiH +
2 ground state reactions.

in its ro vibrational ground state ( v = j = 0 ). In the same panel w e note as ab out 3Å

2

is the cross section of the quasi-b ound molecules (H2)q , whereas w e observ e the same

cross sections of (LiH +
a )q and (LiH +

b )q formation (ab out 1 Å

2
). The p ercen tage of

quasi-b ound molecules with resp ect to the total CID reaction increases as the collision

energy increases, resulting to b e almost the 100% near the disso ciation threshold. This

trend is emphasized for the scattering with a ro vibrationally excited LiH +
, as it can

b e seen in the cen tral and righ t panels of Fig. 7.11, where w e sho w only the total cross

sections relativ e to the sum of the three t yp es of quasi-b ound molecules. The quasi-

b ound molecules formation is enhanced b y the ro vibrational excitation of the reagen t

molecule.

7.4.4. Rate Constants

W e sho w here the rate constan ts calculated in the temp erature range 10 - 5000 K in Fig.

7.12. As explained in Section 1.5.3, the rate constan ts ha v e b een calculated b y sampling

the collision energy according to the Maxw ell-Boltzmann distribution and the initial

ro vibrational state of LiH +
according to the Boltzmann distribution. W e p erformed
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sev eral preliminary tests in order to establish the maxim um impact parameters for

eac h temp erature: they v ary from 15 Å for T = 5000 K to 35 Åfor T = 10 K. T o

obtain appro ximately the same accuracy at all temp eratures, w e ran from 10000 (high

temp eratures) to 20000 (lo w temp eratures) tra jectories for eac h temp erature.

The CID rate constan t (blac k sym b ols), as w e could exp ect b y the analysis of state-

selected cross sections 7.8, sho ws an activ ated b eha viour with a threshold at ab out

T = 200 K and increases with temp erature. Infact at high temp eratures the p opulation

of excited ro vibrational states of LiH +
and higher mean collision energies enhances the

CID o ccurrence. A t 5000 K the rate constan t has a v alue of ab out 3.3 � 10� 9
cm

3

s

-1

.

The H2 formation rate constan t (green sym b ols) has a v alue of ab out 1.5 � 10� 9

cm

3

s

-1

for T = 10 K and it decreases as the temp erature increases. Infact w e sa w in

the previous section as the H2 formation is hindered b oth b y the ro vibrational and the

collision energy of the reactan ts. A t T = 5000 K it reac hes the v alue of 1.4 � 10� 10

cm

3

s

-1

.

The H exc hange rate constan t (red sym b ols) sho w a maxim um plateau of ab out

0.6 � 10� 9
cm

3

s

-1

for 400 < T < 1000 K. This b eha viour can b e explained b y the

fact that at lo w temp eratures, as the temp erature increases, the p opulation of excited

ro vibrational states enhance the reaction in a strongest exten t with resp ect to the

hindering pro v ok ed b y higher collision energies. A t temp eratures of ab out 1000 K all

the ro vibrational states result p opulated, so that the incremen t of the collision energies

act as an obstacle to the h ydrogen exc hange. W e recall the Fig. 7.10 view.

The rate constan t deriv ed from the classical capture appro ximation (see Chapter 2

and equation (2.3)):

kL = 2�
r

� H

�

results to b e indep enden t of the temp erature and has a v alue of 2.2 � 10� 9
cm

3

s

-1

(dotted

line). The capture rate constan t is an upp er b ound to the total reactiv e rate constan t

(blue sym b ols) just for temp eratures b elo w 600 K, whereas it results inadequate for

higher temp eratures.

Ev en tually w e sho w the rate constan t relativ e to the LiH +
depletion reactions (y ello w

sym b ols), i.e. the sum of H2 formation and CID, whic h has some imp ortance in the

c hemistry of the Early Univ erse (see Section 5.2). In sev eral w orks [27 , 48 ] an estimated

rate constan t has b een used to set ev olutionary mo dels equations (see Section 5.1.1)

for the single pro cess of H2 formation of 3 � 10� 10
cm

3

s

-1

whic h is indep enden t b y the

temp erature, whereas the CID pro cess has not b een tak en in to accoun t at all. Instead
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w e sho w ed that the rate constan ts dep end on the temp erature, not only for the single

pro cesses of H2 formation and CID, whic h ha v e opp osite b eha viours, but also for the

total LiH +
depletion reaction. Indeed at lo w temp eratures, where the CID c hannel is

closed, the LiH +
depletion rate constan t decreases as the temp erature increases b eing

principally due to the H2 formation up to 450 K. A t higher temp eratures, up to 5000

K, the LiH +
depletion rate constan t is go v erned b y the CID pro cess whic h is enhanced

as the temp erature increases. Summarizing, the LiH +
depletion rate constan t in the

temp erature range 10 - 5000 K assumes v alues from 1.2 � 10� 9
to 3.4 � 10� 9

cm

3

s

-1

, i.e.

an order of magnitude greater than the estimated v alue used in sev eral previous w orks

(see the review articles [25 , 50]).

7.5. The First Excited State

W e presen t in this Section the QCT results for the reactiv e pro cesses o ccurring in the

LiH +
2 �rst excited state, namely the exo ergic reaction:

LiH + H + ! Li + H +
2 (7.1)

and its rev erse.

