
3. Introduction to reactive molecular collisions 

We examine in this chapter how the motion of the reactants as they approach each other 

governs chemical reactivity. This allows us to use a two-body point of view where the internal 

structure of the colliding specie is not explicitly recognized. All that we can do therefore is 

lead the reactants up to a reaction. But we will not be able to describe the chemical 

rearrangement itself nor to address such questions as energy disposal in the products. Chapter 

5 takes up these themes. On the other hand, without the approach of the reactants there cannot 

be a bimolecular reaction. The tools already at our disposal are sufficient to discuss this 

approach motion. As expected, the striking distance that we have called the impact parameter 

will be a key player. We do all of this in section 3.2. What we will obtain is information about 

the dependence of the reaction cross section on the collision energy.  

In chemical kinetics one characterizes the role of energy in chemical reactivity by the 

temperature dependence of the reaction rate constant. In section 3.1 we review the input from 

chemical kinetics-the Arrhenius representation of the rate constant-then go from the rate 

constant to the reaction cross section. Next we go in the opposite direction, from the 

microscopic reaction cross section to the macroscopic rate constant. What we obtain thereby 

is the Tolman interpretation of the activation energy as the (mean) excess energy of those 

collisions that lead to reaction. 
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3.1. The rate and cross section of chemical reactions  

This section is a review of the macroscopic notions that you may well be familiar with from 

chemical kinetics1. Our final purpose is to build rate constants from the bottom up and 

therefore to describe the rate of chemical reactions in systems that are not in thermal 

equilibrium. Thermally equilibrated reactants are more typical of the laboratory than of the 

real world and, even in the laboratory, it takes care and attention to insure that the reactants 

are indeed thermally equilibrated. Outside of the lab, whether in the internal combustion 

engine (which fires many thousands of times per minute), in the atmosphere and in outer 

regions of space, this is not the case. 

The second theme that we begin to explore is the role of energy in promoting chemical 

reactions. Macroscopically this is characterized by the temperature dependence of the reaction 

rate as summarized by the activation energy. We can already guess that the underlying root is 

the collision energy dependence of the reaction cross section. The new feature is that certain 

reactions have cross sections that decrease with increasing energy. In fact, this is rather 

typical for reactions with large cross sections2.  
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3.1.1. The thermal reaction rate constant 

The rate of an elementary gas phase bimolecular reaction, say 

                                           
Cl + CH4 → HCl + CH3

O + CS → S+ CO
F + HCl → Cl + HF

 

is characterized by thermal reaction rate constant k(T) which is a function of the temperature 

only. This rate constant is ‘constant’ meaning that it is not a function of time and it is a 

measure of the rate of depletion of the reactants (that are kept in a thermal bath) or the rate of 

appearance of the products. Because the reaction is bimolecular, it is a second order rate 

constant, e.g. 

−
d[F]
dt

=
d[Cl]

dt
= k(T)[F][HCl]                 (3.1) 

For our purpose it is essential to emphasize that the thermal reaction rate is defined only when 

the experiment does maintain a thermal equilibrium for the reactants. If necessary, the 

reaction needs to be slowed down, say by the addition of a buffer gas, so that non-reactive 

collisions rapidly restore the reactants to thermal equilibrium. If this is not possible, appendix 

3.A introduces the reaction rate constant under more general conditions. Under non-

equilibrium conditions the rate constant defined through equation (3.1)) may however depend 

on other variables such as the pressure and even on time. 

The experimental temperature dependence of the thermal reaction rate constant is often 

represented in an Arrhenius form 

 k(T ) = A exp(−Ea / kBT )                   (3.2) 

We write the Boltzmann constant k with a subscript B to avoid confusion with the reaction 

rate constant. If you prefer to measure the activation energy per mole, the exponent needs to 

be written as Ea / RT  where R = NAkB is the gas constant and NA is Avogadro's number. 
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If measurement are carried out over a wide range in 1/T there is no real reason to expect that 

either the Arrhenius 'A factor' or the activation energy Ea  is independent of temperature. 

Therefore a strict definition of the activation energy is as the local (meaning, possibly T 

dependent) slope of the Arrhenius plot of k(T ) vs. 1 / T  

 Ea ≡ −kB
d ln k(T )

d 1
T

= kBT2 d ln k(T )
dT

                  (3.3) 

This is the definition that we shall use. 

The chemical change as observed in a macroscopic experiment is the result of many 

molecular collisions. In section 3.1.2 we define the reaction cross section from the 

macroscopic observable rate of reactive collisions. This is sufficient to discuss the dependence 

of the cross section on the collision energy. Then we discuss the temperature dependence of 

the reaction rate as arising from this energy dependence. To understand the origin of the 

energy needs of chemical reactions, we provide, in section 3.2, a microscopic interpretation of 

the reaction cross section. Finally, a caveat. In this chapter we are still not taking account of 

the internal structure of the reactants. This key topic has to wait until chapter 5. The only 

concession is that an appendix provides an extension of chemical kinetics to the important 

special case where we do resolve internal states. 

 

3.1.2 The reaction cross-section- a macroscopic view 

We define the reaction cross-section, σ R, in a way suggested by the definition of the total 

collision cross-section (section 2.1.5). For molecules colliding with a well-defined relative 

velocity v, the reaction cross-section is defined such that the chemical reaction rate constant 

k(v) is given by 

k(v) = vσ R                      (3.4) 
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Here is the reaction rate constant for a specific, well defined, relative velocity. It is not 

the same quantity as the thermal rate constant. We can imagine measuring it by passing a 

beam of reactant A molecules through a scattering cell as in figure 2.1. Then, the loss of flux 

due to reactive collisions is given by

k(v)

∗ 

−(dI / dx)R = k(v)nAnB = InBσR                  (3.5) 

Here, as in eqns (2.1-2.4), I(x) is the flux of beam molecules A at position x  and nB is the 

number density of the target B molecules. However, not all collisions need to lead to reaction. 

While we can conclude that σR ≤σ , it is not enough to measure the attenuation of the parent 

beam, because an appreciable loss of intensity can result from non-reactive scattering. We 

must specifically determine the loss of flux due to reactive collisions. Experimentally, this is 

easy to do for reactions producing ions: the ions are simply collected by the application of an 

electric field. One interesting class of reactions of this sort is that of the endothermic 

collisional ionization type; here two neutral molecules collide to form ions e.g., 

K + Br2 → K+ +Br2
-   

without atom exchange, or: 

N2 + CO→NO+ +CN-  

Another type of reaction involving both reactant and product ions is the so-called ion-

molecule class e.g., 

H2
+ +He→HeH+ +H 

                                                 

∗ Later on we shall generalize equation (3.5), for example looking at those reactive collisions where 

the products scatter into a particular direction. 
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Of course it is not enough just to collect the ionic or neutral products: it is also necessary to 

identify their chemical nature. This is often achieved by mass specrometric methods. Such 

identification is essential when several different reaction paths are possible e.g., 

K +Br2 →
KBr + Br
K+ + Br2

-

K+ + Br- + Br

 

 
 

 
 

 

and one needs to determine the branching ratio or the relative contribution of each process to 

the total reaction cross-section.  

 

3.1.2.1 The energy threshold of reaction 

We embark on our study of the role of energy in chemical dynamics by examining the 

dependence of the reaction cross section on the translational energy* of the colliding partners. 

Our first consideration is the operational concept of the threshold energy, E0, as the minimum 

energy needed for the reaction to take place. The reaction cross section vanishes for energies 

below this threshold value. For endothermic reactions, the conservation of energy implies that 

there is a minimal energy for reaction to take place. For example, for the ion molecule 

reaction , the minimal energy expected on thermochemical grounds is 

the difference between the binding energies of the reactants and 

products: . The experimental results, 

shown in figure 3.1 are that this minimal energy is indeed the threshold. It is further seen that 

the reaction cross section increases rapidly as the translational energy increases above E

H2
+ + He→HeH + + H

E0 = D0(H2
+) − D0(HeH+) =2 ⋅ 65−1 ⋅84 =0 ⋅ 81 eV

0 . 

This behavior is typical for reactions with an energy threshold. 

                                                 

* As before, only the relative translational energy is of importance. For a binary collision, the motion 

of the center of mass cannot affect the outcome of the collision. 
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Figure 3.1. Translational energy dependence of the reaction cross-section, σR(ET )  for the 
 reaction. [Adapted from T. Turner, O. Dutuit and Y. T. Lee, J. 

Chem Phys.  81, 3475 (1984)]. For this ion-molecule reaction the observed threshold energy is 
equal to the minimal possible value, the endoergicity of the reaction. Exoergic ion-molecule 
reactions often have no threshold

H2
+(v = 0) +He→ HeH+ +H

3. By exciting the vibrations of the H reactant the cross 
section for the reaction above can be considerably enhanced. 

2
+

 

Reactions can have a finite energy threshold that is higher than the thermochemical threshold, 

meaning that σR  is effectively zero below some threshold energy even though the reaction is 

thermodynamically ‘allowed’. One then speaks of an activation barrier for reaction to take 

place. A particulalrly clear example are thermoneutral exchange reactions. The (actually, a 

shade endoergic, Problem A) reaction 

H + D2(v = 0) → D +  HD  
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has a threshold energy of about 30 kJmol-1 ( ≈ 0.3eV). Thus, while all endoergic reactions 

necessarily have an energy threshold, many exoergic reactions also have an effective energy 



threshold. The reaction energy threshold E0 can be no lower than the minimum energy ∆E0  

thermochemically required for the reaction, but may be higher or even significantly higher. 

