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Principles of bimolecular collisions

Collisions

Elastic scattering: A + B → A + B
No rovibrational energy exchange during collision
Inelastic scattering: A + B → A* + B*
The molecule(s) is (are) rovibrationally excited. This can lead to
dissociation of excited species (see unimolecular dissociation theory
and experiments)
Reactive scattering: A + B → C + D This is a chemical reaction :
new species are formed !
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Principles of bimolecular collisions

Potential at long distance I

Classical electrostatic interactions.
Strong interaction: if one partner has a charge (ion) or a permanent
dipole. This gives rise to the Induction Energy.
Long-range attraction to an ion of charge q (E = q/R2):

Vinduction(R) = −1
2
αE 2 = −αq

2

2R4 (1)

Long-range attraction to a permanent dipole µ (E = µ/R3):

Vinduction(R) = −αµ
2

2R6 ≡ −
Cind

R6 (2)
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Principles of bimolecular collisions

Potential at long distance II

For an ion interacting with a molecule with a permanent dipole there
is an extra µ · E term, such that

V (R) = −µ · E− 1
2
αE 2 = −µq cos γ

R2 − αq2

2R4 (3)

If atoms or molecules have no permanent charge or dipole moment.
There can be a fluctuating dipole that averages out of zero. It can be
associated to transition dipole moment of the atom (or the molecule).
We can see it by taking the simple example of an atom with an s and
three p states of energy ε0 = −~ω0 and ε1 = ~ω0. The Hamiltonian
without the electric field is:

H0 = ~ω0

(
−|s〉〈s|+

∑
α

|pα〉〈pα|

)
(4)
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Principles of bimolecular collisions

Potential at long distance III

Introducing the field we can express the perturbation Hamiltonian as:

HE = −µ̂ · E0 = ~
∑
α

(|s〉〈pα + |pα〉〈s|) ξα (5)

where ~ξα = 〈s|µ̂α|p〉. The final ground state wave function will be a
mixing of s and p states which is the quantum picture of the classical
fluctuating dipole.
This gives rise to the Dispersion Energy.
The resulting long-range attraction is:

Vdispersion =
1
2
(
α2E

2
1 + α1E

2
2
)

= −α2µ
2
1 + α1µ

2
2

2R6 ≡ −
Cdisp

R6 (6)
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Principles of bimolecular collisions

The approaching motion 2.2 The approach motion of molecules 49

b

+

R

v

Figure 2.8 The relative position vector R and the velocity v a long time before the
collision. The impact parameter b is indicated. In this figure the cross represents the
origin. In the absence of a force between the two particles, v remains in the same
direction, shown as a light line so the tip of the vector R lies on that line. We take
t = 0 at the point of closest approach where the relative separation R equals the
impact parameter b.

there is a centrifugal force that acts to prevent the molecules from getting too close
in. This force is controlled by two variables, the miss-distance of the colliding
particles, to which we give the technical name of the impact parameter, and the
kinetic energy of the molecules before the collision when they are far apart. By
the end of Section 2.2.5 we have set up all that is required for building models of
chemical reactivity in Chapter 3. We next define the center-of-mass system and
discuss the kinematics of elastic collisions.

In this section we center attention on the relative distance R of the collid-
ing A + B molecules. The motion of the coordinate R looks like that of the
motion of a single particle with mass µ = mAmB/(mA + mB), usually called the
reduced mass. This is discussed in textbooks of classical mechanics and in
Section *2.2.7 below.

2.2.1 The classical trajectory and the impact parameter

We want to describe the relative motion of two particles, A and B. Connecting
the two is a vector, R, pointing from A to B. For our purpose, what is interesting
is how the length of this vector, the relative distance R, varies with time. The
form of R(t) is what we mean by a classical trajectory. Before the collision R is
quite large, and the relative velocity v is unperturbed because there is no force.
Figure 2.8 shows the two vectors, R and v, at a time long before the collision.
They are drawn such that both vectors are in the plane of the paper. There is
always a plane defined by two vectors, so it is not a restriction. What we prove
below is that, for structureless particles, the two vectors R and v remain confined
to this particular plane throughout the collision.

The striking distance or impact parameter∗ b is also defined in Figure 2.8.
Conceptually b is a miss-distance, that is b is defined so that it is how near to one

∗ To connect the impact parameter with more familiar notions, start with the angular momentum
vector L defined as L = R × µv. Here × denotes the vector product. We show below that for a
potential that depends only on the distance R, L is conserved. L is a vector and so both its direction
and its magnitude are constant. The direction of L is perpendicular to both R and v. The constancy
of the direction of L confines the motion to a plane. The magnitude L of the angular momentum is

Being R the relative distance of the colliding A + B molecules, the motion
of this coordinates looks like the motion of a single particle with mass
µ = mAmB/(mA + mB), called the reduced mass. b is the impact
parameter, which corresponds to a miss-distance. If b = 0 the two particles
run into one another head-on. In absence of a force, we can use a simple
expression for R at any time t:

R2 = v2t2 + b2 (7)

If there is no force b is perpendicular to v at any time, otherwise b must be
specified before the collision (and set at a distance large enough such that
there is no interaction).
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Principles of bimolecular collisions

The centrifugal barrier I

To examine the classical trajectory we can use the conservation of energy.
In absence of the force, the kinetic energy for R →∞ is:

ET = µv2/2 (8)

During the collision it changes the magnitude and the direction of R:

K = µ

(
dR
dt

)2

(9)

Using the relation 8 we have that dR2/dt = 2R(dR/dt) = 2v2t and
the kinetic energy along the lince of centers is found to be
(µ/2)(dR/dt)2 = ET (1− b2/R2)
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Principles of bimolecular collisions

The centrifugal barrier II

Without a force the kinetic energy before and during the collision have
to be equal

ET =
µ

2
v2 =

µ

2

(
dR

dt

)2

+
ETb2

R2 (10)

The second term is the centrifugal energy
In the presence of a force, the conservation of energy reads:

ET = K + V (R) =
1
2
µ

(
dR

dt

)2

+
ETb2

R2 + V (R) (11)

To focus the attention on R(t) is useful do define an effective
potential:

Veff (R) = V (R) +
ETb2

R2 (12)
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Principles of bimolecular collisions

The centrifugal barrier III

The total energy is

ET =
1
2
µṘ2 + Veff (R) (13)

and now is function only of the scalar quantity R . The centrifugal
energy acts as a repulsive contribution to Veff , called centrifugal
barrier. 2.2 The approach motion of molecules 53
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Figure 2.9 A plot of the
effective potential for
several (increasing)
values of the impact
parameter. At high b
values the well in the
potential V(R) is filled in
and the effective potential
is purely repulsive. The
dashed line is the
centrifugal barrier alone
for the last case.

