Classical Trajectory 1

Classical Trajectory Calculations
H+ HF- HH + F

Assignment:
Read McQuarrie and Simon, Chapter 30 sectiarsd710, before coming to lab on Monday

Introduction

How do chemical reactions occur? Consider a gaseptemction. Reactions occur during
collisions. For example, in the Cl +H- HCI + H reaction, the chlorine atom must strike th

hydrogen molecule. During the collision, the H-&hd is broken and the H-Cl bond is formed.
Not every collision leads to a reaction, howevdre Tollisional energy must exceed the
activation energy for the reaction. The orientatibthe reactants must be correct. Even the
timing of the collision must be right for the bobdeaking and making steps to occur. The study
of these effects is called reaction dynamics. is b, you will study the affects of energy and
timing on the outcome of chemical reactions. Wé fivitd that the conditions for a successful
collision, that is a collision that leads to proty@re rarely achieved.

What determines if a collision will be succe$gie must follow the total energy of the
reactants as they form the transition state torohete if a reaction will occur. Before the
reactants collide, the molecules will have tramstetl, rotational, and vibrational energy. During
the collision, the energies of the reactants anelbioed into the translational, rotational, and
vibrational energy of the transition state. If thailable energy in the transition state is
partitioned (funneled) into the proper vibratiobend breaking and making will occur, and the
collision will produce products. If the combinedeegy of the reactants is insufficient or if the
energy flows into the wrong internal degrees oédi@m, the transition state will fall apart to
produce reactants, again.

To make things easier for this lab, we will aasuithat the molecules don't rotate and that the
molecules collide with the best orientation fouaessful encounter. The important degrees of
freedom will then be just translation and vibratidhe reaction is a simple reaction, that
between a hydrogen atom and a hydrogen fluorideontd. During a successful reaction, the
molecule and atom exchange partners.

H+HF_. H-H + F

The collision takes place along the bond axis efrttolecule. This orientation is called a
collinear collision. Other collision orientationsegossible, but they have a higher activation
energy. The collinear collision therefore is thestimportant. The coordinate system for the
reaction includes the atom-atom distanceggRnd Rzc:

Hao + H—Fc - Ha—Hg + K

| | |
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The transition state occurs whBgg is approximately equal togdg:
Hi— H —F
| | |
Ras Rec
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Before the reaction, the HF molecule will have sasibeational energy, usually its zero-point
energy, % h,. Assume the center of mass of HF molecule iscstaty. The translational energy
in the collision is then determined by the inikaetic energy of the reactant H atom. The total
energy of the reactants must exceed the activatiengy for a successful reaction to occur.
However, is even more energy better? In other watdes the probability of reaction increase
with initial kinetic energy of the H atom? Does tleaction probability increase if the reactant
molecule is in an excited vibrational state? Soeaetions occur more favorably with the initial
energy in translation and some are more favordbiteiinitial energy is in vibration. The
preference for either translational or vibratioeaérgy is called thenergy demand of the
reaction. This exercise is designed to explorsdltgiestions.

The reactant molecule is constantly vibratingause of the zero-point energy in vibration. The
timing of the collision with respect to the vib@tial motion has an effect on the outcome of
chemical reaction. For example, if the H atom apphes while the molecule is at its minimum
internuclear distance the reaction is less likelgdcur. If the H atom approaches while the
molecule is near its maximum internuclear distattoe Jeaving atom is already moving in the
right direction for bond breaking and the reaci®more likely to occur. The effect of collision
timing is illustrated in Figure 1.

before collision

poor timing

good timing

Effect of timing on reactive colli sions
Figure 1. The effect of reaction timing on reaetoollisions.