An important class of reactions, of particular interest in atmospheric chemistry (aeronomy) 

and, in general, for interstellar chemistry, is that of the exoergic ion-molecule reactions e.g., 

N+ + O2 →
NO+ + O
N + O2

+
 
 
 

  
  

Such reactions often show no threshold energy4 and the reaction cross-sections are found to 

be a decreasing function of the translational energy, roughly as 

σR(ET ) = AET
−1/2                    (3.6) 

 as shown in figure 3.2. It is the preference for low collision energies that makes ion-molecule 

reactions so important for the synthesis of molecules in the interstellar medium. 
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Figure 3.2. Log-log plot of the translational energy dependence of a reaction with no 

threshold energy. The solid curve is an experimental result for the system 

; the dashed curve has the slope of -1/2, cf. equation (3.28) and the 

potential shown in figure 3.8. [Adapted from K. M. Ervin and P. B. Armentrout, J. Chem. 

Phys. 83, 166 (1985)]. For the drop in the reaction cross section at higher energies see 

problem I. 

Ar+ + D2 → ArD+ + D

 

3.1.2.2 Translational energy requirements of chemical reactions 

On the basis of their translational energy requirements we can thus make the following rough 

correlation:  

(1) Reactions which have an energy threshold (this necessarily includes all endoergic 

reactions) have a reaction cross-section which is an increasing function of the translational 
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energy in the post-threshold region. This is the case chemists are more familiar with. It gives 

rise to a positive Arrhenius activation energy as discussed next.  

(2) Reactions which proceed without any apparent energy threshold (and this includes some, 

but not all, exoergic reactions) often have a reaction cross-section which is a decreasing 

function of the translational energy. However, as the translational energy is increased  other, 

previously endoergic, reaction paths become allowed. These have a threshold and their cross-

section will increase with energy, at the expense of the previously allowed reaction. 

To rationalize these correlations we turn in section 3.2 to the microscopic interpretation of the 

reaction cross section and the concept of the reaction probability. Before that we reiterate that 

the energy requirements of chemical reactions appear, in the macro world, as the temperature 

dependence of the reaction rate constant.  

 

3.1.2.3 The temperature dependence of the reaction rate constant 

The translational energy dependence of the reaction cross section translates into the 

temperature dependence of the rate constant. The rule is clear: take k(v) = vσ R , equation 

(3.4), and average it over a thermal distribution of velocities, k(T ) = vσR (v) . We wrote 

σR(v) to remind you that the reaction cross section itself depends on the collision velocity.  

Sometimes the thermal averaging vσ R(v)  required to compute k(T )  is easy to implement. 

For example, for ion-molecule reactions for which, cf. equation (3.6), vσR ∝ constant , k(T) is 

independent of temperature. How smart was nature to make ion-molecule reactions so that 

they can be operative in the cold regions of space! Othertimes, the averaging needs to be 

carried out. Explicitly, it means evaluating an integral over a Maxwell-Boltzmann velocity 

distribution f(v) of the (collision energy dependent) reaction cross section 

 k(T ) = vσ R∫ f (v)dv = (µ / 2πkBT )3/2 vσ R∫ exp(−µv2 / 2kBT )4πv2dv             (3.7) 
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It is often convenient to change the variable of integration to the collision energy 

ET = µv2 / 2 . Then  

              (3.8) k(T ) = (8kBT / π µ)1/2 (ET / kBT )σ R∫ exp(−ET / kBT )d(ET / kBT )

where the factor in front of the integral is the thermal (relative) velocity and the integral itself 

has the dimension of a cross section*.  

3.1.2.4 The Tolman interpretation of the activation energy: the reactive reactants 

The temperature dependence of the reaction rate is determined by the integrals (3.7) or (3.8). 

The integrand is a product of a rapidly decreasing function, the Boltzmann factor, 

exp(−ET / kBT ), and the energy dependent cross section. For reactions with an energy 

threshold, in the post threshold regime the cross section will be a rapidly increasing function 

of the energy, figure 3.3.  

                                                 

* Note however that the integral is not a thermally averaged cross section. In problem C you show that 

the integral in (3.8) is an average of the cross section over the thermal flux density of molecules.  
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Figure 3.3. The origin of the Arrhenius temperature dependence as reflecting the rise of the 

reaction cross section past the energy threshold, Menzinger and Wolfgang (1969)  . The two 

factors in the integrand in equation (3.8) are plotted against energy. The Boltzmann factor, 

exp(− ET / kBT ) is shown for an intermediate, high and quite high temperature, 

(kBT = E0 / 4, E0 / 2 and E0  respectively). The energy dependence of the reaction cross 

section above the threshold energy E0 is σ R ∝ (1 − E0 / ET ), a result derived in section 3.2.7 

below. As a function of the collision energy, the exponential decline of the Boltzmann factor 

readily overwhelms the increase of the reaction cross section. Note how at a higher 

temperature the integrand is exponentially larger because of the shift in the Boltzmann curve. 

In problem D you are asked to do the integral by a saddle point method that approximates the 

integrand by a Gaussian (bell) curve centered at the maximum of the integrand. Figure 3.3 

also illustrates why thermal measurements can provide only a limited leverage for 

determining the energy dependence of the reaction cross section. It is only the tail end of the 

Boltzmann distribution and the threshold behavior of the cross section that contribute to the 

thermal reaction rate.  
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It is then very clear that increasing the temperature will allow the integrand and hence the 

reaction rate to have a higher value. In problem D you are asked to use a saddle point 

(approximate) integration to show that an integrand that is a product of an increasing and a 

decreasing function can be approximated by an Arrhenius form, equation (3.2). Here we 

proceed to show, following Tolman, that there is always an exact interpretation of the 

activation energy, equation (3.3), as the excess energy of the collisions that do lead to reaction 

 Ea ≡ ET reactive reactants − ET all reactants                 (3.9) 

Here reactive reactants means those reactants that do react and the average is over a thermal 

distribution. The proof is directly from the definition of the activation energy. The proof 

begins by examining eequation (3.7) and concluding that the entire T dependence of k(T ) is 

due to the Boltzmann factor. We leave it to you to work through the manipulations* at the end 

of which you will conclude that 

      

ET reactive reactants ≡ ET the thermal reactants weighted by their reaction rate

= ET
(ET σ R)exp(−ET / kBT )dET
(ET σ R∫ )exp(−ET / kBT ) dET

∫ ≡ ET Prr (ET )∫ dET

      (3.10) 

Here Prr (ET ) , defined by equation (3.10) is the (normalized) distribution of the reactive 

reactants. This is the distribution of energy for those pairs of reactants that will react. The 

average energy of all collisiding pairs is not (3.10) but (3.11) 

                                                 

* To differentiate k(T )  with respect T what is needed is to differentiate the thermal Boltzmann factor. 

Care is needed at one place. The Boltzmann factor carries with it a normalization, (the fore-factor in 

the last term in (3.7)) and this normalization is T-dependent. So it too needs to be differentiated and 

this is the origin of the second factor in equation (3.9). 
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ET all reactants ≡ ET the thermal reactants 

= ET
ET

1/2 exp(−ET / kBT )dET
ET

1/2∫ exp(−ET / kBT )dET
∫

             (3.11) 

When we recognize that, strictly speaking, the activation energy is really a thermal average 

many puzzles go away. The activation energy is not, for example, the minimal energy for 

reaction. It is closely related to it because the reactive reactants need to have at least the 

minimal energy, but they can have more than the minimal amount and indeed the reaction 

cross section typically rises steeply in the post threshold regime, figure 3.1. Nor does the 

activation energy have to be independent of temperature*. Atypically the activation energy 

can even be negative if low energy collisions preferentially lead to reaction4. 

                                                 

* Show, problem E, that this dependence tells us about the entropic requirements of the reaction. We 

provide a microscopic view of such requirements in chapter 5. 
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Appendix 3.A. Reaction rate under non-equilibrium conditions 

On a microscopic, molecular level, we can write for a state selected and state resolved 

reaction 

                                                F  + HCl(i) → Cl + HF( j)

where i and j label the different internal states. We assume here that the kinetic energy has a 

thermal distribution. The observed bulk reaction rate at complete thermal equilibrium is then a 

sum over the rates of reaction of the HCl molecules, in all possible states, with F atoms, 

−
d[F]
dt

= ki (T)[F][HCl(i)]
i

∑               (A.3.1) 

Here ki (T)  is the reaction rate constant for a selected state of the reactants. Whether the 

system is in thermal equilibrium over the internal states of HCl or not, we can rewrite (A.3.1) 

as  

 −
d[F]
dt

= ki (T)[F]
[HCl(i)]

[HCl]
[HCl]

i
∑ = k(T )[F][HCl]            (A.3.2) 

where [HCl] is the total concentration of HCl. By comparison to equation (3.1) this defines a 

reaction rate constant, k(T) as 

k(T ) = ki(T )
[HCl(i)]

[HCl]i
∑ ≡ pi

i
∑ ki (T)             (A.3.3) 

Here pi  , as defined by equation (A.3.3), is the relative population (=mol fraction) of HCl 

molecules in the state i 

 pi =
[HCl(i)]

[HCl]
                (A.3.4) 

In general pi  can depend on time and so equation (A.3.3) does not necessarily define a rate 

constant. If however the system is in thermal equilibrium at the temperature T then pi  is the 
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Bolzmann factor for the state i and the averaging in (A.3.3) defines the familiar thermal 

reaction rate constant. The point is that (A.3.3) is valid whether the internal states of the HCl 

molecules are or are not in thermal equilbrium. 