The centrifugal energy acts as a repulsive contribution to Veff, often known as
the centrifugal barrier, as shown in Figure 2.9. It is a repulsive barrier because
it acts against the approach of the colliding particles. The origin of this barrier
is as follows. As the two particles approach each other, their centrifugal energy
(due to the rotation of the relative separation), ETb2/R2, increases. Because the
total energy is conserved, this increase is at the expense of the potential energy
and the radial kinetic energy. Eventually we reach the smallest separation, R0,
see Figure 2.10, where the kinetic energy along the lines of centers of the two
particles vanishes.

2.2.2.1 The distance of closest approach
The turning point or distance of closest approach, R0, is that function of the
impact parameter given as the solution of the implicit equation

ET = V (R0) + ETb2
/

R2
0 (2.31)

In the absence of a potential R0 = b, as mentioned earlier. For the hard-sphere
model, Eq. (2.31) yields the expected result

R0 =
{

b, b > d
d, b ≤ d

hard spheres (2.32)

shown also in Figure 2.10(b).
For more realistic interatomic potentials R0 depends upon both b and ET, but

for large enough values of the impact parameter it can be seen from Eq. (2.31)
or Figure 2.10 that R0 → b, independent of the total energy. This result is often
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Principles of bimolecular collisions

The center-of-mass system

The description of the motion of two point particles in three-dimensional
space requires:
2 (particles) × 3 (position coordinates) = 6 scalar coordinates.
If there si no external force, it is sufficient to describe the collision in terms
of R(t).
Center-of-mass framework: a coordinate system in which the c.m. of the
colliding particles is at rest.
The equation

1
2
µR2 = ET − Veff (R) = ET

(
1− b2

R2

)
− V (R) (14)

specifies the scalar velocity with which the particles approach (or recede) in
terms of R(t), the collision energy and the impact parameter.
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Principles of bimolecular collisions

Kinematics in the center-of-mass framework I
64 Molecular collisions

R1

R

R2

Rc.m.
c.m.

Figure 2.14 Position coordinates of the two colliding particles as well as the
position of the center of mass Rc.m. and the relative distance R.

The position of the center of mass is defined to be at Rc.m., MRc.m. ≡ m1R1 +
m2R2, M = (m1 + m2) where m1 and m2 are the masses of the two particles. If
we want to, the definition of Rc.m. allows us to refer the position of each atom to
the center of mass. For example, R1 = Rc.m. − (m2/M)R and similarly for R2,
as shown in Figure 2.14. Note that the center of mass is nearer to the heavier
of the two particles. This result, while trivial, serves to explain many interesting
features in the dynamics of collisions.

The c.m. system is defined by the condition that the center of mass is at rest,
dRc.m./dt = 0. From the expression for the position vectors of the atoms we
determine the velocities, ui, in the c.m. system in terms of the velocities in the
laboratory, vi = dRi/dt and the relative velocity v = dR/dt :

v1 = d(Rc.m. − (m2/M)R)/dt = (dRc.m./dt) − (m2/M)v ≡ vc.m. + u1

v2 = (dRc.m./dt) + (m1/M) v ≡ vc.m. + u2

vc.m. ≡ (dRc.m./dt) = (m1/M) v1 + (m2/M) v2 (2.39)

Equation (2.39) specifies the velocity ui of particle i with respect to the cen-
ter of mass. The definition of the c.m. system, or the condition of conservation
of linear momentum, tells us that m1u1 + m2u2 = 0. In other words, irrespec-
tive of the laboratory conditions, in the c.m. system the lighter particle is faster
moving. Similarly note that, as one would expect, the relative velocity v of the
two particles has the same value in the laboratory and in the center-of-mass
system:

v ≡ dR/dt = v1 − v2 = u1 − u2 (2.40)

The kinetic energy of two particles in the laboratory system is

K laboratory = (1/2)m1v2
1 + (1/2)m2v2

2 (2.41)

The kinetic energy in the c.m. system has the same form:

K = (1/2)m1u2
1 + (1/2)m2u2

2 c.m. system (2.42)

v1 = dR1/dt v2 = dR2/dt v ≡ dR/dt = v1 − v2 (15)

Rc.m. ≡ (m1R1 + m2R2) /M (16)
M = m1 + m2 (17)
Ri = Rc.m. − (m2/M)R (18)
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Principles of bimolecular collisions

Kinematics in the center-of-mass framework II

By definition of center of mass at rest: dRc.m./dt = 0 and so

vi =
Rc.m. − (m2/M)R

dt
=

(
dRc.m.

dt

)
− (m2/M)v ≡ vc.m. + ui (19)

vc.m. ≡
dRc.m.

dt
= (m1/M)v1 + (m2/M)v2 (20)

where ui os the velocity of particle i with respect to the center of mass.
The kinetic energy in the c.m. system is thus:

K =
1
2
m1u21 +

1
2
m2u22 =

1
2
µv2 (21)

Since v = v1 − v2 = u1 − u2 and µ = m1m2/(m1 + m2)
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Principles of bimolecular collisions

The collision cross section

Collision cross section, σ. Defined as: λ = (σnB)−1.
λ : mean free path between two collisions ;
nB = PB/kBT with PB the target gas pressure.
Collision rate constant, k(v) = vσ where v is the molecule speed.
Averaging on temperature: k(T ) = 〈k(v)〉 = 〈vσ〉 ≈ 〈v〉σ
Microscopic definition: differential collsion cross section.

dσ = 2πbdb (22)

σ =

∫
2πbdb (23)

Riccardo Spezia (CNRS) Réactivité chimique 23/01/2017 14 / 35



Principles of bimolecular collisions

The reaction cross section I

If k(v) is the chemical reaction rate constant for molecules colliding
with a velocity v , then:

k(v) = vσR (24)3.1 Rate and cross-section of chemical reactions 77

0
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0.15
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σ R
/A

2

H2
+(v = 0) + He       HeH+ + H

°

Figure 3.1 Translational energy dependence of the reaction cross-section, σR(ET)
for the H+

2 (v = 0) + He → HeH+ + H 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.3 By exciting the
vibrations of the H+

2 reactant the cross-section for the reaction above can be
considerably enhanced.

take place. Clear examples are thermoneutral exchange reactions with an energy
threshold. The (actually, a shade endoergic, Problem A) reaction

H + D2(v = 0) → D + HD

has a threshold energy of about 30 kJ mol−1 (≈ 0.3 eV). 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 + O+

2

Such reactions often show no threshold energy3 and the reaction cross-sections
are found to be a decreasing function of the translational energy, roughly as

σR(ET) = AE−1/2
T (3.6)
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Principles of bimolecular collisions

The reaction cross section II

Temperature dependence of the reaction rate constant. Average is
done by evaluating the integral over a Maxwell-Boltzmann velocity
distribution, f (v):

k(T ) = 〈vσR(v)〉 (25)