The LiH + H +
scattering brings to t w o di�eren t reactiv e c hannels:

1. H +
2 formation

LiH + H + ! Li + H +
2

2. H exc hange

LiH a + H +
b ! LiH b + H +

a

The Li + H +
2 scattering brings to the reactiv e c hannel:

1. LiH formation

Li + H +
2 ! LiH + H +

(7.2)

7.5.1. Rates and Equilib rium Constant

W e ha v e seen in Section 6.2 that the �rst excited state is c haracterized b y strong long-

and in termediate-range electrostatic forces whic h determine t w o c haracteristic p oten tial

w ells asso ciated with t w o kinds of collisional complexes, one similar to reactan ts, the
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Figure 7.13.: T ra jectory of the reaction LiH (v = 0; j = 0) + H + ! Li + H +
2 with colli-

sion energy Ecol = 0:05 e V. Distances b et w een atoms ha v e b een plotted as

a function of time: Li � Ha distance (red curv e), Li � Hb distance (blue

curv e) and H � H distance (blac k curv e).

other more resem bling the pro ducts. This p eculiar top ology of the PES, absen t in

the ground state, causes long-living complexes whic h dela y enormously the tra jectories

duration. W e sho w in Fig. 7.13 a represen tativ e tra jectory of the reaction LiH + H + !

Li + H +
2 at a collision energy Ecol = 0:05 e V and for LiH in its ro vibrational ground

state. In the b ottom panel it can b e seen as the reagen t molecule LiH a is in its

equilibrium distance (red curv e) with the H +
b atom at a distance of ab out 8 Å from the

LiH cen ter of mass. After a time of ab out 80 fs the collision LiH � H +
o ccurs giving

rise to the formation of a long living complex [LiH � H ]+ . By the cen tral and upp er

panels, it can also b e noted the formation of the other long-living collisional complex

[Li � H2]+ un til the H +
2 formation reaction o ccurs after 18 ps.
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Ho w ev er, the long-range forces asso ciated to the pairs LiH + H +
and Li + H +

2 exhibit

v ery di�eren t strengths. In the �rst case the dominan t term is a strong c harge-dip ole

in teraction prop ortional to R� 2
, while in the second case only a c harge-p olarizabilit y

in teraction is presen t whic h is prop ortional to R� 4
. In the �rst case the LiH + H +

collisions are activ e up to v ery large impact parameters (75 Å at Ecol = 10� 4
e V) and a

v ery h uge n um b er of tra jectories has to b e run in order to correctly sample all the con-

�gurational space to calculate the rate constan t (see Section 1.5.3). F or these reasons,

b y exploiting the detailed balance principle, w e ha v e calculated the rate constan t k for

the rev erse endo ergic reaction Li + H +
2 ! LiH + H +

b y quasiclassical tra jectories, and

then w e ha v e obtained the rate constan t of the direct reaction k! through the relation:

k! = K eqk 

where K eq is the equilibrium constan t of the reaction (7.1). The latter has b een calcu-

lated at eac h temp erature as:

K eq =
Q(Li � H +

2 )
Q(LiH � H + )

e

� � E0=RT

where the partition functions Q ha v e b een calculated as:

Q = QT QRV

suc h that

K eq =
QT (Li � H +

2 )QRV (H +
2 )

QT (LiH � H + )QRV (LiH )
e

� � E=RT

b eing QT and QRV the traslational and ro vibrational partition functions resp ectiv ely ,

and � E = De(H +
2 ) � De(LiH ) = � 0:273 e V. W e can then write

QT (Li � H +
2 )

QT (LiH � H + )
=

� mH +
2

mLi

mLiH mH +

� 3=2

Through a D VR calculation w e determined all the molecular ro vibrational energies

E (i )
RV of LiH and H +

2 (see Section 7.1) with whic h w e ha v e computed the ro vibrational

partition functions

QRV =
X

i

e

� E ( i )
RV =kB T

W e p erformed some preliminary tests to estimate the maxim um impact parameters bmax
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Figure 7.14.: Left panel: rate constan ts of reactions Li + H +
2 ! LiH + H +

(red sym b ols)

and LiH + H + ! Li + H +
2 (green sym b ols). Righ t panel: equilibrium

constan t of the reaction LiH + H + ! Li + H +
2 .

for the reaction Li + H +
2 ! LiH + H +

at temp eratures 600 < T < 4000 K. Indeed,

the reaction (7.2) is endo ergic of 0:212 e V and T = 600 K is the appro ximate threshold

temp erature at whic h the rate constan t is non n ull. T = 4000 K is the appro ximate

highest temp erature at whic h the disso ciation c hannel is still closed. In this temp erature

range w e found that the maxim um impact parameter increases with temp erature, and

bmax < 20 Å for T = 4000 K. W e ran from 20000 (higher temp eratures) to 75000 (near

the threshold temp erature) tra jectories for eac h temp erature. In Fig. 7.14 w e ha v e

sho wn in the left panel the QCT rate constan t k (red sym b ols). W e ha v e plotted the

equilibrium constan t K eq (blue sym b ols) in the righ t panel, and the rate constan t k!

in the left panel (green sym b ols).
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P a rt I I I.