We have already seen, Fig. 1.4, that the reaction rate does depend on the internal excitation of 

the reactants. Yet the measurement of k(T) for reactions in thermal equilibrium can give no 

indication of such an effect. (For a gas in thermal equilibrium, we are unable to vary the pi' s  

independently). In other words, at thermal equilibrium we are unable to state-select the 

reactants. It is only by imposing non-equilibrium reactant distributions that we can 

characterize the role of reactant excitation. Otherwise, when we vary T we vary both the 

occupations pi  of the different internal states of HCl and the kinetic energy of the collision 

(which is why the state selected rates ki (T)  are T-dependent). The measurement of k(T) only 

cannot tell the two apart, without making assumptions. 

So far we have shown that the observed reaction rate constant is an average over the rate 

constants for the selected state reactants. If we do state resolve the products then 

d[HF( j)]
dt

= − kij (T )[F][HCl(i)]
i

∑               (A.3.5) 

and proceeding as before,  

k(T ) = pi
i, j
∑ (T )kij (T ) = pi

i
∑ (T ) kij

j
∑ (T )

 

 

 
  

 

 

 
  = pi

i
∑ (T )ki (T)          (A.3.6) 

In summary: the rule is asymmetric. To define the overall rate constant we are to sum over the 

states of the products but to average over the internal states of the reactants. 

The experimental evidence, as reiterated in figure 3.A.1, is that the detailed reaction rate 

constants, kij (T)  do in general depend upon both the initial and final states (i and j). These 

state-to-state reaction rate constants also depend on the collision energy and hence on the 

translational temperature T. Our purpose is to reduce this extensive averaging. Among the 
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features that we would want to explore would be: (a) the ‘energy requirements’ of chemical 

reaction. In particular, the threshold energy or the minimum energy required for the reaction 

to occur5 and the variation of the reactivity with the reactants’ translational (and internal) 

energy. (b) The steric effect or the variation of the reactivity with the relative orientation of 

the reactants. (c) The energy disposal into the products. (d) The angular distribution of the 

products after they have separated from the region of interaction. We have made a start on (c) 

and (d) already in Chapter 1. But before we continue on this road we need to know how to 

characterize quantitatively the reaction rate under non-equilibrium conditions. 

 

Fig. 3.A.1. Influence of the vibrational state of the reactant molecule upon the distribution of 

vibrational states of the product molecule, for the reaction F . Plotted 

is k

+ HCl(v) → Cl + HF(v' )

vv’ vs. v’ for v = 0 vs. v =1. Note the strong effect of reagent vibration upon the overall 

reaction rate also. (The reaction is about five-fold more efficient from the v=1 state). [Adapted 

from J.L. Kirsch and J.C. Polanyi, J. Chem. Phys. 57, 4498 (1972).] 

The unraveling of the averaging that goes into the definition of a thermal reaction rate 

constant shows that its temperature dependence is not quite a simple matter. The state-to-state 

reaction rate constants vary with temperature because the state-to-state cross section depends 

on the collision energy. In addition, for a system in thermal equilibrium, the populations of 

the different initial states are themselves temperature dependent. Problem F shows that if an 

increment in the collision energy is as effective in promoting reaction as an increment in the 
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internal energy of the reactants, then the two sources of T dependence will be equivalent. As 

we have noted, such equivalence is not necessarily the case. 
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3.2 Two-body microscopic dynamics of reactive collisions 

This section is a simple microscopic approach to reactive collisions. What we want is to 

determine the rate of those collisions that result in a chemical reaction. The reaction cross-

section σR is a measure of the effective size of the molecules as determined by their 

propensity to react, at a given collision energy. We will not explicitly indicate that the 

reaction cross-section is velocity dependent but please bear this in mind. In order to keep the 

view simple in this section we overlook the role of the internal energy states of molecules. 

That is, we use the discussion of the approach motion of structureless particles, as in section 

2.2, augmented by the notion of the reaction probability. We will be able to make quite a bit 

of headway but much will be left for chapter 5 where the polyatomic nature of the collision is 

explicitly recognized. 

 

3.2.1 The opacity function 

As the reactants collide (at a given energy) we characterize their initial approach in terms of 

the impact parameter. We define the reaction probability or opacity function, P(b), as the 

fraction of collisions with impact parameter b that lead to reaction. Two properties of the 

opacity function are obvious. Since at most all collisions can lead to reaction, 0 ≤ P(b) ≤1. 

Moreover, for a chemical reaction to take place, it is necessary for the reactant molecules to 

get close to each other so that ‘chemical forces’ will operate and the atomic rearrangements 

that constitute the chemical change, can take place. For high impact parameter collisions the 

centrifugal barrier (section 3.2.6) acts to keep the molecules apart (recall that the distance of 

closest approach R0 →b  for large b). We therefore expect that reaction will take place only 

when b is ‘small’, i.e. of the order of the range of the chemical force, and that the reaction will 

fail to occur, i.e. P(b)=0, for higher values of b. 

MRD   Chapter 3  page 19 

© R D Levine (2003) 



3.2.1 The microscopic view of the reaction cross-section  

For collisions with an impact parameter in the range b to b + db, the reaction cross section is 

given in terms of the opacity function 

dσ R =2πbP(b)db                  (3.12) 

2πb db  is the area presented to the colliding reactants when their  impact parameter is in the 

range b to b + db. P(b) is the fraction of all such collisions that lead to reaction.  Due to the 

possibility of reaction, the total cross-section is partitioned between the cross-section for 

reactive, equation (3.12), and non-reactive collisions given by6 

dσ NR =2πb 1 − P(b)[ db]                 (3.13) 

Here 1-P(b) is the fraction of collisions that are non-reactive at the impact parameter b. One 

can say that reaction quenches the non-reactive scattering. 

It is important to note that while the partitioning between reactive and non-reactive collisions 

depends in an intimate fashion on the collision dynamics, the sum of the two cross-sections is 

2π bdb , irrespective of the details. If several different reaction paths are energetically 

possible, their cross-sections can increase only at the expense of each other, or of the non-

reactive cross-section. There is never more (nor less) than 2πbdb  to partition among all 

possible final outcomes of collisions when the impact parameter is in the range b to b+db. 

Recall that the discussion of the measurement of the total cross section the experiment in 

section 2.1 did not specify what happens as a result of the collision beyond that incoming 

molecules disappeared as far as the detector of the beam flux is concerned. If a force is 

applied, leading to a deflection, the molecule in the beam fails to reach the detector. That 

experiment measures the total cross section irrespective of how the outcome of the collision 

how is partitioned between the different kinds of processes that are possible. 

The total reaction cross section is the sum (=integral) over all collisions irrespective of their 

impact parameter 
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σR = 2π bP(b)db
0

∞
∫                  (3.14) 

 True to the principle of ‘he that hath, receiveth’, σR  weights P(b) such that the contributions 

at higher b values tend to contribute more heavily because of the 2πb  term in the area 

element. Hence, if a reaction has an opacity function that extends to higher b values, it will 

have a particularly large reaction cross-section, see figure 3.4. 

 

3.2.3 A simple opacity function 

A determination of the reaction cross-section does not uniquely specify∗ P(b), but only its b-

weighted average, equation (3.14). Therefore, the reaction cross-section is more sensitive to 

the dependence of P(b) at higher b's. Hence, rather than trying to determine P(b) in detail, let 

us assume a simple functional form with very few parameters and determine these parameters 

from the observed σR  or from dynamical models. Since P(b) is non negative, cannot exceed 

the value 1 and vanishes at high b's, the simplest approximation is a unit step function as 

shown in figure 3.4, 

P(b) =
1, b ≤ bmax
0, b > bmax

 
 
 
                    (3.15)  

 

                                                 

∗ We shall see later (section 4.4.4) that angular distribution studies can provide information on the b-

dependence of the opacity function. 
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Figure 3.4. The simplest model for a reaction probability: a unit step function.  It shows a 

reaction that occurs with 100% probability whenever the reactants can get near enough to one 

another and then has an abrupt cutoff at  bmax. The impact parameter is shown in units of 

.From chapter 1 you expect that such a model fails to allow for steric effects, but it is 

realistic for the harpoon type reactions that we discuss next. Also shown in the figure is the 

integrand 

bmax

bP(b)  of equation (3.14) that defines the reaction cross section, so the contribution 

of different b's to the reaction cross section is directly the height of this curve. This shows 

graphically how the highest b's for which reaction is possible, contribute most.  

 

bmax is the cut-off impact parameter, the highest  b for which a reaction occurs. The reaction 

cross-section is then simply 

σR = 2π bdb = πbmax
2

0

bmax
∫                 (3.16) 

bmax (and its possible energy dependence) can be determined from the measurements of σR  

or from models for the dynamics, as we shall show below. 
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3.2.4 The harpoon mechanism 

An illustration for our simple considerations where the reaction cross section is well estimated 

by equation (3.16) is the long-range electron transfer process known as the harpoon 

mechanism. This mechanism only applies for reactions of atoms (or molecules) with rather 

low ionization potential with molecules of rather high electron affinity. It was proposed by 

Michael Polanyi (1932) to explain the very large (over 100 Å2) reaction cross sections of 

alkali atoms with halogen molecules, see table in problem G. Since Polanyi’s time the idea of 

a charge transfer during the approach motion of the reactants became much more generally 

accepted. What distinguishes the harpoon mechanism is that the charge transfer occurs at 

quite a large separation of the reactants, well before what one would customarily think of as 

the range of onset of chemical forces.  