=

∫
vσR f (v)dv (26)

= (µ/2πkBT )3/2
∫

vσR exp (−µv2/2kBT )4πv2dv (27)

= (8kBT/πµ)1/2
∫

ET

kBT
σR exp (−ET/kBT )d

(
ET

kBT

)
(28)

where we used the relation ET = µv2/2
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Principles of bimolecular collisions

The reaction cross section III

Microscopic view. Giving collisions in a range b to b + db, the
cross-section is defined in terms of the opacity function P(b):

dσR = 2πbP(b)db (29)

where 2πbdb is the area presented to the colliding reactants when
b ∈ [b, b + db].
P(b) : the fraction of all such collisions that lead to reaction.
Not all collisions react, such that the non-reactive cross section is:

dσNR = 2πb[1− P(b)]db (30)

The total reaction cross-section is:

σR = 2π
∫ ∞
0

bP(b)db (31)
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Examples of simple reactions

Motion on the Potential Energy Surface (PES) I

Contour map for collinear
collisions

152 Introduction to polyatomic dynamics

Minimum energy path

V = 0

(A+BC)

V = −De(BC)

RA−B

R
B

−C

(AB+C)
V = −De(AB)

Figure 5.2 A contour map for the potential energy surface of Figure 5.1. The solid
lines are contours of given potential energy. The minimum reaction path is shown as
a dashed line. The entrance valley has a depth −V = De(BC), the dissociation energy
of BC (as measured from the bottom of the valley) and similarly for the exit valley. At
the saddle point (X) the potential energy is above that of either valley but below that
of the dissociation plateau, where both bonds are broken and the three atoms are far
apart from one another. It is customary to take the zero of energy as the energy of
the plateau.

drawn in a perspective three-dimensional form. The same function is displayed
as a contour map in Figure 5.2.

The “mountain pass” en route from the reactants to products (along the min-
imum energy route) is a dominant feature of such a surface, explaining why
the energy threshold for reaction is often much smaller than a bond dissocia-
tion energy. As pointed out by Eyring, Polanyi, and Evans in the early 1930s, a
chemical reaction, say

D + H H → H + H D

proceeds not by breaking the “old” bond and subsequent formation of the “new”
bond, but via the concerted motion of the nuclei in a continuous transformation
from the reactants’ to the products’ valley. The new bond forms as the old bond is
broken. A potential energy surface thus serves to mediate between the reactants’
and products’ configuration.

Because the reaction path passes through the local minima of the surface, the
potential energy increases when we deviate sideways from the path. Hence, near
the barrier the potential surface has the form of a saddle. The location of the
barrier is thus referred to as the saddle point of the surface (sometimes as the
col). The configurations about the saddle point are the transition state region.

Angular effect

5.1 Potential energy functions and chemical reactions 153
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Figure 5.3 Potential energy profile along the reaction path for the collinear and for
a number of bent configurations of H3. Each one of these profiles is for a fixed value
of the approach angle as in the insert. From an ab initio computation with an
accuracy of better than 1 kcal mol−1 [adapted from P. Siegbahn and B. Liu, J. Chem.
Phys. 68, 2457 (1978) and the analytical representation4 by D. G. Truhlar and C. J.
Horowitz, J. Chem. Phys. 68, 2466 (1978)]. Note how the barrier height increases for
a sideways approach of the H atom to the H H axis. To interpret this, note that H3

has three electrons. In Section 5.1.4 we show that two can be placed in a strongly
bonding orbital extending over the three atoms. The third electron goes into an
orbital that becomes increasingly antibonding as the bend angle decreases.

The height of the barrier along the minimum reaction path is the lowest max-
imum of the potential between the reactants’ and products’ valleys. In classical
mechanics this height is therefore the minimal energy for a trajectory to go over.
Such a trajectory represents a possible motion of the nuclei during a reactive
collision. Of course, in an actual collision the three atoms need not be confined
to move on a line. The trajectory needs to be computed using the potential when
all three bond distances are allowed to move independently, subject of course to
the forces.

In Figure 5.3 we read that the lowest barrier in the potential for the H + H2

reaction is at the collinear configuration and its height is about 10 kcal mol−1.
For thermal reactants at room temperature only an exponentially small fraction of
collisions will have enough energy to cross the barrier (recall Figure 3.3). Reach-
ing the three-atom plateau is even less likely because it is about 100 kcal mol−1

higher than the reactants’ valley.
It is not invariably the case that the reaction is concerted with the new bond

forming as the old bond is being broken. Organic chemists are familiar with
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Examples of simple reactions

Motion on the Potential Energy Surface (PES) II

The reaction path
5.1 Potential energy functions and chemical reactions 155
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Figure 5.5 Potential energy profile along the reaction coordinate for an early,
midway, and late barrier. We show the two asymmetric cases as corresponding to an
exoergic and endoergic reaction. The correlation between location of the barrier,
shown by an arrow, and relative stability of reactants and products can be
understood on the basis of the Evans–Polanyi model that we will discuss. The
correlation shown is a useful rule of thumb, known in organic chemistry as
Hammond’s postulate. In structural terms this is sometimes stated as: the more
exoergic the reaction, the more the configuration at the barrier will be reactant-like.

product valley. Figure 5.3 shows the potential energy along such a minimum
energy path for the H3 system in the collinear configuration (which is the one of
lowest energy) and for several bent configurations. We note that the barrier along
this “energy profile” is relatively small, Eb

∼= 10 kcal mol−1, in the collinear
configuration. This barrier is less than 10% of the dissociation energy of H2. It is
the presence of a low-energy mountain pass between the reactants’ and products’
valleys that favors the concerted (i.e., bimolecular) mechanism of atom (or group)
transfer.

Figure 5.4 shows an ab initio calculated potential surface for a highly reactive
system: F + H2 → HF + H. For this very exoergic reaction we see that the
barrier is significantly smaller than for H3 and it occurs at a rather “early” stage
of reaction. Immediately beyond the barrier the potential energy drops rather
steeply. For such a reaction, the exoergicity is released early along the reaction
path and is available to be pumped into the vibration of the emerging new bond. A
surface with an early release of the exoergicity is often referred to as an attractive
potential energy surface. A surface of the opposite type, i.e., a late release, is
termed repulsive, see Figure 5.5. (Of course, if a surface is attractive for the
forward reaction it is repulsive for the reverse reaction.)