The H 2=Ni (100) System
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8. Disso ciative Chemiso rption and

Hot A toms

One of the most imp ortan t reasons for studying a c hemical reaction on a surface is

the understanding of the mec hanisms in v olv ed in the heterogeneous catalysis. The

disso ciativ e c hemisorption of a molecule on a surface often represen ts the rate limiting

step of a catalytic pro cess. In the last decades, great adv ances ha v e b een done to w ards

the understanding of the disso ciativ e c hemisorption, also thanks to the p ossibilit y of

ev aluating more accurate p oten tial energy surfaces. On the other hand, more p o w erful

calculators made feasible the application of quan tum dynamics metho ds in 6 dimensions

in the rigid surface appro ximation [74 ]. Ho w ev er, the surface degrees of freedom ha v e

to b e tak en in to accoun t to describ e inelastic pro cesses suc h as the phonon energy

exc hange. In the disso ciativ e c hemisorption, the gas-surface energy exc hanges pla y a

fundamen tal role in studies of the dynamical prop erties of the atoms pro duced. The

exo ergicit y of the disso ciativ e c hemisorption is suc h that often leads to the formation of

hot atoms , i.e. atoms whic h di�use on the surface with h yp erthermal kinetic energies

[75 , 76 ]. It is imp ortan t to c haracterize the hot atoms dynamical b eha viour to determine

their role in recom bination pro cesses with other adatoms, and to de�ne the relationship

b et w een the disso ciativ e mec hanism and their �nal accomo dation sites after the thermal

relaxation on the surface. F urthermore it is imp ortan t to estimate the relaxation times

and/or the hot atoms lifetimes in order to in terpret exp erimen tal observ ations with

tec hniques suc h as the Scanning T unneling Microscop y (STM) [77]. T o this aim, the

quasiclassical metho ds ha v e b een demonstrated to w ork reasonably w ell when applied

to exo ergic reactions with small energy barriers. Indeed, b y comparing quasiclassical

and quan tum results for the exactly solv able �at-surface single-adsorbate case, it has

b een found that the quasiclassical metho d generally repro duces the essen tial features

of the reaction in a semiquan titativ e fashion [78 ].

Recen tly , in our group, a study of in teractions b et w een one or more h ydrogen atoms

and a Ni (100) surface has b een started. In particular, a study of quasiclassical dynamics
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of a h ydrogen atom on a single H adsorb ed on the surface w as p erformed [6]. In the

latter w ork the Eley-Rideal reaction e�ciency is compared with the formation of hot

atoms. A recen t study of quasiclassical dynamics of the disso ciativ e c hemisorption of

H2=Ni(100) [79 ], ha v e b een p erformed b y ha ving emplo y ed a �rst-principles p oten tial

energy surface [80 ]. The calculated stic king co e�cien ts [79], ho w ev er, are quite larger

than the exp erimen tal ones, measured with adsorption exp erimen ts with H2 nozzle

b eams on a Ni (100) surface at temp erature Ts = 170 K [81].
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9. H2=Ni(100) P otential Energy

Surfaces

9.1. The EDIM P otential

W e describ e in this Chapter the p oten tial energy surfaces (PESs) used in this w ork for

the in teractions b et w een t w o H atoms and a Ni (100) surface. The p oten tial energy

function is of Em b edded Diatomics In Molecules (EDIM) t yp e [82, 83], since it is based

on the Em b edded A tom Metho d (EAM) [84, 85 ] to represen t metal-metal and metal-

non-metal in teractions, and on Diatomics In Molecules (DIM) metho d [86 ] to describ e

co v alen t b onds. F or a N � atom system, constituted b y t w o H atoms in teracting with a

Ni metal surface that is mo delled b y NNi atoms, the p oten tial can b e expressed in the

follo wing w a y:

V(x) = VDIM

h
f EHH (x)gNH ; f EHNi (x)gNH

i
+ VNi (x) + E0

where x is the p osition v ector of all the atoms and E0 is an arbitrary constan t. VDIM is

the DIM p oten tial giv en in terms of the diatomic Morse and an ti-Morse p oten tial energy

curv es EHH (x) for the p ertinen t singlet and triplet electronic states of H2 . EHNi (x) is

expressed through the singlet and triplet in teractions of the gas atom H with the metal

surface:

E S
HNi (x) = FH [ �� H (x)] +

NX

j =3

CZH (RHNi j )ZNi j (RHNi j )
RHNi j

E T
HNi (x) = hHNi [ �� H (x)]

(

� FH [ �� H (x)] +
NX

j =3

CZH (RHNi j )Z j (RHNi j )
RHNi j

)

where FH [ �� H (x)] is an empirical function (the em b edding function), whic h is the energy

to em b ed atom H in to the metal electron densit y � H (x) at the lo cation of H ; �� H (x)

is expressed as a sum o v er atomic densities for all the Ni atoms in the system; C is
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a constan t; Z i (R) is an empirical function whic h giv es the e�ectiv e n uclear c harge of

atom i at a distance R from its n ucleus; hHNi [ �� H (x)] is an empirical scaling function

whose general form should assure the deca y rate of the triplet E T
HNi .