Consider a collision between K and Br2. The first stage of the reaction is envisaged as the 

transfer of the valence electron of the alkali metal atom to the halogen molecule. Such a 

transfer is shown by equation (3.18) below to be possible even when reactants are quite a few 

Ångstrom apart. Once the transfer takes place and a temporary ion-pair (e.g. K+Br 2
− ) is 

formed, the strongly attractive Coulombic force brings the two ions together. This is followed 

by formation of the stable KBr and rejection of the Br atom. The metal atom has, in effect, 

used its valence electron as a 'harpoon' in order to pull in the halogen molecule. 

A simple estimate of the range of the harpoon can be obtained easily by considering the 

energetics of the charge transfer. First we realize that the ionization potential of the metal 

(which may be an alkali or alkaline earth) exceeds the electron affinity of the halogen 

molecule, so that, at large separations, charge transfer is endoergic and cannot take place in a 

low energy collision. However, as the reactants approach one another the formation of the 

ion-pair can occur due to the gain in energy from the Coulombic attraction in the newly 

formed ion-pair! 
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Figure 3.5. Schematic drawing of intersecting potential curves to model the harpoon reaction 

of K + Br2. The nearly flat curve represents the long range K-Br2 interaction where both 

species are neutral. The value of this energy at large separations sets the zero of energy. The 

upper curve is a Coulombic attraction approximating the ionic K+ - Br 2
−  potential at long 

range. As R is decreased to the crossing point Rx, the lowest energy state of the KBr2 system 

switches from the covalent to the ionic form and follows the lower curve until K+Br − - 

forms, with the ejection of a Br atom. At very large separations the potential energy curve for 

 levels out at the difference, K+ +Br 2
− ∆E0 , between the ionization potential of K and the 

(vertical) electron affinity of Br2. Therefore the asymptotic (= in the reactants region) 

separation in energy of the two potential curves is ∆E0. 

 

The largest separation Rx at which charge transfer can take place on energetic grounds, can be 

estimated from the solution of the following equation (cf. figure 3.5), that determines the 

largest distance at which the Coulombic attraction between the two oppositely charged ions is 

sufficient to provide the energy ∆E0 
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−e2 / Rx +∆E0 =0                  (3.17) 

where ∆E0  = I.P. (metal) - E.A. (halogen molecule),  the endoergicity, is the difference 

between the ionization potential of the alkali and the electron affinity of the halogen molecule. 

The nuclei of the Br2 molecule are at their equilibrium distance apart and so the electron 

affinity that we need is the, so-called, vertical7 electron affinity. In writing equation (3.17) we 

have kept only the leading terms and neglected the long-range dispersion interaction between 

the two neutral reactants, which is negligible compared to e2/R at Rx as well as any 

polarization interactions in the ion pair. Thus equation (3.17) provides an approximation 

formula for Rx: 

Rx ≅
e2

∆E0
=

14.4
∆E0(eV)

, in A
o

                (3.18) 

where the numerical factor is the subject of problem H.  

Due to the large Coulombic attraction, reaction follows 'immediately' after the electron 

transfer.  For b > Rx the reactants will never get 'close enough' for charge transfer i.e. to 

within Rx. The reason is that during their initial approach the reactants are moving under the 

very weakly attractive long range covalent potential. So their distance of closest approach is 

essentially b. When b < Rx  charge transfer can occur and then the strong Coulomb attraction 

overcomes the centrifugal repulsion and draws the two ions together, downhill. Reaction 

between the two ions that accelerate towards one another follows*. Thus  bmax ≅ Rx or 

.  σR ≅ πRx
2

Equation (3.18) implies that Rx will increase for a decrease in ionization potential of the 

metal: thus σR  increases for the sequence Li, Na, .., Cs. The trend in σR  with the electron 

                                                 

* In chapter 5 we will regard this as an example of an ‘early downhill’ or an ‘attractive’ potential. 
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affinity of the halogen is also qualitatively explained by equation (3.18). This simple 

mechanism thus offers a qualitative explanation for both the large magnitude of the alkali-

halogen reaction cross-sections and the trends with the metal and halogen involved, problem 

G. The harpoon model also provides an understanding of the mechanism of the collisional 

ionziation reactions, e.g., K + Br2 → K+ + Br , and explains why the threshold energy for 

such reactions equals the endoergicity, without an additional barrier. 

2
-

In this section we have discussed curve crossing along the approach coordinate and we next 

provide some further examples. However, the model is extensively employed particularly so 

when we generalize in section 5.1 the notion of an approach coordinate to a more general one 

that is known as the reaction coordinate or reaction path.  

 

3.2.4.1 A modern variation on an old theme: excimer lasers 

A new application of the harpoon mechanism is to the pumping of excimer lasers. These 

lasers are the workhorses in the UV region and their typically orange painted housing is easily 

recognized in the laboratory. Excimer lasers operate by taking advantage of the alkali atom-

like character of electronically excited rare gas atoms8 Rg*. These metastable atoms are 

efficiently produced by electron impact. Being rare gases, their first electronically excited 

state is high in energy, which means that these excited states have low ionization potentials. 

Therefore, they will readily undergo a harpoon reaction, with a large cross section, with 

halogen molecules, X2  

  Rg* + X2 → Rg*X + X 

The chemically bound ionic molecule thus created Rg*X (the 'excimer') is electronically 

excited. It  emits UV light and goes down to the ground state RgX. But the ground state is not 

chemically bound and promptly dissociates. An excess population of the excited state is 

thereby maintained and the system acts as a laser. Repeating a discharge through the Rg/X2 

mixture, excites fresh Rg* atoms and the laser can be operated again and again. It is capable 
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of producing rather high powers. The usable frequency range of this laser is governed by the 

choice of rare gas and halogen.  

There is much more to the technology of excimer lasers. But two key points are made possible 

by the special chemical nature of rare gas atoms. First is the unusually high excited state 

energy that creates a state  Rg* with a rather low ionization potential thereby making a 

harpoon reaction with X2 possible. Second is the efficient draining of the final state after 

emission due to the Rg-X repulsion for those Rg-X interatomic distances corresponding to the 

well of Rg*X. 

 

*3.2.4.2 Dynamics in condensed phases: a simple application of curve crossing 

The potentials during the approach motion of the reactants can be much modified when the 

reactants are not isolated but are coupled to an environment. In the gas phase, if the ionization 

potential is not low, the energy ∆E0  needed to form an ion pair is high and the curve crossing 

of the ionic and covalent potentials does not occur as the reactants approach (or recede). In 

water or another polar solvent, the ions are solvated and, if we continue to use a two-body 

point of view, the ionic potential curve is lowered compared to the covalent curve. For 

example, in water, KBr dissociates to ions and not to neutral atoms, as it would in the gas 

phase. For a quantitative estimate of the solvation energies see chapter 11. Other processes 

that are highly endoergic in the gas phase, such as the autoprotolysis of water, 

H2O+H2O→H3O++HO
-
 also become possible in water. 

Lennard-Jones used a curve crossing model in an early explanation of dissociative adsorption 

of diatomic molecules (such as N2 or H2) on metal surfaces, (Fe, Pt,..). Far away from the 

surface, the energy of two atoms, say of Nitrogen, is significantly higher than that of the 

diatomic N2 molecule, (by about 945 kJmol-1, the triple N2 bond is extremely strong). But on 

the metal surface the bond is broken. The required energy is provided by the bonding of the 

atoms to the metal. If we plot the potential energy as a function of the distance to the surface, 
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then the interaction of the two atoms must, at some distance cross the weaker interaction of 

the undissociated molecule and the surface, figure 3.6. On many metals the weakening of the 

molecular bond occurs through charge transfer from the metal to the empty, antibonding, 

orbitals of the molecule. 

 

Figure 3.6. The Lennard-Jones curve crossing model for dissociative chemisorption, left: 

without and right: with an energy barrier. The undissociated A2 molecule is physisorbed at the 

surface. The A atoms are chemisorbed. The energy of the two new metal-A bonds suffices to 

compensate for the A-A bond energy ε and the depth of the physisorption well. Therefore the 

interaction potential of the undissociated A2 molecule with the surface is asymptotically 

lower, by the A-A bond energy. But near the surface this potential curve is crossed by the 

interaction of two A atoms with the surface. The limitation of the two body point of view is 

evident in this plot. The A-A bond distance that is surely a key variable, is not represented. 

More on this topic in chapter 12. 

 

The two body point of view is highly oversimplified, particularly in that it fails to describe the 

structure and the response of the environment but it does capture certain essential features. 

Current studies that probe the important role of the dynamics of the surface (or of the solvent) 

are discussed in chapters 11 and 12. 
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3.2.5 The steric factor 

So far we have discussed the approach motion of the reactants. But there are usually other 

requirements, besides the ‘closeness’ of the approach, for a reaction to take place. In 

particular, there may be steric requirements: Some configurations of the colliding molecules 

may be more conducive to reaction. A direct experimental verification of the steric 

requirement can be obtained using oriented reactant molecules. The experiment allows the 

determination of the reactive asymmetry or the relative reactivity for the two configurations, 

say 

 
CH3I + Rb f →  RbI + CH3

Rb + CH3I u →  CH3 + RbI .
 

Here f and u sand for favorable and unfavorable alignment configurations. (CH3I molecules 

have been oriented by the use of a specially designed configuration of electrical fields). For 

nearly head-on (b ≈ 0) collisions the experimental reactive asymmetry is shown schematically 

in figure 1.4. See also figure RDL in chapter 10.  