Theory:

The kinetic energy of a collision is determinedtiy motion of the two particles relatit@ each
other. For example for the collision of an A atonthwa BC molecule, Figure 2, the relative
kinetic energy is given by:

Eel = Y2 Vrel2 1

where E is the relative kinetic energy of the collisiqnis the reduced mass of the collision
partners, and,y is the magnitude of the relative collision velgein m s'. For the collision A +
BC the reduced mass is given by:
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_ _Mmamgc 1kg 1 mol ,
H=ma + mec 1000 g Na

where m is the mass of the A atom anggis the mass of the diatomic molecule, each in
grams. M is Avogadro’s number.
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Figure 2. Relative collision energy is determingdhe motion relative to the center of mass.
The collision takes place at the center of maskef + BC system, which is marked as

cm -

Assume that the center of mass BC molecule staresa At the beginning of the collision,
when the A atom is far from the BC molecule, tHatree velocity is just given by the initial
velocity of the A atom. In the absence of initiddnational energy in the BC diatomic molecule,
the relative kinetic energy, as calculated from Eqnust exceed the barrier height for the
reaction. The activation energy for the reactidesainto account the barrier height and the
vibrational energy of the reacting partners. Onestjon that we will explore in this exercise is if
the Eq necessary for a successful collision is decredidked diatomic molecule is initially in an
excited vibrational state. The spectroscopic cartstior the reactions that will be studied in this
exercise and the corresponding barrier heightseauaired relative velocities are listed in Table
1. For the H + HF reaction the barrier height far teaction is 135. kJ mibbr 1.4 eV. This
barrier corresponds to an initial relative velocifyl.68x1@ m s™.

Table 1. Molecular Constants for Collisions

Property H, HF HCI HBr
re (A) 0.7 0.9 1.2 1.3
De (eV) 4.7 6.1 4.6 3.9
Lhy, (eV) 0.265 0.262 0.185 0.164
Reaction Barrier height Soeed needed to Position of AH
(eV) surmount (m s-) barrier
H+ HF 1.4 16842 late endo
H + HCI 0.21 6340 middle exo

H + HBr 0.05 3095 early exo
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Molecules in the gas phase move with high véjaati room temperature. If the average relative
velocity of the collision partners at room temperatexceeds the activation energy, then the
reaction rate at room temperature will be significd he average relative velocity at temperature
T for the colliding partners A + BC can be calcathtising kinetic molecular theory:

, 8 kT
Vel = ﬁ 3

wherep is once again the collision reduced mass as diydeq. 2, and k is the Boltzmann
constant. This relative velocity is the root-meguoare average velocity for the collisions. You
may remember from General Chemistry that the roegimsquare average velocity of a molecule
is given by\/3kT/m. The difference in Eq. 3 is that the velodityhe relative velocity with

respect to the center of mass of the collisionngaist, Figure 2. Calculate the relative velocity at
room temperature for the H + HF collision beforenaag to lab.

The vibrational state of the colliding diatomiolecule is an important consideration in the
successes of the collision. Considerad an example, for the reaction F 2 Hhe zero point
vibrational energy, ¥a\h, for H, is 25.9 kJ/mol or 0.265 eV. The= 1 level would then be ab
hve, 77.7 kJ/mol or 0.805 eV. We will vary both théiad velocity and vibrational energy for our
simulations. The vibration energy changes in stéps ..

The timing of the collision is important; we wahe collision to occur at various stages in the
vibration. To vary the timing of the collision wdjast the initial bond length in the molecule,
Rec. Again using Has an example, we start with the equilibrium bemgjth, 0.741A, and vary
this distance in steps up to the amplitude of itheation, £A. Remember that for a classical
harmonic oscillator with force constaft

E= Y4 A2 4
and that quantum mechanically for the lowest vibredl state:

E=% v, 5
Herev, is the fundamental vibration frequency:

1
Ve=7oo u 6

whereg is the force constant for the bond ani the reduced mass of the molecule. Solving
Equations 4, 5, and 6 for A gives:

h
A= \/ 2nveld !

For Hp, ve = 1.32x10%™ and for B:

_mgme 1*1 1 1kg 8
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Substitutingve andp into Equation 7 gives A= 0.124 A. The program displthis information
as the vibrational "phase”. A phase of “1” corregpoto the minimum bond lengthg/R= 0.741
—0.124 A. A phase of “3” corresponds tacR= 0.741 A and “5” to Bc = 0.741 + 0.124 A.