VDIM is the lo w est energy obtained b y solving the secolar equation:

detjH � SVDIM j = 0

The in teraction of t w o H atoms with a metal surface is treated b y a four-orbital v alence

b ond [87] formalism, in v olving t w o H atoms and t w o pseudoatoms. The Coulom b and

exc hange terms for diatomic in teractions b et w een orbital or pseudoatom k and orbital

or pseudoatom l are giv en b y

Jkl =
1
2

(E S
kl + E T

kl )

K kl =
1
2

(E S
kl � E T

kl ):

The Ni � Ni in teractions within the solid are included in the EAM p oten tial con tri-

bution giv en b y:

VNi (x) =
NX

i =3

FNi i [� Ni i (x)] +
NpX

i =3

NX

j>i

CZNi i (RNi i Ni j )ZNi j (RNi i Ni j )
RNi i Ni j

where FNi i [� Ni i (x)] is an empirical function, whic h is the energy to em b ed atom i in to

the homogeneous electron gas of electron densit y � Ni i (x) of the host at the lo cation

of atom Ni i , expressed as a sum o v er atomic densities of all the other atoms. Np is

the n um b er of metal atoms whic h are free to mo v e (primary atoms), whereas the other

(N � Np � 2) Ni atoms are �xed in their equilibrium p ositions (secondary atoms).

This p oten tial w as emplo y ed to study surface di�usion on Ni (100) [83], reactions

b et w een subsurface and surface h ydrogen atoms on Ni (111) [88 ], and Eley-Rideal v ersus

hot atom reactions on Ni (100) [6 ].

The parametrization used in this w ork is based on the EAM-5 mo del for the H � Ni

system and can b e found in Ref. [83 ]. The mo del agrees w ell with exp erimen tally

measured h ydrogen adsorption energies, vibrational frequencies, H � Ni in teratomic

distances, h ydrogen equilibrium distances ab o v e the surface, and the barrier heigh t

for di�usion on the lo w-index surfaces, and Ni lattice equilibrium constan ts and bulk

mo dulus.
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t

bh

Figure 9.1.: High symmetry sites of a (100) surface cell of a fcc crystal. Blac k and red

circles are the surface atoms of the �rst and second la y ers resp ectiv ely .

9.2. Minimum Energy P aths

W e ha v e analyzed some bidimensional cuts of the EDIM PESs relativ e to a h ydrogen

molecule approac hing the Ni (100) surface in the highest symmetry con�gurations. The

surface has b een mo delled b y a 5-la y er slab of 5x5 atoms (125 atoms), where the atoms

are k ept �xed at their equilibrium p ositions. Nic k el crystallizes in a face-cen tered-cubic

(fcc) lattice structure and the lattice constan t has the exp erimen tal v alue a = 3:52 Å .

On a fcc (100) surface there are three di�eren t t yp es of high symmetry sites as sho wn

in Fig. 9.1: the top site ( t ), the fourfold hollo w site ( h ) and the bridge site ( b). The

distance b et w een t w o Ni nearest neigh b ours on the surface is a=
p

2 = 2:49 Å and

la y ers are at a m utual distance of a=2 = 1:76 Å . The highest symmetry geometrical

con�gurations with whic h a molecule approac hes a surface can b e denoted with three

letters d � c � d. The cen tral letter c indicates the landing site of the molecule cen ter

of mass on the surface, whereas the lateral letters d denote the sites to w ards whic h the

molecular axis is orien ted.

In Section 1.1.2 w e describ e the collision parameters and the co ordinate system used

to follo w a molecule-surface dynamics (see Fig. 1.1). W e sho w in Fig. 9.2 the con tour

plot of the b� h � b approac h as a function of r and Z with the molecular axis par-

allel to the surface ( � = 90�
). In this particular approac h, the minim um energy path

corresp onds to an exo ergic disso ciativ e c hemisorption ev en t with a w ell Ed = � 0:9 e V,

lo cated at rd = 4:98 Å and Zd = 0:565 Å, and an early energy barrier (saddle p oin t)
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Con�guration � / deg ES / e V Ed / e V

b-h-b 0 0.059 -0.903

t-b-t 0 0.243 -0.557

b-b-b 45 0.182 -0.551

h-b-h 0 0.244 -0.855

h-t-h 45 0.284 -0.895

b-t-b 0 0.284 -0.510

T able 9.1.: Energy v alues of activ ation barriers ES and disso ciativ e c hemisorption w ells

Ed for high symmetry con�gurations with � = 90�
. � is the p olar orien tation

angle of H2 .

ES = 0:059 e V, lo cated at rS = 0:99 Å and ZS = 1:075 Å . Energies are with reference

to H2 at in�nite distance to the surface. The c hemisorption w ell depth represen ts the

energetic gain of the disso ciativ e reaction in that particular approac h, whic h determines

the kinetic energy disp osal of the disso ciated atoms. The barrier heigh t determines the

minim um (traslational + in ternal) energy required of the molecule in order to disso ci-

ate. Lo oking at other high symmetry approac hes sho w ed in Fig. 9.3 w e notice that the

b� h � b con�guration has the highest exo ergicit y and the lo w est activ ation energy for

the disso ciativ e c hemisorption. In particular, the approac hes with � = 90�
are the most

fa v ourable, as it can b e seen b y the con tour plots in Fig. 9.4 relativ e to a molecular ap-

proac h with � = 60�
and � = 0 �

(uprigh t orien tation). In the latter case a high repulsiv e

barrier app ears at in termediate r; Z v alues and the disso ciation can not o ccur. In T ab.