The F + H2 → HF + H potential shown in Figure 5.4 is an example of a quite
early barrier for a very exoergic reaction. As can be seen from the location of the

Complex multi-products reaction:

5.1 Potential energy functions and chemical reactions 157
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Figure 5.6 Five possible mechanisms for the C2H5+O2 reaction. The mechanisms
are distinguished by the different stationary points (both minima and maxima) along
the reaction paths [adapted from J. C. Rienstra-Kiracofe, D. Allen, and H. F. Schaefer
III, J. Phys. Chem. A 104, 9823 (2000)]. Higher-level quantum chemistry computations
can identify the configurations at the stationary points along these paths of
steepest descent and determine not only their energies but also the forces that
act on the atoms (Pulay, 1995; Pulay and Baker, 2001). Density functional methods
can then be used to determine the potentials (and forces) along the minimum
energy paths connecting the stationary points and even map the entire potential
energy surface, for use in dynamical computations [see, for example, Kohn et al.
(1996), Tse (2002)].

state. But there are also numerous (exponentially many in the number of amino
acids) secondary minima.11 We will come back to this when we discuss molecular
machines in Section 6.2.4.

*5.1.2.1 Input from spectroscopy of large-amplitude motions
For stable molecules, the potential energy in the vicinity of the well is determined
experimentally by spectroscopic means. Increasingly, spectroscopy is providing
access to outer reaches. Overtone spectroscopy directly pumps higher vibrational
states. The method relies on deviations from the harmonic approximation, but
the higher up we go the weaker is the transition strength. Overcoming this lim-
itation is possible by promoting the molecule to an excited electronic state that
has a different equilibrium configuration. This state will emit light and one can
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Examples of simple reactions

SN2 reaction: X− + CH3Y → XCH3 + Y−

An example of theory and simulations together1

The reaction can be schematized as:

X− + CH3Y 
 X− −−CH3Y → XCH3 + Y− (32)

with three rate constants: kcap, kdiss and kisom

1Manikandan, Zhang, Hase. J. Phys. Chem. A 2012, 116, 3061.
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Examples of simple reactions

SN2 reaction: X− + CH3Y → XCH3 + Y−

The total rate constant can be written as

kSN2(Erel ,T ) = kcap(Erel ,T )
lmax∑
l=0

P(l)

×
∞∑

j=0

j∑
jz=−j

P(j , jz )
∞∑

n=0

P(n)

×
J=|l+j |∑
J=|l−j |

P(j)
kisom(E , J)

kdiss(E , J) + kisom(E , J)
(33)
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Examples of simple reactions

SN2 reaction: X− + CH3Y → XCH3 + Y−

To obtain P(l) one can use simulations to evaluate the maximum value of
b and

kcap(Erel ,T ) = vrelσcap(Erel ,T ) (34)

σcap =

∫ bmax

0
Pr (b)2πbdb (35)

RRKM modeling vs simulations

Lim and Brauman for long-range complex formation in proton
transfer reactions.99,100

Most of the long-range Cl−---CH3Cl complexes are very
short-lived and only approximately 10% move into the short-
range interaction region with the ability to access the
[Cl--CH3--Cl]

− central barrier. Thus, the trajectory rate con-
stants in Table 3, which include the formation of both long-
range and short-range complexes, overestimate Cl− + CH3Cl
association events, which can lead to the SN2 reaction. The sim-
ulations described above show that energy transfer effects must
be considered in determining the probability that a X− + CH3Y
collision leads to a X−---CH3Y association complex. More work
needs to be done to more accurately quantitatively establish
these effects.
2. Nonstatistical X−---CH3Y Intramolecular and Unimo-

lecular Dynamics. Trajectory simulations were performed to
study the decomposition dynamics of the Cl−---CH3Cl and
Cl−---CH3Br complexes

23,36,82,101 and the [Cl--CH3--Cl]
− and

[Cl--CH3--Br]
− central barrier dynamics.92,101−103 The dynam-

ics of Cl−---CH3Cl complexes, formed by the Cl− + CH3Cl
association, were studied for different Erel and Trot, different
numbers of quanta in the C−Cl stretch mode, and initial
conditions with and without ZPE in CH3Cl.

23,36,82 As discussed
above, association excites the three intermolecular modes of the
Cl−---CH3Cl complex and energy transfer to the nine CH3Cl
intramolecular modes is very inefficient. The unimolecular
decomposition of the complex is strongly non-RRKM. Plots of
the number of complexes remaining versus time, i.e., N(t)/
N(0), is highly nonexponential and may be fit by the
multiexponential function

∑= −N t
N

f k t( )
(0)

exp( )
i

i i
(21)

Illustrative plots of N(t)/N(0) are given in Figure 8 versus
Erel for simulations with a CH3Cl rotational temperature Trot
of 0 K and CH3Cl containing ZPE. The f i and ki parameters
in eq 21 are listed in Table 4 for decomposition of

Cl−---CH3Cl complexes formed by Cl−+ CH3Cl collisions
with CH3Cl Trot of 0 and 300 K, CH3Cl Evib of 0 and ZPE,

with and without six quanta in the C−Cl stretch (nC−Cl = 6),
and Erel from 0.5 to 3.0 kcal/mol. The f i and ki parameters for
Erel = 1.0 kcal/mol, Trot = 300 K, and Evib = ZPE are similar to
those found experimentally for I−---CH3I dissociation (see
section IV.B.1).81

Figure 8. Comparison between trajectory () and fitted RRKM (---) values of the relative number of Cl−---CH3Cl complexes versus time, i.e.,
N(t)/N(0). The Cl− + CH3Cl collision energy Erel is denoted E and is in units of kcal/mol. Adapted from ref 36.

Table 4. Parameters for the Trajectory N(t)/N(0)
Distributiona in Eq 21

Erel
b f1 f 2 f 3 k1

c k2 k3
Trot = 0 K, Evib = ZPE

0.5 0.71 0.29 8.2 × 10−2 2.1 × 10−5

1.0 0.18 0.63 0.19 7.3 × 10−1 9.7 × 10−2 9.8 × 10−4

2.0 0.86 0.14 2.7 × 10−1 1.8 × 10−7

3.0 0.93 0.07 4.0 × 10−1 9.0 × 10−8

Trot = 300 K, Evib = ZPE
0.5 0.28 0.36 0.36 1.1 1.5 × 10−1 9.3 × 10−2

1.0 0.64 0.36 7.9 × 10−1 8.4 × 10−2

2.0 0.96 0.04 6.9 × 10−1 2.3 × 10−2

3.0 1.00 6.4 × 10−1

Trot = 0 K, Evib = 0
0.5 0.44 0.56 1.1 × 10−1 1.3 × 10−8

1.0 0.39 0.61 4.6 × 10−1 8.2 × 10−2

2.0 1.00 3.3 × 10−1

Trot = 0 K, Evib = 0 with nC−Cl = 6
0.5 0.59 0.41 2.5 × 10−1 1.6 × 10−2

1.0 0.69 0.26 0.05 2.1 × 10−1 1.9 × 10−2 5.4 × 10−5

2.0 0.24 0.57 0.19 1.08 1.8 × 10−1 3.8 × 10−5

Trot = 0 K, Evib = ZPE with nC−Cl = 6
0.5 0.30 0.70 5.4 × 10−1 5.4 × 10−2

2.0 0.96 0.04 2.8 × 10−1 3.5 × 10−8

aErel is the Cl
− + CH3Cl relative translational energy, Trot is the CH3Cl

rotational temperature, and Evib is the CH3Cl vibrational energy. The
parameters are taken from refs 36 and 82. bErel is in units of kcal/mol.
cThe k’s are in units of ps−1.
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Examples of simple reactions