To examine the notion of steric requirements, consider the reaction H + . At 

low energies it is an abstraction reaction meaning that the potential energy of the three-atom 

system is such that the low energy path to reaction is when the approach of H to D

D2 → D + HD

2 is nearly 

collinear. Yet the impact parameter b is only the ‘miss-distance’ from H to the center of mass 

of the D2 molecule. At each value of b, all possible D2 orientations are possible. Due to 

collisions with unfavorable orientations P(b) will fail to reach the maximal value of unity. To 

account for such steric (and any other) requirements it is traditional to modify the simple, unit 

step function by the introduction of a steric factor p < 1, such that  

P(b) =
p, b ≤ bmax
0, b > bmax

 
 
 
                   (3.19) 

This leads to 
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σR = 2π p b db = π pbmax
2

0

bmax
∫                (3.20) 

 

Figure 3.7. Possible opacity functions P(b), where P is the reaction probability for a collision 
at given b (for a specified total energy E). (a) The simplest step-function, equation (3.19) with 
a constant steric factor p. (b) Estimated for the H+H2 exchange reaction at E = 11 kcal/mol-1 . 
[Adaped from M. Karplus, R.N. Porter, and R.D. Sharma, J. Chem. Phys. 43. 3259 (1965)]. 
This shows that the steric factor p is not necessarily independent of the impact parameter as 
assumed in case (a) above and in equation (3.19). 

 

However, a measurement of σR  alone can only determine the value of the product . 

Additional information is required to determine the magnitude of p. We shall argue that there 

are good reasons to assume that the steric factor is both energy and b-dependent so that the 

simple approximation (3.20) is not really adequate.  

pbmax
2
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3.2.6 The centrifugal barrier to reaction 

A simple quantitative model for the translational energy dependence of bmax and hence σR , 

is obtained by adopting the following criterion for reaction: reaction occurs with unit 

probability, i.e. P(b) =1, if the colliding molecules have sufficient translational energy to 

overcome the energy barrier for reaction and reach the region of chemical forces. Consider 

first reactions without an energy threshold. The only barrier to the approach motion of the 

reactants is the centrifugal barrier (section 2.2.2) and so reaction is always energetically 

possible at low b's. For a given translational energy ET and impact parameter the effective 

potential  

Veff = V(R) + ET b2 / R2                 (3.21) 

shown in figure 2.9, may have a local maximum9, at some R=Rmax where Rmax is, in general, 

a function of b and ET . This maximum is due to the opposing influence of the very long-

range centrifugal repulsion falling off as R-2 and the long range attractive part of V(R) which 

falls off faster, as shown in figure 3.8. Therefore the repulsive centrifugal barrier dominates at 

large R values. But the attractive V(R) can overcome the centrifugal effect at somewhat 

smaller R's.  
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Figure 3.8. The effective potential for an ion molecule reaction at longer ranges 

where the potential (in units of ε, dashed line) can be approximated by its long range 

form . The effective potential, in units of ε, is plotted vs. V(R) = −ε (σ / R)4 R / σ  

for (ET / ε)(b / σ )2 = 0.5. The centrifugal barrier, ET b2 / R2  is shown, in units of ε, 

as a dotted line and it is seen that at longer range it easily overcomes the ion-

molecule attraction. But closer in the attraction dominates resulting in a barrier in the 

effective potential. Please show analytically, problem H, that the location of the 

barrier is at Rmax / σ = (2 / (ET / ε )(b / σ )2 )1/2 . 

 

The maximum of the effective potential occurs at the distance Rmax that is determined by the 

equation for the location of a stationary point of a function10:  

d
dR

[Veff (R)]
evaluated at R=Rmax

= 0                (3.22) 

Only when the molecules can approach to within Rmax can they cross the barrier in the 

effective potential and enter the region of chemical forces. Hence, the criterion for reaction is 

that during their approach motion the molecules can reach R = Rmax with at least some kinetic 

energy left, so that they are able to enter the ‘reaction zone’. Making use of equation (3.21) 

we can write this criterion as a quantitative statement about the radial kinetic energy at R = 

Rmax 

1
2

µ dR dt( )2)
evaluated at R=Rmax

= [ET − V (R) − ETb2 / R2]R= Rmax ≥0 (3.23) 
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where Rmax has been determined by eqn (3.22). The right hand side of (3.23) is  decreasing 

when b is increasing. So we define bmax as the value of b such that the right hand side of 

(3.23) comes down to zero,  

[ET − V(Rmax) − ET b2 / Rmax
2 ]

evaluated at b=bmax
= 0            (3.24) 

If we approximate the intermolecular potential between the reactant molecules by its long 

range form* 

V(R) =− C/ Rs (s > 2)                         (3.25) 

after some work∗∗ using the implicit equation (3.22) we get 

Rmax
2 = (sC / 2ET b2 )2/(s−2)                          (3.26) 

Solving for V(Rmax) using (3.25) we find bmax from (3.24) and thus, finally, the reaction 

cross-section 

σR = πbmax
2 = πq(s)(C / ET )2/ s                         (3.27) 

where  q(s) = (s / 2)[(s − 2) / 2]−(s−2)/ s .  

For the particular case of a singly-charged-ion-molecule reaction, shown in figure 3.8, s=4 

and C = α / 2  where α is the polarizability of the molecule 

                                                 

* This is permissible only if Rmax is large enough so that it is in the long-range tail of the potential. 

 

∗∗ d[Veff (R)] / dR = sC / Rs+1 − 2ET b2 / R3 so Rmax is the solution of sC / Rmax
s−2 = 2ET b2 . 
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σR = π (2α / ET )1/2                            (3.28) 

This is known as the Langevin-Gioumousis-Stevenson form of the reaction cross-section. 

This simple model does account for the moderate decrease of σR  with ET  for reactions 

without energy threshold. In the particular case of ion-molecule reactions it even accounts 

roughly for the magnitude of σR  as well, as shown in figure 3.2.  
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3.2.7. Reactions with an energy threshold 

For reactions with an energy threshold, we must take account of both the centrifugal barrier 

and the threshold energy barrier (the ‘permanent’ barrier for reaction). We now replace 

equation (3.23) by the condition that at some separation d, the energy available for the motion 

along R exceed the threshold energy E0 or* 

[ET − ET b2 / d2 − E0] ≥ 0                 (3.29) 

We take bmax as the largest value of b for which (3.29) is not negative, i.e. 

bmax = d(1− E0 / ET )1/2  so that 

σR = πbmax
2 =

0, ET ≤ E0

πd2 1 − E0
ET

 

 
  

 

 
  , ET > E0

 
 
 

 
 

              (3.30) 

The reaction cross section vanishes below the threshold E0 and steeply rises above it, reaching 

the asymptotic high energy limit of  meaning that reaction is possible for every collision 

that reaches the critical configuration R =d. The increase of 

πd2

σR  with ET is in qualitative 

accord with the results often found for reactions with an energy threshold but deviations are 

                                                 

* In the absence of the potential ET (1-b2/d2) is the kinetic energy for motion along R at R=d. Therefore 

the reaction criterion (3.29) is sometimes formulated as: reaction occurs if the kinetic energy along the 

line of centers of two hard spheres exceeds E0. The criterion and the cross section (3.30) is then known 

as the ‘line of centers’ model. This interpretation of (3.29) is correct but not essential. We can think of 

E0 as the value of V(R) at R=d. Equation (3.29) is then the criterion that the motion of the reactants 

under the potential V(R) can reach the separation R=d where V(d)= E0 and E0 is positive. 
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possible at higher energies, see problem J. Figure 3.9 is a schematic summary of the 

translational energy dependence of σR  for reaction without and with an energy threshold. 

d2

 

0

1

2

0 1 2

σR/π

ET /E0

threshold

no threshold

 

Figure 3.9. The translational energy dependence of the reaction cross-section for 

reactions with and without an energy threshold. [Adapted from R.D. Levine and R.B. 

Bernstein, J. Chem. Phys. 56, 2281 (1972)].  

 

In figure 3.9 the reaction cross section is far larger if there is no energy threshold. This is 

indeed the general implication of this section. If there is no energy barrier the reaction can 

take place at larger impact parameters and the cross section, because it gives higher weight to 

larger impact parameters, is far larger. 
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*3.2.8 A simple model of steric requirements: the cone of acceptance 

The derivation of equation (3.30) assumes that the height of the activation barrier is 

independent of the orientation of the reagents. The experimental results show that at a given 

energy and impact parameter (e.g., b ≈ 0 in figure 1.4), the reaction probability depends very 

much on the initial orientation angle. Equally, quantum mechanical computations of the 

barrier height (discussed in detail in chapter 5) show a significant dependence of the barrier 

on reagent orientation. The results of such computations for the simplest exchange reaction, 

, are shown in Fig. 3.10. H + H2

To incorporate these results in the previous model, we modify equation (3.30) by allowing the 

barrier height E0 to depend on the (cosine of the) orientation angle∗γ so that E0 is replaced by 

E0(cosγ ). The condition for going over the effective barrier is now written as  

 [ET − E0(cosγ ) − ET b2 / d2] ≥ 0                (3.31) 

Reaction is possible when the orientation of the reactants is such that the condition (3.31) is 

satisfied and, as before, we assume that when crossing of the barrier is possible the reaction 

occurs with unit probability11. 

The reaction cross section for oriented reagents, i.e., for a given value of γ , is obtained by 

summing (=integrating) 2πbdb  over the range of impact parameters consistent with Eq. 