9.1 w e collect the energy v alues of the c hemisorption w ells and of the activ ation barriers

to the disso ciativ e c hemisorption for sev eral approac hes with � = 90�
. W e notice that

in these high symmetry geometries the top site approac hes ( h � t � h and b� t � b)

ha v e the highest activ ation energies.
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Figure 9.2.: P oten tial energy con tour plot of the b� h � b approac h of H2=Ni(100) for

� = 90�
. Energies in e V.
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Figure 9.3.: P oten tial energy con tour plots relativ e to other approac hes of H2=Ni(100)
with the H2 axis parallel to the surface ( � = 90�

). Energies in e V.
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Figure 9.4.: P oten tial energy con tour plots of H2=Ni(100). Left panel: b� h� b approac h

with � = 60�
. Righ t panel: H2 cen ter of mass directed to w ards the bridge

site in the uprigh t orien tation ( � = 0 �
). Energies in e V.
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10. H2=Ni(100) Results

10.1. Disso ciative Chemiso rption Probabilities

A mono c hromatic H2 b eam on a Ni (100) surface has b een sim ulated via quasiclassical

tra jectory (QCT) metho ds b y using the QCT program TRAJ-S [2, 3, 4, 5 , 6] (see Section

1.6). The surface has b een mo delled b y a 5-la y er slab of 5x5 atoms (125 atoms), where

the atoms of the �rst four (newtonian) la y ers are allo w ed to mo v e sub ject to the EDIM

p oten tial (Chapter 9) [6]. The b ottom la y er atoms are held rigid to a v oid undesirable

traslations of the slab. P erio dic b oundary conditions (PBCs) along x; y plane of the

surface ha v e b een applied only to the substrate atoms. The minim um image con v en tion

w as used to compute the p oten tial and the p oten tial gradien ts with the PBCs. The

fourth la y er atoms are of Langevin t yp e (see Chapter 3) in order to sim ulate a thermal

bath at the surface temp erature Ts (see Chapter 4) and the energy dissipation in to the

bulk [4]. Some rigid surface sim ulations ha v e b een p erformed in order to compare results

with those obtained with the thermalized surface, and to determine the surface motion

e�ects up on sev eral molecule-surface pro cesses. F urthermore, classical tra jectory (CT)

calculations has b een compared with QCT results in order to de�ne the H2 ro vibrational

excitation e�ect.

In Fig. 10.1 w e sho w the disso ciativ e c hemisorption probabilities ( Pd ) as a function

of the b eam collision energy for di�eren t b eam and surface conditions. The Pd p oin ts

ha v e b een calculated running from 1000 (for highest collision energies) to 10000 (for

lo w est collision energies) tra jectories.

10.1.1. Classical Dynamics

W e considered a rigid slab and w e calculated the Pd via CT b eam sim ulations (violet

curv e in Fig. 10.1) for collision energies in the range 0:01� 0:5 e V. H2 molecules ha v e no

ro vibrational energy and they collide p erp endicularly to the surface ( � = 0 �
). In this

case Pd sho w an activ ated b eha viour, in agreemen t with the exp erimen tal results [81 ],
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Figure 10.1.: Disso ciation probabilities of H2=Ni(100) b eam sim ulations calculated with

classical tra jectory (CT) and quasiclassical tra jectory (QCT) metho ds.
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with a dynamical threshold at Ecol = 0:06 e V, coheren tly with the minim um energy

barrier observ ed for the b� h � b approac h (Section 9.2). The Pd increases with the

collision energy , since ev en paths with higher activ ation barriers b ecome accessible, as

it can b e seen from the aiming p oin ts of the disso ciativ e tra jectories in the left panels

of Fig. 10.2. W e remind that the aiming sites are the ideal impact sites of the molecule

cen ter of mass on the surface, in absence of gas-surface in teractions (see Section 1.6).

As w e ha v e sho wn in Section 9.2, the minim um energy paths with hollo w and bridge

aiming sites ha v e the lo w er activ ation barriers, so that b elo w � 0.3 e V the disso ciation

o ccurs only ab out these sites (upp er left panel). A t higher collision energies also the

top site reactiv e paths b ecome accessible as it can b e seen in the b ottom left panel of

Fig. 10.2. The Pd reac hes a v alue of 0.8 at Ecol = 0:5 e V.

10.1.2. Surface Motion E�ect

W e p erformed CT b eam sim ulations with a thermalized surface at t w o di�eren t surface

temp eratures Ts = 50 K (blac k circles) and Ts = 300 K (orange squares). The surface

is thermalized via a preliminary equilibration step (see Chapter 4), with H2 far from

the surface ( 2000Å ). In Fig. 10.3 w e sho w the temp erature ev olution of a single ther-

malization tra jectory , for di�eren t equilibrium temp eratures Ts . Blac k curv es represen t

the solid temp erature T whic h is ev aluated as the a v erage kinetic energy of all N slab

atoms:

T =
1

3NmskB

3NX

i =1

p2
i

where pi are momen ta comp onen ts of slab atoms with mass ms . In Fig. 10.3 are

also sho wn temp eratures of single la y ers: the magen ta curv es sho w the temp erature

ev olution of the Langevin atoms of the fourth la y er, whic h represen t the thermal bath.