The importance of studying SN2 reactions
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Evaluation of the Rate Constant for the SN2 Reaction 
CH3F + H- - CH4 + F- in the Gas Phase 
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Abstract: Rate constants for the title reaction are calculated within the framework of statistical theories. The input data 
are taken mainly from recently published ab initio quantum chemical calculations. Comparison with the experimental estimate 
from flowing afterglow measurements by Tanaka et al. of k z  = 1.5 X lo-" cm3 s-l shows that, for three of four input data 
sets, the experimental value can be reproduced with reasonable accuracy. Using two kinetic models, rate constants ranging 
from 2.1 X lo-'* to 4.5 X cm3 S-I are obtained for these three data sets. Variation of the kinetic model changes the 
rate constants by up to one order of magnitude. The remaining uncertainties should stimulate further experiments as well 
as higher level quantum chemical calculations and theoretical treatment of the reaction dynamics. 

I. Introduction 
In the theoretical investigation of the reactivity and rate con- 

stants of polyatomic reactions in the gas phase, bimolecular nu- 
cleophilic substitution (sN2) reactions have attracted considerable 
attention of theorists for more than 15 years. 

In contrast, nucleophilic substitutions are a much older subject 
in experimental chemistry. Fifty years ago, Hughes and Ingold 
studied these processes at a sophisticated level (for a comprehensive 
treatment see the monograph by Ingold'). All these studies were 
performed in solution. An exciting step forward was made in 1970, 
when an sN2 process was observed in the gas phase2 for the first 
time, initiating a period of investigations in which it was possible 
to distinguish between the "intrinsic" nucleophilic substitution and 
solvent effects. The activation energies for a vast number of sN2 
reactions vary typically in the range from 20 to 50 kcal/mol (see 
e.g., ref 1, 3, and 4). A significant decrease in the activation 
energies is observed when passing into the gas phase, as predicted5 
in 1959. For example, the reaction of CH3F with OH- in solution 
is slower by 26 orders of magnitude.6 Gas-phase experiments 
are performed by two different techniques. 

(i) The flowing afterglow technique was used in an early study 
by Bohme et aL2 to measure the rate constants of reactions at  25 
OC between several ions and CH$l at  pressures of 0.2-0.6 Torr. 
The same technique was used to determine the gas-phase nu- 
cleophilicites of the H-, F, OH-, and NH2- anions, where the 
reaction partners were CH3F and CH3Cl with helium as buffer 

Assuming that nucleophilic substitution is a direct, ele- 
mentary step, activation energies were estimated on the basis of 
the Eyring theory. It was possible to classify various anion nu- 
cleophiles6 by correlation of the apparent activation energies with 
the reaction heats. 

(ii) Brauman and co-workers utilized pulsed ion cyclotron 
resonance (ICR) spectroscopy to measure the gas-phase nucleo- 
philic displacement reactions?*10 Attempts to understand the wide 
range of rates for a broad spectrum of reactions in contrast to 
other ion molecule reactions as well as their negative temperature 
dependence led to the suggestion that sN2 reactions proceed on 
a double-well potential surface.I0 Therefore, instead of a direct 
process, nucleophilic substitution consists of several elementary 
steps: the formation and breaking of van der Waals complexes 
and a unimolecular isomerization step when crossing the barrier. 
The RRKM theory" was used for interpretation of the measured 

'Central Institute of Physical Chemistry of Academy of Sciences of GDR. 
*Institute of Organic Chemistry and Biochemistry, Czechcslovak Academy 

J. Heyrorskjr Institute of Physical Chemistry and Electrochemistry, 
of Sciences. 

Czechoslovak Academy of Sciences. 

0002-7863/88/ 1 5 10-83 55$0 1.5010 

rate constants in terms of features of the potential energy profile, 
and this made it possible to estimate the barrier heights for several 
nucleophilic substitution r e a c t i ~ n s . z ~ - ~ ~ J ~ - ~ ~  Both the assumption 
of a double-well energy profile and the kinetic description of the 
unimolecular elementary steps within the framework of the 
RRKM theory permitted explanation of all the reaction efficiencies 
observed. Important conclusions about the nucleophilicity of 
different anions and leaving group abilities were drawn. These 
experimental findings were discussed in terms of various rate- 
equilibrium relation~hips.l~-~' It was found that the Marcus 
theoryI6 was especially useful for the prediction of barrier heights 
for a wide variety of asymmetric sN2 reactions.I3J4 

During the same period, a large number of theoretical inves- 
tigations were performed, studying parts of the potential energy 
surface for a given sN2 reaction employing quantum chemical 
methods. An excellent review of the literature up to 1981 is given 
in the thesis by Mitchell,18 and a recent survey forms part of an 
article by Basilevsky et al.I9 Most of these studies deal with the 
elucidation of qualitative aspects of sN2 reactions in the gas phase. 
Whereas it was found that semiempirical quantum chemical 
methods are not appropriate for the investigation of sN2 reac- 
t i o n ~ , ~ ~  rather simple ab initio quantum chemical methods were 

(1) Ingold, C. K. Structure and Mechanism in Organic Chemistry; Cornell 

(2) Bohme, D. K.; Young, L. B. J .  Am. Chem. SOC. 1970, 92, 7354. 
(3) Shaik, S. S. Prog. Phys. Chem. 1985, 15, 197. 
(4) Albery, W. J.; Kreevoy, M. M. Adv. Phys. Org. Chem. 1978,16,87. 
(5) Bathgate, R. H.; Moelwyn-Hughes, E. A. J .  Chem. SOC. 1959,2642. 
(6) Tanaka, K.; Mackay, G. I.; Payzant, J. D.; Bohme, D. K. Can. J .  

(7) Young, L. B.; Lee-Ruff, E.; Bohme, D. K. J .  Chem. Soc., Chem. 

( 8 )  Bohme, D. K.; Mackay, G. I.; Payzant, J. D. J .  Am. Chem. Sac. 1974, 

(9) Brauman, J. I.; Olmstead, W. N.; Lieder, C. A. J .  Am. Chem. SOC. 