(3.31). The result looks like equation (3.30) but it is for a given orientation, 

 σR(cosγ ) = π bmax(cosγ )( )2 =
0, ET ≤ E0(cosγ )

πd2 1 − E0(cosγ )
ET

 

 
  

 

 
  , ET > E0(cosγ )

 
 
 

 
 

          (3.32) 

                                                 

∗ For the reatants, at each impact parameter, the entire range of values of γ , from 0 to π , is, in 

principle, possible. Only such values that are consistent with equation (3.31) can reach R=d.  
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Equation (3.32) breaks the range of orientations into two regions. The cone of acceptance for 

reaction, defined by the angles γ that satisfy ET > E0(cosγ ) and the cone of no reaction, 

ET ≤ E0(cosγ ) , where the collision energy is not sufficient to overcome the barrier. The 

steric hindrance familiar from organic chemistry is due to atoms (or groups) that are 'in the 

way' meaning those directions of attack for which E0(cosγ ) is high or even very high. 

The result, equation (3.32), as a function of γ , is compared to actual dynamical computations 

for the H +  reaction in Fig. 3.11. The barrier height used in equation (3.32) is that shown 

in figure 3.10. 

D2

 

Figure 3.10. Barrier height E0 vs. cosγ  obtained from ab initio computations of the 

potential energy of H3. Here γ is the “bend angle”, defined in the inset. The 

minimum barrier corresponds to the collinear attack, indicated by the arrow at E0  = 

0.425 eV. [Ab initio computations by P. Siegbahn and B. Liu, J. Chem. Phys. 68, 

2457 (1978); parametrized surface by D. J. Truhlar and C. J. Horowitz, J. Chem. 

Phys. 68, 2466 (1978); 71, 1514 (1979). Adapted from R. D. Levine and R. B. 

Bernstein, Chem. Phys. Lett. 105, 467 (1984)]. Note that the H+D2 collision occurs 

on the same potential as that of H+H2. Only the masses are different. 
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The orientation angle γ   is defined in a plane containing the three atoms, cf. insert in figure 

3.10. For reactions of randomly oriented reactants we need to integrate over the range of 

values of γ. To do so, note that the angular range γ to γ+ dγ defines a ring on a sphere drawn 

around the center of mass. The ring is generated by allowing for all azimuthal angles φ. The 

area of the ring, for a unit sphere, is 2π sinγ dγ = 2π d cosγ . Then 

  σ R = σ R(cosγ )d cosγ
−1

1
∫ d cosγ

−1

1
∫               (3.33) 

Care must be exercised, since σ R(cosγ ) is nonzero only for such orientations satisfying 

ET ≥ E0(γ ) . In general, the integration needs to be done numerically; however, near the 

threshold for reaction, one can expand E0(γ )  in a Taylor series and retain only the linear 

term12,  

 E0(cosγ ) = E0 + ′ E 0(1− cosγ )               (3.34) 

In (3.34),  is the negative of the slope of the plot of the barrier versus cos′ E 0 γ  at cosγ  = 1 

(the barrier in Fig. 2.21 is lowest for a collinear approach). Using (3.34) in equation (3.33) 

leads to an analytic integral which in the post threshold regime, ET < E0 + 2E ′ 0, is 

 σ R = πd2 (ET − E0 )2 2 ′ E 0ET                (3.35) 

The labor of performing the analytic integration, problem L, turns out to be worthwhile: In the 

post threshold threshold regime it predicts a concave-up increase of σ R  with the collision 

energy. This is in contrast to the concave-down functionality of the simpler Arrhenius-like 

form of equation (3.30). 
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Figure 3.11. Orientation dependence of the cross section for the reaction 

 at the two indicated values of the collision energy H + D2(v = j = 0) → HD + D ET . 

The ordinate is dσR / dcosγ = 2σ R (cosγ ). The solid curves were calculated from 

the angle-dependent line-of-centers model, equation (3.32) and the points represent 

dynamical computations, (these are quasi-classical trajectory results that have 

statistical error bars as discussed in chapter 5), on the ab initio potential surface 

referred to in figure 3.10. [Adapted from N. C. Blais, R. B. Bernstein, and R. D. 

Levine, J. Phys. Chem., 89, 20 (1985)]. 

 

Experimental results often show the concave-up dependence, but near the thershold, where 

the cross section is small, the unavoidable finite spread in ET  induces large uncertainties in 

the σR  values. Dynamical computations do, however, suggest that the initial rise of σ R 

versus ET  is indeed typically concave up. 
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3.2.8.1 The cone of acceptance can depend on energy and on the impact parameter 

What of the steric factor itself? Assume that reaction occurs whenever equation (3.31) is 

satisfied. Then we can determine the probability for reaction at a given b by summing (i.e., 

integrating) over the range of γ  values that allows for the energy along the lines of centers to 

exceed the barrier height. This leads, in the post threshold regime, to 

P(b) =
1
2

d cosγ H ET (1 −
b2

d2 ) − E0 (cosγ )
 

 
 
 

 

 
 
 −1

1
∫ =

1
2

1 − cosγ max(b)( )          (3.36) 

where H(x) is the unit step function, H(x)=1 for x ≥ 0  and H(x)=0 for x < 0, and γ max(b) is 

the b- and energy- dependent opening angle of the cone of acceptance, defined as the solution 

of 

 ET (1 − b2 / d2) = E0(cosγ max(b))               (3.37) 

It follows that the steric factor, defined historically as how far is the reaction probability 

below unity, is here derived to equal 1− cosγ max (b)( ) 2  and, as such, depends on both 

collision energy and impact parameter. The actual dependence is determined via the implicit 

equation (3.37) and so requires knowing how the barrier to reaction varies with the approach 

angle γ. 

3.2.8.2 Steric hindrance 

The simplest intuitive idea of an atom or a group being 'in the way' of the reaction 

corresponds to a barrier that has a constant height E0 for all approach angles γ ≤ γ 0 , and is 

infinitely repulsive otherwise. Then γ max = γ 0 and the cone of acceptance is b-independent. 

This model for E0(γ )  is simpler than equation (3.34) but captures well the idea of a steric 

hindrance and the reactive assymetry. It leads to a steric factor p given by (1 − cosγ 0) / 2 . We 

expect the size of molecules to decrease with increasing collision energy and so a rigid and 

non yielding steric hindrance is an idealization. Realistically, the role of steric hindrance 

should diminish at higher collision energies. 
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3.2.9 Two aspects of scattering 

The simple concept of centrifugal energy representing the energy of the rotation of the 

interparticle distance has thus taken us partway toward an understanding of reactive molecular 

collisions. There is one final step that we can still take: to consider a rather direct 

manifestation of this rotation namely the angular deflection of the particles induced by 

reactive collisions. We take this step in chapter 4. Scattering also means the change in the 

internal energy states. To describe this aspect we must develop a polyatomic view of the 

chemical change. To do so now, proceed from here to chapter 5.  
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Appendix 3.B Dynamics in strong laser fields: a curve crossing picture 

The curve crossing model provides a useful view of how strong laser fields can be used to 

control the system. In the field of a strong laser there are many photons. One can therefore 

regard the molecule as being in a bath of photons. Continuing with this chemical language, let 

us solvate the molecule by the light or, in the customary technical terminology, dress it. To do 

so we label the potential not only by the state of the system but also by the number of photons 

that are present.  

Figure 3.B.1(a) is the conventional representation of the lower state potential Vg(R) between 

two ground state Hg atoms. Also shown is an excited state potential Ve (R) for the excimer 

Hg*Hg that asymptotically correlates to a ground and an excited atom. Note that the excimer 

is more tightly bound than when the two atoms are in their ground state. Also shown in the 

figure is the Franck-Condon region, see section 7.01, for absorption of light by two Hg atoms 

during their collision. The laser frequency is tuned slightly to the red, (i.e., a shade to lower 

energies) from the resonance frequency needed to excite an isolated Hg atom. Figure 3.B.1(b) 

is the same but drawn in the dressed states picture. The lower state is that of two ground state 

Hg atoms and n photons. The other state is the potential of Hg*Hg and n-1 photons, one 

photon having been absorbed. In the dressed states picture, the laser field has shifted the 

energy of the lower state such that there is a curve crossing at the interatomic distance Rx 

defined by Vg(Rx) + hν = Ve (Rx ) where ν is the laser frequency. This criterion is used 

extensively in section 9.RDL where we discuss the absorption (or emission) of light during a 

collision. 

What was the Franck-Condon regime is, in the dressed states picture, replaced by a crossing 

of two potential curves. The immediate implication of the two ways of looking at the problem 

is the same: the laser induced transition is localized about Rx. However the dressed states 

picture not only allows us to view the laser as an environment that alters the potential curves 

of the bare molecule but it also anticipates other effects that are possible using higher power 

lasers. The most notable is that, if the density of photons is high, the ground state dressed by n 
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photons can cross higher excited states dressed by n-2, n-3,..  photons leading ultimately to 

ionization.  

4.89 eV

laser pump
4.13 eV

Vg (R)

Ve (R)

R
x

 

Fig 3.B.1 (a) The potential energy curves of Hg + Hg and Hg + Hg* (adapted from P. Gross 

and M. Dantus, J. Chem. Phys. 106, 8013 (1997)). The long-range attraction and the well 

(depth 370 cm-1) in the ground state potential, Vg(R) are hardly noticeable on the energy 

scale shown. The vertical asymptotic separation of the two potential curves is the resonance 

excitation energy of a Hg atom, corresponding to the 1  transition. When the two Hg 

atoms are closer, the electronic energy gap, (4.89 eV for an isolated atom), is lowered due to 

the stronger attraction in the excited state. At the relative separation R

S0→3P1

x  the laser frequency 

matches the potential gap. In other words, the Franck-Condon 'window' is where the two 

atoms are at the separation Rx apart. A vertical transition at Rx prepares a bound vibrational 

state of the excited electronic state. This is known as laser assisted recombination, problem N. 