The �uctuation and dissipation forces applied to the Langevin atoms giv e rise to a

jagged structure of temp erature whic h rapidly equilibrates to Ts with t ypical times of

ab out 100 fs.

The Pd do not dep end up on the surface motion for collision energies in the range

0:1 � 0:5 e V, as it can b e seen in Fig. 10.1. It is w orth noting that the disso ciativ e

c hemisorption ev en ts o ccur alw a ys in a direct w a y , and the gas-surface energy exc hange

is v ery lo w, due to the large mass mismatc h existing b et w een H and Ni atoms. The
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Figura 10.2.: Aiming p oin ts of CT (left panels) and QCT (righ t panels) b eam

sim ulations at relev an t energy collisions of H2=Ni(100).
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Figure 10.3.: T emp erature ev olution of the slab (blac k curv e) and single la y ers, during

the thermalization step for t w o di�eren t surface temp eratures Ts (dotted

line).
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theoretical maxim um energy exc hange in a H � Ni binary collision is giv en b y

� Emax =
4s

(1 + s)2
Ecol = 6:6 � 10� 2Ecol

where s is the masses ratio of the H mass to the Ni mass ( 1=58:7). Moreo v er the

instan taneous thermal �uctuations of Ni atoms are not su�cien t to a�ect the fast H2

disso ciation ev en ts. Hence, in the follo wing treatmen t of the disso ciativ e c hemisorption,

w e will neglect the surface motion, with the only exception of the hot-atom relaxation

study in whic h ob viously need to tak e.

10.1.3. Molecula r Rovib rational Excitation

W e studied the ro vibrational excitation e�ect via a QCT b eam sim ulation. When

the H2 zero p oin t energy (ZPE) is tak en in to accoun t ( � 0:27 e V) a Pd increase is

observ ed (green curv e of Fig. 10.1). In this case the Pd has a non-activ ated b eha viour,

i.e. at v ery lo w collision energies the Pd is non n ull and it decreases with increasing

temp erature. This lo w energy b eha viour is due to the attractiv e p oten tial whic h can

driv e the slo w molecules to more fa v ourable reactiv e paths ( steering e�ect ) with lo w er

activ ation barriers. The steering e�ect can also b e observ ed from the aiming p oin ts

of the disso ciativ e tra jectories in the righ t panels of Fig. 10.2. A t v ery lo w collision

energies (righ t upp er panel) also the tra jectories with top aiming sites are disso ciativ e,

although w e ha v e seen in Section 9.2 that the top site paths ha v e activ ation barriers

greater than � 0:3 e V. This happ ens b ecause the molecules, also if initially directed

to w ards top sites, are driv en to more stable sites.

By further increasing the vibrational energy of H2 molecules ( v = 1 ) the Pd increases

up to 90% also at lo w collision energy (y ello w curv e in Fig. 10.1). This b eha viour

denotes a v ery e�cien t vibrational-traslational (V-T) energy con v ersion whic h allo ws

the activ ation barriers to b e o v ercome. Ho w ev er, this result has to b e carefully con-

sidered b y taking in to accoun t the limits of a classical description. Indeed, the actual

quan tization of vibrational lev els could hinder the V-T e�ectiv eness.

When H2 molecules are prepared in their lo w er rotational excited states ( v = 0; j =

1; 2; 3) an hindering e�ect on Pd is observ ed (magen ta, orange and cy an triangles in

Fig. 10.1). Indeed, for lo w collision energies, the rotational motion for lo w j acts as

an obstacle to the steering e�ect, as the result of opp osite forces, the p erp endicular

attractiv e p oten tial to the surface on one hand, and the out-of-normal rotational forces
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on the other hand. F urthermore, for lo w j , the increase of the cen trifugal barrier, whic h

prev en t the o ccurrence of disso ciation, prev ails on the elongation of the H � H distance

whic h w ould ease disso ciation.

10.1.4. Beam Incidence Angles

In Fig. 10.4 w e sho w the Pd as a function of the b eam incidence angles as de�ned in

Section 1.1.2 for a collision energy Ecol = 0:3 e V. The blue curv e represen ts the Pd at

di�eren t p olar angles � in the range 0 � 70�
. The w ell kno wn deca y of the Pd as �

increases [81] is observ ed. By �tting the Pd with the functional form

Pd = A cosB �

w e found A = 0:5 and B = 3:6, with a correlation co e�cien t of 0.999.

Fixing � = 45 �
and letting the azim uthal angle � v ary in the range 0� 45�

w e do not

observ e relev an t c hanges in Pd (red curv e) in agreemen t with the exp erimen tal results

[81 ].