(10) Olmstead, W. N.; Brauman, J. I. J. Am. Chem. SOC. 1977,99,4219. 
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(16) Marcus, R. A. Annu. Rev. Phys. Chem. 1965, 15, 155. 
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assumed to be sufficient. One of the reasons for these investi- 
gations was to explain the stereochemistry of these reactions. 18,20723 
For instance, the principle of structural stability was used for the 
analysis of S N 2  processes2i in connection with a study in which 
all the possible paths were considered.22 It turned out that, for 
SN2 reactions of the CH3X + Y- - CH3Y + X- type, the backside 
attack is the most favorable. The main part of the calculations 
concentrated on numerical verification of the validity of rate- 
equilibrium relationships as they were used for interpretation of 
the experimental data. Pioneering work in this field was carried 
out by Mitchell, Wolfe, Shaik, and c o - w ~ r k e r s . ' ~ ~ ~ ~ ~ ~ ~  Very 
intensive attention was paid to the substituent effect in s ~ 2  
transition states.24 It was concluded that, rather than the Ham- 
mond posulate, the Marcus theory is applicable for the prediction 
of s N 2  reaction barriers.24 Numerous calculated values are given 
in the thesis by Mitchell.l* Finally, the dominant role of the 
distortion energy when s N 2  transition states are formed was 
pointed out. In this connection, related studies on gas-phase 
deprotonation of carbonic acids and on the kinetic acidities of 
diastereotopic hydrogens are also worth mentioning.25 

The effect of a substituents on SN2 reactions was studied in 
some We can gather that all these quantum chemical 
results led to a deeper qualitative insight into the common chemical 
characteristics of SN2 reactions, and mainly into the interplay of 
thermochemical and kinetic forms in the reactions. 

Rather rare quantum chemical investigations deal with quan- 
titative predictions of the reaction profile for a particular reaction. 
This is because accurate energy and structure data for complex 
polyatomic systems are still difficult to obtain by quantum 
chemical a b  initio methods. Even using the most sophisticated 
approximations, it is still quite difficult to find a balance description 
of an entire reaction profile including van der Waals minima and 
transition states, especially if anions are involved. 

To our knowledge, reliable studies of this kind were performed 
only for the class of reactions Y- + CH3X - X- + CH3Y. Dedieu 
and Veillard were the first to treat classical s N 2  reactions along 
a double-well energy profile26 including the correlation energy 
contributions2' by means of configuration interaction. They found 
almost no influence of the correlation energy on the relative 
reaction profile, in agreement with the general view on the in- 
fluence of the correlation energy in reactions including only 
closed-shell reactants and products. 

In contrast, the CEPA calculations of Keil and Ahlrichs,28 
carried out in 1976 for a series of the same type of reactions, 
showed that electron correlation contributes up to f 7  kcal/mol 
to the activation energies and therefore cannot be neglected. 

A further step toward higher level quantum chemical calcu- 
lations was made by Urban and co-workers using the many-body 
perturbation theory through the complete fourth order for the 
reactions CH3F + Y- (Y = F, H,  OH).29,30 These studies gen- 
erally showed a drastic decrease in the barrier height when in- 
cluding the correlation energy contributions. (For a s N 2  reaction 
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Figure 1. Schematic potential energy profile of the reaction CH3F + H- 
-+ CH, + F. 
with a cationic species, a recent sophisticated study by Ragha- 
vachari et showed a much smaller influence of the correlation 
energy than for anionic systems.) Most of these studies suffered 
from inconsistencies in the number of stationary points along the 
reaction profile treated, the accuracy of the geometry parameters 
used, and the level of the vibrational frequency calculations. 
Complete investigations of the reaction profile including the 
correlation energy have so far been reported only for the CH3F + OH- rea~t ion.~ '  

In an earlier paper32 we reported our results for the CH3F + 
H- reaction. The geometries of all the stationary points were 
optimized using the second-order Maller-Plesset perturbation 
theory; subsequently reaction profiles were estimated employing 
different quantum chemical methods (second-order Maller-Plesset 
theory, CEPA, and multiconfiguration S C F  methods). It con- 
firmed the findings of Urban and c ~ - w o r k e r s . ~ ~ * ~ ~  

No studies are yet available in which the theoretical evaluations 
were extended to the estimation of the gas-phase rate constants 
on the basis of a quantum chemically evaluated reaction profile 
according to the proposals by Olmstead and Brauman." 
(CernuSgk et al.29 have carried out a rate-constant calculation for 
the CH3F + F reaction using the Eyring theory.33) Recently, 
two-dimensional quantum scattering calculations were performed 
by Ryaboy and Ba~i levsky~~ for the CH3F + Y- (Y = H, F, OH) 
reactions on the basis of several a b  initio characteristics. 

This paper describes the evaluation of the rate constants for 
the CH3F + H- reaction within the framework of statistical 
theories. The results of the recently reported32 ab initio quantum 
chemical calculations were used as input data. The influence of 
the quality of the quantum chemical data on the evaluated rate 
constants were discussed and different kinetic models were tested. 
The resulting reaction efficiencies are compared with the ex- 
perimental data. Unfortunately, because of the poor leaving group 
abilities of the fluoride anion (a rather high "intrinsic" barrier), 
rate constants for reactions with participation of CH3F could be 
measured only with the flowing afterglow technique.6 The de- 
tection limit in this technique permits measurements on reactions 
with an efficiency of less than lo4, which is about one order of 
magnitude lower than in the ICR experiments. Therefore, for 
the reaction under consideration only one experimental value has 
so far been measured using the flowing afterglow technique.6 

After a description of the methods employed for the rate 
constant calculations in section 11, the values used for the cal- 
culations are summarized in section I11 and the results are dis- 
cussed in section IV. 

11. Evaluation of Rate Constants 

the reaction: 
This work was carried out to evaluate the rate constants for 

(31) Raghavachari, K.; Chandrasekhar, J.; Burnier, R. C. J .  Am. Chem. 

(32) Havlas, 2.; Merkel, A,; Kalcher, J.; Janoschek, R.; Zahradnik, R. 
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(34) Ryaboy, V. M. Theor. Exp. Chem. (Engl. Transl.) 1986, 217, 435. 
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Application to Astrochemistry

Molecules in the interstellar medium

• Radioastronomy observed many molecules in the space

• Molecules with peptide bond (–NHCO–) were observed in the ISM:
giant molecular clouds (Orion-KL, Sgr B2) and over dozen of
molecular clouds in our Galaxy

• Extraterrestrial origin of life ...
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Application to Astrochemistry

Molecules in the interstellar medium

• Many molecules (and some ion) are detected
http://www.astrochymist.org/

• Observed : Diatomic (43); Triatomic (43); Four atoms (27); Five
atoms (19); Six atoms (16); Seven atoms (10); Eight atoms (11);
Nine atoms (10); Ten or more atoms (15)

• The question is: how are they formed ?
• Problem: they are cold (internally) so barriers in the PES are difficult
to be passed

• Solutions: the reaction on the surface or by radicals with low
activation energy

• Other solution is : ion-molecule reaction. The ion can have some
translation energy and in presence of magnetic field it can be even
more accelerated
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Application to Astrochemistry

Ion–molecule reactions

• Bimolecular collisions

• Inelastic Scattering
A+(vi ,jk) + B(vm,jn) → A+∗(vĩ ,jf̃ ) + B∗(vm̃,jñ)

• Reactive scattering
A+ + B → C+ + D

• Born-Oppenheimer Chemical dynamics of collisions
• Ensemble of classical trajectories (100, 1000) to sample possible
orientations (no pre-imposed reaction coordinate)

• Tuning collision energy (cross section depends on the collision energy)
• Coupling chemical dynamics with electronic structure softwares: Venus
+ Gaussian09 (MP2, DFT, ...)
Venus + MSINDO
Venus + MOPAC (AM1, PM3, PM6, ...)