(b) Panel (a) drawn in the dressed states picture.  
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Chapter 3: Problems  

A. The exoergicity of the reaction is defined as the change in energy between the ground state 

of the reactants and that of the products. Why is the H + D2(v = 0) → D + HD just a shade 

endoergic? Much of our understanding of isotope effects on reactivity stems from the 

considerations you will make in solving this problem. 

B. Chemists are still arguing why the branching between the two possible products in the 

Ar++HD reaction is not 1:1. Why not make your own reasons? If you do, make your 

predictions for how does the initial rotational state of HD affect the branching. Recall or note 

from chapter 2 that the center of mass of HD is nearer to the D atom. 

C. One sometimes loosely writes k(T ) = vσR(v) ≈ v σ R(v)  where the brackets denote an 

average over a thermal velocity distribution. The exact result, equation (3.8), shows that this 

is really not so. If however you wish to factor the mean (relative) velocity out of the thermal 

rate constant, read on. One can define not just the number density of molecules with velocity 

in a given range. It is also possible to determine the flux density of molecules with velocity in 

a given range. Do so, conclude that the flux density gives a somewhat higher weight to faster 

molecules and then verify the comment in the text. Historically, the velocity distribution of 

molecules was measured (by O. Stern, 1911) in a setup similar in principle to figure 2.1 with a 

velocity selector but without any scattering cell. The raw experimental results did not fit the 

Boltzmann distribution. Einstein then pointed out that what the experiment measures is the 

flux density and not the number density. All fell into place but we still sometimes fail to 

distinguish between a number and a flux density. 

D. Arrehnius temperature dependence and Saddle point integration. Many interesting 

phenomena are the outcome of two conflicting trends so knowing how to do a saddle point 

integration, at least in simple cases, is handy. For the thermal reaction rate constant, figure 

(3.3) or equation (3.8), the opposing factors are the Boltzmann term which is a steeply 

decreasing function of energy and the reaction cross section that rises rapidly in the post 

threshold region∗. The product of these two will therefore have a sharp peak as shown in 
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figure 3.3. Let us write the product as exp F(βET )( ), β ≡1 / kBT  where from equation (3.8) 

F(βET ) = −β ET + ln βETσ R(ET )( )

exp F(

. If the integrand has a sharp maximum∗, the function 

βET )( ) must have a maximum at some energy E* where this energy may be T 

dependent. E* is determined by the condition for a maximum 

 ∂ exp F(βET )( ) / ∂ET = 0 at ET = E * , ∂2 exp F(βET )( ) / ∂ET
2 < 0 at ET = E * 

It follows that in the vicinity of E*, F(βET ) must decrease parabolically on either side of the 

maximum. Replacing the function F(β ET ) by its parabolic approximation 

 dET∫ exp F(βET )( )≈ −2π / ′ ′ F (β E*)( )1/2 exp F(βE*)( )  

where the double prime denotes the second derivative. Verify that this is an Arrehnius-like 

form but that E* and the pre-exponential factor can have a temperature dependence. See also 

problem 6.O. 

E. The entropy of activation. If, as is quite often the case, the reaction requires some 

restrictions on how the reactants come together, then the entropy of the reactive reactants 

should be lower than that of the reactants. You could then say that there is an entropic barrier 

to reaction. By examining the temperature dependence of the activation energy, equation 

(3.9), you can come up with a rigorous expression for the entropy of activation. Do so. Later 

we shall recognize that there can be situations where entropic considerations act in the 

opposite direction and favor the reaction. (This is most common for unimolecular elimination 

                                                 

∗ Of course, if the reaction has no threshold or if we are at an energy range well past the threshold then 

our assumed rapid energy increase of the reaction cross section is not correct. For such cases the 

reaction rate constant will not be well represented by an Arrhenius form with a positive activation 

energy. The Tolman expression for the activation energy, equation (3.9), is however exact and does 

not depend on any assumptions about the energy dependence of the reaction cross section. 
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or dissociation processes). Can you suggest an example where the reactive reactants will be 

less constrained than the reactants?  

F. Reaction rate constant for state selected reactants. Say the internal state of the reactants is 

selected, as in appendix 3A. Then the rate constant is given by equation (3.8) except that now 

the reaction cross section is for reaction from the particular internal state. To obtain the 

thermal reaction rate we need to average over the internal states of the reactants as in equation 

(A3.3). There are then two factors that govern the temperature dependence of the thermal rate, 

the T dependence of the reaction rate of the state selected reactants and the change in the 

populations of different reactant internal states as the temperature is changed. For reactions 

with an energy threshold both lead to an increasing contribution at higher T's. If the rate 

constant for reactants in internal state i, equation (A.3.1), increases with temperature as 

ki (T) ∝ exp(Ei / kBT )κ (T ) where κ (T )  is an (increasing) function only of temperature, then 

show that (a) The activation energy for internal state i is lowered as compared to the ground 

state exactly by the excess internal energy and (b) The thermal reaction rate has no T 

dependence due to the differing occupations of internal states. In other words, under such 

circumstances the translational and internal energies are equally effective in promoting 

reaction. What does it take to have this kind of behavior? Examine equation (3.8) and 

conclude that this requires that the product∗ ETσ Ri(ET ), not the reaction cross section itself, 

be only a function of the total energy, e.g. ETσ Ri(ET ) ∝Y (ET + Ei ) . This means that if you 

plot ETσ Ri(ET ) vs. ET , the curves for different initial states look identical but shifted apart 

by their internal energy.  

G. The Tolman expression for the activation energy. The derivation of the Tolman result for 

the activation energy as the difference between the mean energy of the reactive reactants and 

the mean energy of all reactants , equation (3.9), was for the special case that there was only 

                                                 

∗ We will meet this product in a variety of other contexts, particularly so when detailed balance is 

discussed. It is the yield function as discussed in Levine (1969)   and also called the cumulative rate, 

Miller (1998)  . 
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translational energy. In appendix 3.A we showed how to express the reaction rate constant as 

an average of contributions from different internal states of the reactants. Show that in this 

more general case we have 

Ea ≡ ET + EInternal reactive reactants − ET + EInternal all reactants  

H. The harpoon mechanism. The table shows the energetic data needed to estimate the radius 

Rx of the harpoon and the measured values of the reaction cross sections (in Å2) between 

alkali atoms and halogen molecules. [Adapted from J. Maya and P. Davidovits, J. Chem. 

Phys. 59, 3143 (1973). See also Davidovits and McFadden (1979)  ]. 

 Cl2 Br2 I2 I.P. (eV)

Na 124 116 97 5.1 

K 154 151 127 4.3 

Rb 190 197 167 4.2 

Cs 196 204 195 3.9 

E.A. (eV) 1.6 1.7 1.2  

 

Derive the factor 14.4 in equation (3.8). You can do this easily if you first think about the 

hydrogen atom. You may wish to use the value of its ionization potential 13.6 eV. (Note how 

high it is compared to that of the alkali metals) and the radius of the 1s orbit, 0.53 Å. (b) Plot 

the theoretical estimate for the reaction cross sections vs. the electron affinity of the halogen 

molecule, take it to be a continuous variable, for different alkali metals. Are the trends 

consistent with the entries in the table? (c) Compute the reaction cross section. Are the 

absolute values consistent with the entries in the table? (d) Show how to plot all the entries in 

the table on one common plot of reaction cross sections vs. a suitable variable. Put all 

experimental entries in your plot and also draw the theoretical curve. Is there an agreement? If 

you have access to a curve-fitting program, see how to get an even better fit. (e) For the 

harpoon reactions, it is not unreasonable to use the approximation 
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k(T ) = v σ R(v) ≈ v σ R(v)  (see problem C). Why? (f) Compute the reaction rate 

constant∗.  

H*. The harpoon mechanism for excited states. Excited electronic states have a lower I.P.’s 

and so are generally more likely to react by a harpoon mechanism. But the lowest I.P.’s are 

for excited electronic states of the alkali metals. (a) The first excited state of Na is about 2.1 

eV and of K about 1.56 eV above the ground state. How will the reaction cross section in the 

table above change if these atoms are used as reagents? (b) Why stop at the first excited state? 

How will the reaction cross section in the table above change if higher excited state atoms are 

used as reagents? Experimental answer: the reaction cross section will not continue to grow 

indefinitely, Bersohn (1976). Why not? Hint: look at the value of the crossing radius. For 

more insight see section 9.RDL.  

I. Ion-molecule reactions. The long range potential between an ion and a molecule is 

dominated by the polarization potential, equation (2.16). (a) Determine the location of the 

barrier along the effective potential as function of the collision energy and impact parameter. 

(b) Examine closely your result in (a) and conclude that our model will have to break down at 

high enough collision energies. Make an estimate of when this will be the case. To do so you 

will need the value of the polarizability, α, of the molecule. Use the rule of thumb that 

                                                 

∗ You will find rather high reaction rates. Significantly higher than what you computed in problem 2.E. 

In the older literature this is sometimes described as the reaction cross section being larger than gas 

kinetic. The statement is correct but taken superficially it can give a misleading impression. What we 

really should say is that the collision cross for M+X2, being larger than the reaction cross section, is 

exceptionally large. It is far larger than what we would conclude if we take it to be a mean of the 

collision cross sections for M +M and for X2 + X2 collisions. This is what was meant in chapter 2 by 

the statement that the collision cross section (and even more so, a reaction cross section) is a joint 

property of both partners. For example, an alkali atom can be of quite different sizes when colliding 

with partners of low or of high electron affinity. See the comparison of K+I2 and K+CH3I in chapter 

4. 
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polarizability is a measure of the volume of a molecule, check that this at least makes sense 

from a point of view that needs to have the dimension of energyαe2 .length4, why?, and hence 

make a reasoned guess for α. Try to do all of this in scaled (dimensionless) variables. Using 

α = σ 3may simplify your work but it is not essential. (c) From (a) determine the height of the 

barrier along the effective potential and hence solve for the maximal impact parameter for 

which reaction is possible at a given collision energy. 