10.2. Hot A tom F o rmation

W e analyzed the dynamical prop erties of the H atoms pro duced b y the disso ciativ e

c hemisorption of H2=Ni(100). A t �rst w e calculated the mean kinetic energies of the

H atoms in the disso ciativ e tra jectories of CT b eam sim ulations on a rigid surface. In

these conditions the mean kinetic energies do not dep end on the b eam incidence angles

but only on the collision energy . In fact in a conserv ativ e system as it is, the incidence

angle a�ects the disso ciation probabilit y , but once the disso ciation has o ccurred, the

molecular traslational energy is en tirely con v erted to atomic kinetic energies. In a

normal b eam sim ulation ( � = 0 �
), when the H2 molecule approac hes the surface,

the v elo cit y v ector is directed along the p erp endicular to the surface, whereas during

the disso ciation the in teraction p oten tial with the surface con v erts the p erp endicular

comp onen t to the parallel one at some exten t. Hence the H atoms co v er 2� 3 Å along

the surface with an initial ballistic motion un til the parallel comp onen t partially relaxes

in to the p erp endicular one as a result of a scattering e�ect due to surface corrugation,

as it can b e seen in Fig. . In Fig. 10.6 w e sho w the kinetic energy comp onen ts (p er

atom) of H atoms when they reac h a distance of 5 Å, a v eraged o v er 200 disso ciativ e
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Figure 10.6.: Mean kinetic energy comp onen ts p er atom of the H atoms pro duced b y

disso ciation on a rigid Ni (100) surface, when they are at a distance of 5
Å, v ersus the collision energy .

tra jectories. W e notice that the a v erage parallel comp onen t (blac k curv e) is ab out t wice

the p erp endicular one (red curv e), namely the kinetic energy is equally distributed on

the three spatial co ordinates. The mean kinetic energy v aries linearly with the collision

energy . Whatev er the collision energy , the parallel comp onen t is m uc h greater than the

thermal energy at Ts = 300 K ( kB T = 0:026 e V), so that the H atoms pro duced b y the

disso ciation can b e lab elled as �hot atoms�.

10.2.1. Hot A tom Di�usion

In the previous section w e quan ti�ed the initial kinetic energies of hot atoms pro duced

in disso ciativ e tra jectories of b eam sim ulations on a rigid surface. W e no w follo w the

mean square displacemen t from the formation site of the hot atoms, setting the time

t = 0 at the instan t at whic h the H atoms are at a m utual distance of 5 Å. In Fig.
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Figure 10.7.: Mean square displacemen t p er atom of H atoms on a rigid surface as a

function of time, for sev eral b eam collision energies. The righ t panel is

a zo om at short times of the left one. In the legend the b eam collision

energies in e V. The n um b ers of disso ciativ e tra jectories o v er whic h w e

calculate the mean v alues are 66, 174, 234, 248, 394 and 257 for increasing

collision energies resp ectiv ely .

10.7 w e sho w ed the mean square displacemen t p er atom for di�eren t b eam collision

energies as a function of time. As w e an ticipated in the previous section, initially the

hot atoms are sub ject to a ballistic-lik e motion as it can b e seen b y the parab olic trend

at short times in the righ t panel. Ho w ev er for longer times the hot atoms, sub ject to a

p erio dic in teraction p oten tial with the surface, undergo to a random-lik e motion in t w o

dimensions and the mean square displacemen t linearly v aries in time. Hence w e denote

this latter motion regime as �h yp erthermal di�usion�.

A t this p oin t w e can de�ne a pseudo-di�usion co e�cien t D relativ e to a bidimensional

random w alk as [13 ]:

D =
< d 2 >

4t

where t and < d 2 > are time and mean square displacemen t resp ectiv ely , as sho w ed in

Fig. 10.7. The calculated D v alues are sho wn in Fig. 10.8. In this graph it is easier to
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establish when the hot atom motion b ecomes a random w alk-lik e one, namely when D

reac hes a plateau v alue. Therefore, ab out 60 fs after disso ciation w e can denote D as

the h yp erthermal di�usion co e�cien t of the hot atoms.

10.2.2. Hot A tom Relaxation

In the previous sections w e ha v e c haracterized the hot atom di�usion on a rigid surface

b y lo oking at mean kinetic energies, mean square displacemen ts and pseudo-di�usion

co e�cien ts. W e are no w in terested in �nding out as the hot atoms di�use and relax on

a thermalized surface in order to determine the e�ciency of the energy dissipation to

the bulk and the maxim um distances co v ered along the surface for long times. F or this

reason w e considered a Ni (100) surface thermalized at Ts = 300 K and w e let the hot

atoms di�use along the surface with an initial kinetic energy 0:25 e V whic h corresp onds

to a b eam collision energy of 0:5 e V (see Fig. 10.6). In the upp er panel of Fig. 10.9

the mean kinetic energy comp onen ts p er atom as a function of time, a v eraged o v er 300

tra jectories, are sho wn. By �tting results, w e ha v e found a relaxation time of ab out

1.5 ps. In the b ottom panel w e sho w the ro ot mean square displacemen t (red curv e).