• Experiments: mass spectrometry as a chemical reactor (e.g. Bohme)
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Formamide in the ISM
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ABSTRACT

Extensive observations of acetamide (CH3CONH2) and formamide (NH2CHO) have been conducted toward Sgr
B2(N) at 1, 2, and 3 mm using the Submillimeter Telescope (SMT) and the 12 m antenna of the Arizona Radio
Observatory. Over the frequency range 65–280 GHz, 132 transitions of acetamide have been observed as individual,
distinguishable features, although in some cases they are partially blended. The unblended transitions in acetamide
indicate VLSR = 63.2 ± 2.8 km s−1 and ∆V1/2 = 12.5 ± 2.9 km s−1, line parameters that are very similar to that
of formamide (NH2CHO) and other organic species in Sgr B2(N). For formamide, 79 individual transitions were
identified over the same frequency region. Rotational diagram analyses indicate the presence of two components
for both species in Sgr B2(N). For acetamide, the colder component (Eu < 40 K) exhibits a rotational temperature
of Trot = 17 ± 4 K and a column density of Ntot = 5.2 ± 3.5 × 1013 cm−2; the higher energy component has Trot =
171 ± 4 K and Ntot = 6.4 ± 4.7 × 1014 cm−2. In the case of formamide, Trot = 26 ± 4 K and Ntot = 1.6 ± 0.7 ×
1014 cm−2 for the colder component with Trot = 134 ± 17 K and Ntot = 4.0 ± 1.2 × 1014 cm−2 for the warmer
region. The fractional abundances of acetamide are f (H2) = 1.7 × 10−11 and 2.1 × 10−10 for the cold and warm
components, and in formamide, f (H2) = 5.3 × 10−11 and 1.3 × 10−10. The similarity between the abundances
and distributions of CH3CONH2 and NH2CHO suggests a synthetic connection. The abundance of acetamide,
moreover, is only a factor of three lower than that of formaldehyde, and very similar to acetaldehyde and ketene.
CH3CONH2 is therefore one of the most abundant complex organic species in Sgr B2(N), and could be a possible
source of larger peptide molecules, as opposed to amino acids.

Key words: astrobiology – astrochemistry – ISM: molecules – line: identification – methods: laboratory –
molecular data

1. INTRODUCTION

Proteins are an essential component of all living systems.
These compounds form the majority of the structural compo-
nents of living cells, and regulate most of the chemical processes
(Morrison & Boyd 1992). Proteins are polymers of amino acids
(NH2CH(R)COOH, R = H, CH3, etc.) joined together by the
peptide bond, –NHCO–. Thus far, amino acids have not been
conclusively identified in the interstellar medium (ISM; e.g.,
Snyder et al. 2005). However, a few species with the peptide
moiety have been detected. One is HNCO itself, which has
been found in many regions in our Galaxy (e.g., Bisschop et al.
2007), as well as external galaxies (e.g., Martı́n et al. 2009).
The second molecule, perhaps more important for proteins, is
formamide, NH2CHO, which has previously been found in two
giant molecular clouds, Orion-KL and Sgr B2 (e.g., Turner 1989;
Nummelin et al. 1998). Recently, this molecule has been shown
to be present in over a dozen molecular clouds throughout our
Galaxy (G. Adande et al. 2011, in preparation). Hence, species
with peptide bonds exist throughout the ISM.

Another simple species with a peptide bond is acetamide,
CH3CONH2. In 2006, Hollis et al. reported the identification
of this molecule toward Sgr B2(N). These authors searched for
eight transitions of this species using the NRAO 100 m GBT
in the range 9–47 GHz. They detected weak absorption lines
at most of the frequencies, with the lowest energy features ob-
served in emission. Hollis et al. (2006) suggested that acetamide
existed at three LSR velocities of 64, 73, and 82 km s−1, respec-
tively. They also concluded that this species was only found in

the cold (∼8 K) halo gas surrounding the Sgr B2(N) hot core,
while formamide, a related species, was present in both core
and halo regions.

Because of the importance of acetamide and formamide
in prebiotic chemistry, we have conducted a comprehensive
observational study of these species toward Sgr B2(N) at 1,
2, and 3 mm. Several hundred favorable transitions of both
molecules occur in the frequency range observed, and we
have analyzed the complete data set. Here we present our
observations, analysis of the spectra, and discuss implications
for interstellar chemistry.

2. SPECTROSCOPY OF ACETAMIDE AND FORMAMIDE

Acetamide (CH3CONH2) is an asymmetric top species,
containing a methyl group (CH3) internal rotor with a low
(∼25 cm−1 or ∼36 K) three-fold barrier, i.e., a potential energy
surface with three minima and maxima. As a consequence,
the spectrum of this molecule is quite complicated. Multiple
laboratory studies of acetamide have been conducted in the past,
in part to unravel its complex torsion–rotation spectrum caused
by the methyl rotor. Kojima et al. (1987), for example, used Stark
modulation techniques to measure the rotational transitions of
acetamide from 12 to 40 GHz, and to determine dipole moments
of the molecule, found to be µa = 1.79 D and µb = 3.22 D.
More recently, the Fourier transform microwave spectrum of
this species was measured in the range 8–26 GHz by Suenram
et al. (2001), who also recorded the millimeter spectrum from
82 to 118 GHz, with transitions as high as J = 9 and Ka = 6.
Yamaguchi et al. (2002) extended these measurements up to

1

Observed in giant molecular clouds (Orion-KL, Sgr(B2)) but also in dozen
of molecular clouds through space
The high abundances of acetamide and formamide in Sgr B2(N)
additionally suggest that there might be other plausible synthetic routes to
simple peptide polymers that do not involve amino acids.
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Application to Astrochemistry

Formamide in the ISM

• Ion-molecule reaction with the smallest barrier (0.12 eV) is:
NH2OH+

2 + H2CO → NH2CHOH+ + H2O

• The other reaction has a high barrier (1.2 eV) :
NH3OH+ + H2CO → NH2CHOH+ + H2O