J. Steric factor for ion-molecule reactions. Purpose: to compute the cone of acceptance for 

reaction, section 3.2.8.1, for the model discussed in problem H. When the molecule is not 

spherical, e.g., H2, the long range potential depends not only on the ion-molecule distance but 

also on the orientation angle, γ, between the axis of the molecule and the ion-molecule 

distance R, see equation (2.18). (a) For a non polar molecule we can take this into account by 

allowing the polarizability of the molecule to be different along its axis and perpendicular to 

it. Using the second Legendre polynomial, a convenient functional representation is 

. a is the asymmetry parameter and 

for a singly charged ion. If you have access to a suitable program, plot the 

potential on a polar grid where R is the radius and γ is the angle. If not, plot the potential vs. R 

for γ = 0 and 90

V(R,γ ) long range →     −(C / R4 )(1+ aP2(cosγ ))

C = e2α / 2

V(R,γ ) long range →     −(C / R4 )− eµcosγ / R2

o. (b) Determine the maximal impact parameter for which reaction is allowed 

as a function of the approach angle γ. (c) If the molecule is polar, e.g., HCl, it will have a 

dipole moment. Then the leading terms in the long range potential are 

. For this case too, determine the maximal 

impact parameter for which reaction is allowed as a function of the approach angle γ. In the 

general case, one should also allow for the asymmetry of the R-4 term and for the polarization 

of the ion by the dipole, which gives rise to a R-6 term. 

K. The line of centers model and its limitations. The result (3.30) is often known as the line of 

centers model because it assumes that reaction will take place if the energy along the line of 

centers, R, exceeds a threshold value, E0, at R=d. (a) Sometimes one adds the assumption that 
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the colliding partners are hard spheres so that there is no potential for R > d. This is not 

necessary but lets do so in (a) only. Then, compute the cross section for non reactive 

collisions. (b) Experimentally, the line of centers energy dependence is found to be reasonable 

for energies in the post threshold regime but at higher energies the reaction cross section goes 

down, figure 3.J, rather than up 
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M. Peripheral collisions. Reactions such as Cl+CH4 or H+HCl may occur more likely at 

higher impact parameters. This is because reaction requires the three atoms, Cl-H-C or H-H-

Cl to be nearly in a collinear configuration and this is easier to achieve for an off-center 

collision. Make a model where the center of mass of HCl is on the Cl atom. Place the bound 

H atom on a sphere about the center. Assume that reaction occurs when H-H-Cl is in a 

collinear configuration. Hence compute the opacity function vs. b. [Adapted from P. M. Aker 

and J. J. Valentini, Is. J. Chem. 30, 157 (1990)]. 

N. Laser assisted recombination. The problem is to compute the cross section for forming a 

bound species during the collision∗. The key consideration is that the colliding Hg atoms, as 

described in figure 3.B.1, will absorb light when they are at a distance Rx apart. This is the 

distance when the electronic energy separation between the ground and excited states equals 

the energy of the laser photon. Say that all collisions absorb light. (a) Show that the cross 

section for formation of the bound excited state is . (b) Plot this cross 

section vs. the collision energy and show that it is monotonically decreasing, being largest for 

very slow collisions. (c) Argue that your result in (a) also provides a small correction for the 

cross section of harpoon reactions. [See P. Gross and M. Dantus, J. Chem. Phys. 106, 8013 

(1997), Dantus (2001) and J. Kohel and J. W. Keto, J. Chem. Phys. 113, 10551 (2000) and 

references therein for examples of laser assisted reactions]. 

πRx
2(1−Vg (Rx ) / ET )

 

                                                 

∗ Ordinarily, when two atoms collide they will not recombine to form a stable bound diatomic. Rather, 

they will emerge as two unbound atoms. This is so even when their potential is attractive and has a 

deep well corresponding to a stable diatomic. The reason is that the total energy needs to be 

conserved. In the region where the potential energy is attractive the kinetic energy increases so as to 

keep the sum constant. To form a bound state we need some mechanism for removing the energy from 

the pair of atoms. Typically this is done by a third body that takes the excess energy away. Following 

Gross and Dantus (1997), appendix 3.B suggests that we can do something else: use a laser to form a 

bound, electronically excited, stable molecule.  
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Chapter 3: End Notes 

1 Texts of chemical kinetics that also discuss dynamics include Steinfeld, Francisco et al. 

(1999) ; Houston (2001)  .  

2 In the past chemists sometimes avoided studying the kinetics of such reactions because their 

rates were too fast to be able to maintain steady conditions. Often these are reactions between 

an ion and a molecule. But for many reasons, most notably aeronomy and the formation of 

molecules in space (Duley and Williams (1984) ; Herbst (1995) ; Klemperer (1995)  ; Smith 

and Rowe (2000)  ), reactions that have no threshold energy (cf. section 3.2.6) are quite 

important.  

3 Should there not be a barrier to atom exchange? As a rule of thumb, yes, a barrier is to be 

expected. The trick of ion molecule reactions is that there is a significant gain of energy when 

the reactants approach, due to the strong ion-molecule physical attraction, section 2.1.9. This 

attraction is often sufficient to overcome the chemical barrier so that, in reference to the 

reactants that are far apart, there is no threshold energy requirement. By solvating the 

reactants in a medium of high dielectric constant one can reduce the electrostatic attraction of 

the reactants and thereby observe the role of the barrier. More on this in chapter 11. 

4 Reasoning in the other direction needs care. A measured second order reaction rate constant 

with a negative activation energy does not necessarily mean that the mechanism is 

bimolecular with a cross section that decreases with energy. See problem M of chapter 5. 

5 The threshold energy is not quite the same as the Arrhenius activation energy. As we have 

seen the latter is the average of the energy of those collisions that lead to reaction, minus the 

average energy of all collisions. 

6 Strictly speaking, dσ NR  also contains an additional term, the ‘shadow’ term, quantal in 

origin, which is always present, chapter 4. 
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2
-

2
-

(R)∝− R

7 “Vertical” meaning that the nuclei do not change their position and the anion Br  is formed 

at the equilibrium bond distance of the neutral Br2. The additional electron goes into an 

antibonding orbital so that the anion is expected to be less strongly bound then the neutral 

molecule. Hence the equilibrium bond length of Br  is larger. The anion is therefore formed 

with some vibrational excitation. The energy difference between the ground vibrational states 

of the anion and the neutral is the adiabatic electron affinity. 

8 The electronically excited rare gas atom is sometimes called a ‘super-alkali’ because its 

ionization potential is so low. There are also superhalogens and not only superalkalis. 

Herschbach (1966) ; Bersohn (1976)  . The super-halogen has a particularly high electronic 

affinity. NO2, with an electron affinity of about 2.4 eV, is an example. So is (CN)2. Excited 

states of organic molecules are used as effective electron donors. Complexes of transition 

metals in unusually high oxidation states are keen acceptors and vice versa for complexes 

where the metal is nominally neutral. 

9 The idea that reaction is possible when the system can cross the barrier in the effective 

potential is sometimes known as a capture model. The image is that the molecules are 

'captured' by the strong chemical forces that operate at closer range than Rmax. Recent 

developments of the model extend it to reactants with internal structure so that the barrier 

depends also on the initial vibrotational state. See Clary (1990) ; Troe (1992) ; (1997)   For 

the experimental situation Sims and Smith (1995) ; Smith and Rowe (2000)  . 

10 An exceptional case, for which there is no maximum, is if the long-range part of V( R) has 

an R-dependence with an inverse power less than or equal to 2. This includes the case of 

reactions of ions of opposite charge, where V −1. See B. H. Mahan, Adv. Chem. Phys. 

23, 1 (1973) and problem M. 

11 A caveat is needed. Equation (3.31) is the condition at the barrier. Experimentally however, 

one cannot easily prepare reactants within a narrow range in γ   relative to the interparticle 
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distance R. This is because the direction of R is rotating during the approach motion, whereas 

we can only prepare a range of γ with respect to laboratory coordinates. In the laboratory, the 

well defined direction is that of the initial velocity v. Therefore the laboratory orientation 

angle is γ L defined as the angle that the axis of the molecule makes with respect v. For low 

impact parameters the two angles are essentially the same because R is essentially in the 

direction of v and the collision is nearly head on. Otherwise, a transformation is needed. 

Implicit in such a transformation and in our entire discussion is the assumption that the axis of 

the molecule is hardly rotating during the collision. Dynamicists are very used to the idea that 

rotation of molecules is slow as compared to the duration of a collision or to a vibrational 

motion. That is correct and this is why experiments using selected reactants can demonstrate 

the reactive asymmetry between the two ends of a molecule. On the other hand, the 

intermolecular forces are not isotropic and can channel reactants preferentially into the cone 

of reaction or away from it. Only the detailed computations that we discuss in chapter 5 can 

fully address such issues.   

12 Such an expansion is only valid for ET < E0 + 2 ′  because otherwise reaction is possible 

at all values of γ and there is no cone of no reaction. Furthermore, it need not be the case that 

the barrier is lowest for a collinear approach. For insertion reactions one expects the transition 

state to be bent. Detailed electronic structure computations show that, contrary to simple 

chemical intuition, some abstraction reactions can also have the lowest barrier for a slightly 

bent configuration. 

E 0

 