After 5 ps the hot atom has co v ered a distance of 11 Å from its formation site, and 12

Å after 20 ps.
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Figure 10.9.: Hot atoms relaxation on a Ni (100) surface thermalized at Ts = 300 K with

an initial kinetic energy of 0:25 e V. Upp er panel: parallel (blue curv e) and

p erp endicular (magen ta curv e) comp onen ts of hot atoms kinetic energy

p er atom as a function of time. Bottom panel: pseudo-di�usion co e�cien t

(blac k curv e) and ro ot mean square displacemen t (red curv e).
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Conclusions

This w ork consists of quasiclasical tra jectory metho ds applied to t w o di�eren t systems:

LiH +
2 and H2=Ni(100). The �rst is of astroph ysical relev ance, whereas the second sets

in the heterogeneous catalysis en vironmen t.

LiH +
2 System

Recen tly calculated and �tted p oten tial energy surfaces of the LiH +
2 lo w est lying elec-

tronic states [62 ], made feasible dynamical calculations for the reactions:

LiH + + H ! Li + + H2 H2 formation

LiH + + H ! Li + + H + H Collision Induced Dissociation (CID )

LiH +
a + Hb ! LiH +

b + Ha H exchange

in v olv ed in the ground state, and

LiH + H + ! Li + H +
2 H +

2 formation

in v olv ed in the �rst excited state. These reactions ha v e some relev ance in the c hemistry

of the Early Univ erse: accurate rate constan ts are required in c hemical-ph ysics ev olu-

tionary mo dels of molecular abundances in the P ost-Recom bination Era (see Chapter

5). W e ev aluated reactivit y functions of all the ab o v e men tioned reactions, b y using

quasiclassical tra jectory metho ds (see Chapter 7). W e giv e a brief o v erview of the more

relev an t results in the follo wing.

The calculated rate constan t of the exo ergic and barrierless H2 formation, in the

temp erature range 10 < T < 5000 K, turned out to b e k � 1:5 � 10� 9
cm

3

s

-1

for

T = 10 K, and decreases with temp erature, reac hing a v alue k � 0:2 � 10� 9
cm

3

s

-1

for

T = 5000 K. W e ha v e explored the reaction mec hanism in more details, b y calculating

state-selected cross sections, in order to establish the ro vibrational e�ect. F or LiH +
in
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its ro vibrational ground state, cross section exp onen tially decreases with the collision

energy as it m ust b e exp ected for an exo ergic and barrierless reaction. H2 formation

is sligh tly hindered b oth b y vibrational and rotational excitation of LiH +
, only for

collision energies b elo w 0:3 e V.

The rate co e�cien t of the CID sho ws a dynamical threshold for T � 150 K, increases

with temp erature and reac hes the v alue k � 3 � 10� 9
cm

3

s

-1

for T = 5000 K. State-

selected CID cross sections, for LiH + (0; 0), are non n ull for collision energies ab o v e

Ecol = 0:112 e V, that is the LiH + (0; 0) binding energy , and increase with collision

energy . The initial ro vibrational excitation of LiH +
enhances the CID.

The rate constan t of the LiH +
depletion has v alues 1:2� 10� 9 < k < 3:4� 10� 9

cm

3

s

-1

, and is an order of magnitude larger than the temp erature indep enden t estimation, used

in ev olutionary mo dels.

The rate constan t of H +
2 formation, calculated in the temp erature range (600� 4000)

K has v alues 1:5 � 10� 9 < k < 3 � 10� 9
cm

3

s

-1

.

The quasiclassical dynamics is supp osed to giv e reasonable results for exo ergic and

barrierless reactions. It w ould b e in teresting to compare quasiclassical results with

r eliable quan tum dynamics calculations.

H2=Ni(100) System

State-selected H2 mono c hromatic b eams on a Ni (100) surface ha v e b een sim ulated via

quasiclassical tra jectory metho ds, and b y using an accurate p oten tial energy surface

[83 , 6]. W e ha v e calculated the disso ciativ e c hemisorption probabilities, Pd , for b eam

collision energies in the range 0:01 < E col < 0:5 e V. Results ha v e b een sho wn the

follo wing conclusions.

Disso ciativ e ev en ts exclusiv ely pro ceed through a direct mec hanism, i.e. without for-

mation of molecular precursor states. Surface motion, that has b een included in slab

sim ulations, do es not a�ect the Pd for surface temp eratures Ts < 300 K. Vibrational

excitation of inciden t Hydrogen molecules has turned out to enhance the Pd , that result

non-activ ated. H2 rotational excitation, for lo w rotational quan tum n um b ers, hinders

disso ciation esp ecially at lo w Ecol . The p olar incidence angle of the b eam, � , strongly

a�ect the Pd , that scales as Pd / cos3:6 � . The exo ergicit y of the disso ciativ e c hemisorp-

tion giv es rise to hot atoms formation, i.e. atoms whic h di�use along the surface with

h yp erthermal kinetic energies. Hot atoms reac h thermal equilibrium to the surface,
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with a mean relaxation time � � 1:5 ps, for Ts = 300 K, co v ering a mean distance

d � 12 Å from the disso ciation site.

F uture calculations w ould b e desirable, in order to determine hot atoms relaxation

times for di�er ent Ts . F urthermore it w ould b e in teresting to v aluate the e�ect of the

surface co v erage on the disso ciativ e c hemisorption, as long as the hot atoms role on the

Hydrogen recom bination.
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