The calculations for this exercise are describdehysical Chemistry Laboratory Experiments
by John M. White, experiment 6.5. The program tisesViorse potential for the diatomic
potential energy function.

Procedure and Questions:
1. Start the Molecular Reaction Dynamics programrkMhrough the Introduction.

2. Choose the H + HF section. We next need tameactive and non-reactive collision so that
you can verify the results. Remember to press Eiter you type in any answer. (a.) Start with a
collision with Relative translational energy, whistthe collision energy, at 4 eV. Set the
vibrational state to 0, that is quantum numier 0. Try all possible phases, 1-8, for the
collision. No such collisions are successful. ®Bhange the vibrational state to 2 (see Table 2).
Try all phases. Each collision in parts (a) andh@yg sufficient total energy to exceed the barrier.
What do your results tell you about the probabiitya successful collision? Are collisions with
sufficient energy likely to be reactive?

Table 2: Some reactive combinations.
Reaction Collision energy (eV) Vibrational state Vibrational phase

H+HF 4 2 5
2 4 5
H + HCI 0.1 0 1
0.2 0 2
H + HBr 0.1 0 1
0.15 0 3

3. Run trajectories with a Relative translationadrgy of 1.2 eV and vibrational state= 2. The
smallest collision energy for reactive collisionghaw = 2 is about 1.2 eV. (a). Does the collision
energy need to exceed the barrier height? (b).tkaenergy demand be met by a combination of
translational and vibrational energy? (c). Calauthie total energy, translational and vibrational,
for these collisions. (d). Calculate the minimunilismn energy for this surface assuming 0

for both reactants and products, which is givethiy(barrier height) — (zero point vibrational
energy for the reactant HF) + (zero point vibragioenergy for the productif (e). Compare

your answers for parts (c) and (d). What doesabmparison tell you about the activation energy
for the reaction as compared to the barrier height?

4. Run trajectories with a Relative translatiomaérgy of 2.61 eV and vibrational state: 1.

The smallest collision energy for reactive collisas about 2.61 eV with = 1. (a). Calculate

the total energy for these collisions. (b). Compgheetotal energy for these collisions with the
total energy in question 3. Does this collisionuiegimore or less translational energy? Does this
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collision have more or less vibrational energy? Dibes surface prefer the initial energy to be in
translation or vibration? (c). Is this an earlyjate barrier?

5. Run trajectories with a Relative translatiomagrgy of 0.88 eV and vibrational state 3.

The smallest collision energy for reactive collisavithu = 3 is about 0.88 eV. (a). Calculate
the total energy for these collisions. (b). Comgheeinitial vibrational energy to the minimum
energy that you calculated in 3d. Is vibrationargy alone sufficient for reactive collisions? (c).
Did the minimum collision energy decrease by the@am of added vibrational energy as
compared to question 3? Does the activation ergrggge with initial vibrational state? How do
you know?

6. Many theories of reaction rates assume that tneactivated complex crosses the transition
state barrier that products always form. If thevateéd complex crosses the transition state
barrier several times, then we say that there ailépie crossings. Multiple crossings sometimes
lead the activated complex to return to reactahésefore such theories would overestimate the
rate of the reaction. Do multiple crossings ocouauiy of your trajectories in questions 5?

7. Now switch to the H + HBsurface. This surface is said to have an earlydrathat is when
the Ryy > Ry (a) Run trajectories with zero-point vibratioealergy:.v = 0 and Relative
translational energy at the smallest allowed valu@? eV. (b). Calculate the total collision
energy. (c). Calculate the minimum collision endi@ythis surface assuming= 0 for both
reactants and products. Compare with the resutt fyart b. Is there sufficient energy to exceed
the minimum for this trajectory? (d). Run a seceatof trajectories using conditions from Table
2. Does this reaction like to have its energy bration or translation?