• Chemical dynamics: investigate this hypothesis as a function of
collision energy (in the 0.04 to 4.3 eV range) and test also other
possible reactions

• MP2/6-31G(d,p) and MSINDO Born-Oppenheimer chemical dynamics
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Application to Astrochemistry

Formamide synthesis
Cross section

NH2OH+
2 + H2CO → NH2OCH+

2 + H2O (∆E = -0.9 eV)
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Formamide synthesis
Mechanism

NH2OH+
2 + H2CO → NH2OCH+

2 + H2O
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Formamide synthesis
Energetics

NH2OH+
2 + H2CO → NH2OCH+

2 + H2O
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Other products
NH+

4 + H2CO and NH3 + H2COH+

NH+
4 + H2CO → NH2CHOH+ + H2 : ∆E = -0.16 eV but not observed

NH+
4 + H2CO → NH3CHO+ + H2 : ∆E = -0.7 eV but not observed

NH3 + H2COH+ → NH2CH+
2 + H2O : ∆E = -1.6 eV

NH3 + H2COH+ → NH3CH2OH+ : ∆E = -1.6 eV (radiative association)
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Other products
NH3 + H2COH+

NH3 + H2COH+ → NH2CH+
2 + H2O : ∆E = -1.6 eV

NH2CH+
2 has not yet been observed in the ISM.

But it can further react :

1 Dissociative recombination NH2CH+
2 + e− → NH2CH + H

NH2CH was observed in 1973
2 Radiative association NH2CH+

2 + CN− → NH2CH2CN + hν :
∆E = -7.2 eV
NH2CH2CN was observed in 2008. The radiative association can go
through vibrational relaxation (kr = 29 s−1) but also through excited
states (S1 is at about 6 eV).
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Formamide synthesis
Summary of reaction mechanisms

NH2CHO: observed in 1971 ; NH2CO+: observed in 2013;

Spezia et al. Astrophy. J. 826, 107 (2016).
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Formamide synthesis
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ABSTRACT

We show, by means of direct dynamics simulations, how it is possible to define possible reactants and mechanisms
leading to the formation of formamide in the interstellar medium. In particular, different ion–molecule reactions in
the gas phase were considered: NH3OH

+, NH2OH�
2 , H2COH

+, and NH4
+ for the ions and NH2OH, H2CO, and

NH3 for the partner neutrals. These calculations were combined with high level ab initio calculations to investigate
possible further evolution of the products observed. In particular, for formamide, we propose that the NH2OH�

2 +
H2CO reaction can produce an isomer, NH2OCH�

2 , that, after dissociative recombination, can produce neutral
formamide, which was observed in space. The direct dynamics do not pre-impose any reaction pathways and in
other reactions, we did not observe the formation of formamide or any possible precursor. On the other hand, we
obtained other interesting reactions, like the formation of NH2CH�

2 . Finally, some radiative association processes
are proposed. All of the results obtained are discussed in light of the species observed in radioastronomy.

Key words: astrobiology – astrochemistry – ISM: general – ISM: kinematics and dynamics – ISM: molecules –
molecular processes

1. INTRODUCTION

In recent years, interest in the presence of organic and
biological molecules in space has grown considerably due to
the increasing number of discoveries by modern radio
telescopes and also by analyses of the compositions of
meteorites and comets. If one is interested in molecules in
the interstellar medium (ISM), the list of organic and biological
molecules detected is continually becoming larger. In addition
to the well-known disputed case of the simplest amino acid,
glycine (Kuan et al. 2003; Snyder et al. 2005; Cunningham
et al. 2007; Jones et al. 2007), there have also been detections
of molecules with (NH–C = O) peptide bond, like formamide
(Rubin et al. 1971), acetamide (Hollis et al. 2006), and of other
biologically relevant organic molecules like glycolaldehyde
(the first sugar; Hollis et al. 2000), urea (Remijan et al. 2014),
methyl acetate (Tercero et al. 2013), acetaldehyde (Gottlieb
et al. 1973; Fourikis et al. 1974; Gilmore et al. 1976), and
amino acetonitrile (Belloche et al. 2008).

Despite all these observations, the actual mechanisms
leading to the formation of such molecules remains an open
question. Astrophysical databases can be of help in determining
some basic processes, but they rely on already known data and
they do not provide any molecular information. Another
possibe approach is to use quantum chemistry to rationalize the
reactions leading to those molecules. Since molecules are very
cold in the ISM, one idea is that the barrier should be very low,
or better yet absent, to make the reaction possible. Although it
is clear that the molecules are internally cold, it cannot be
excluded that they have some translational energy. A gas phase
bimolecular reaction, where the two products approach each
other with some translational energy, may be at the origin of
the formation of ISM species. For example, such events were
suggested to be at the origin of formation of ketamine in the
Sgr B2(N) region by Lovas et al. (2006), or of acetaldehyde in

the hot core of Sgr B2 by Chengalur & Kanekar (2003). In this
region, other organic species such as formaldehyde (Whiteoak
& Gardner 1983) and formamide (Rubin et al. 1971) were also
observed. Sato et al. (2000) have postulated cloud–cloud
collisions in this same region. Furthermore, this same region is
characterized by a distorted magnetic field (Darren Dowell
et al. 1998), which may be the origin of further acceleration of
charged species. Thus, it is not unlikely that cold species may
have non-negligible translational energy that may be partially
converted into internal energy during a collision and allow
some reactions to occur. This is the main working hypothesis of
this article.
Bimolecular reactions can be studied both experimentally

and theoretically. Experimentally, Kaiser and co-workers have
studied different neutral–neutral reactions for formation of
polycyclic aromatic hydrocarbons in the ISM (Kaiser 2002;
Kaiser et al. 2015). The group of Bohme have studied ion–
molecule reactions of the formation of different ions in the gas
phase, mimicking ISM conditions (Petrie & Bohme 2007); in
particular, through gas phase ion–molecule reactions, they have
produced carboxylic acid, glycine, and alanine (Blagojevic
et al. 2003; Snow et al. 2007).
Theoretically, mainly “static” potential energy surface (PES)

calculations have been used to investigate ion–molecule
reactions of interest for the formation of different organic
molecules observed in the ISM. To better explore complex
PESs, Bera et al. (2015) have also used chemical dynamics
simulations to study the formation of C4H�

2 , C6H�
2 , and C6H�

4 .
Such simulations illustrate the complexity of correctly explor-
ing a reactive PES and often find that chemical reactions occur
through regions of the PES not described by static PES
calculations. Chemical dynamics simulations of bimolecular
reactions have shown that a mere static study of the PES may
be a limitation since reactions sometimes do not follow the
minimum energy path on the PES (Lopez et al. 2007). For
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