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IMR — lon-Molecule Reactions
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Interactions of electron
Rotational and vibrational excitation

Excitation energies

Rutherford atom

Overview

Vibrational
Transitions:

AE=0.1-1eV

Infrared

Rotational
Transitions:

AE =0.01-0.1eV

(sub)-Millimeter

A shape resonance is a metastable state in which an electron is trapped due the shape of a potential barrier.



Unimolecular reactions A=>P
(A = B+C)

Binary reactions A+B=>P
2A=>P

Ternary reactions A+B+C=>P
(A+B+He=> AB + He)
2A+B=2>P
3A=P
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A+B—->C " +D

O* +H,> OH* +H



lon-Molecule Reactions
A+B—o>C"+D

» Experimental evidence down to a few K

 Rate coefficients explained by classical
“capture” models in most but not all
Instances.

* lon-non polar (Langevin case)
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lon-mol. r. (cont)
 |lon-polar
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+ more complex state-specific models




lon Molecule Reactions

Binary reactions of cations

H, +Ar = ArH"+H
CH, + CH,—>CH; + CH

CH,' + H,—>CH; + H

H; +HD < H,D'+H,

Hy + CH,—>CH; + H, H,D*+HD < HD; +H,

H + H,—>H, + H,+ H,

HD; +HD < D} +H,

Unimolecular reactions

Ternary reactions



Efficient Low T Gas-Phase Reactions

lon-molecule reactions

Radiative association reactions —
Dissoclative recombination reactions =——
Radical-radical reactions

Radical-stable reactions

In areas of star formation, reactions with barriers occur.

m o s~ w DN -




Radiative Association

A"+B< AB" - AB" +hv

k ::—1kr — K(T)k :k ~102s™

ra r»r
-1

K(T) oc T 2*%)2 size bond engy

Few ion trap measurements by Gerlich, Dunn down to 10 K
By now many more IMR.....

What is the 0 K limit?
What about competitive channels?



Dissocliative Recombination Reactions

AB"+e > A+ B

Studied in storage rings down to “zero” relative
energy; products measured for approx.10 systems

Stationary and Flowing Afterglow plasma
k(T)=A(T/300)" n=05,15
A~10"cm’s™

Some systems studied: H;*, HN,*,
HCNH*, H;0*, NH,*, CH.* ,C H_*

HeH+, Ar+.....



Attachment

e+A—> A +hv

O,+e=2> 0,

Anions formation



Some Conclusions

1) Low-temperature chemistry in
Interstellar clouds (both gas-phase and
surface) partially understood only.

« 2) Chemistry gives us many insights into
the current state and history of sources

* 3) More work on “cold chemistry” is
clearly needed to make our mirror into the
COSMOS more transparent.




Kinetics of elementary process

Parameters of reactions....

reaction cross section

reaction rate coefficient



Single collision HY +Ar = ArH" +H
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H, +Ar = ArH" +H
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H, +Ar = ArH" +H

Simple description using symbols A+....
for number densities....
d[A"]
Cdt =—Kgn [A"][B]
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reaction rate coefficient

d(ng,+)/dt=-K n,+. Ny, Nipot. =(Not). o eXP(-KNy, t)




Binary reactions  Reaction rate coefficient

Often it is written in simpler form
using A* instead of [A*]

d4”
dr

=—k, A B
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Potential
energy

H&C

H-C+D=2"\_"9H+CD
D

H+C
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A / Reaction coordinate

A C
W
" ReactionCo-ordinate ~S
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Reaction Coordinate

“.....In chemistry, a reaction coordinate is an abstract one-dimensional coordinate which
represents progress along a reaction pathway. It is usually a geometric parameter that
changes during the conversion of one or more molecular entities. In molecular dynamics
simulations, a reaction coordinate is called collective variable. .....”

A+H, =2....=2C +.....



https://en.wikipedia.org/wiki/Chemistry
https://en.wikipedia.org/wiki/Coordinate
https://en.wikipedia.org/wiki/Molecular_entity

The ion Chemistry Of the Iower a‘tmosphere lonic composition of the atmosphere

The ion chemistry of the lower atmosphere:
the mesosphere, the stratosphere and the troposphege

mesosphere
stratosphere,
L-ce L-p troposphere

COSMIC rays,
radioactive emanation
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Ternary reactions
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Langevin Rate
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Cosmic Elemental Abundances

e H =1  Dust/gas = 1% by mass
« He =6.3(-2)
« O =7.4(-4)
« C =4.0(-4)
« N =9.3(-5)
« S =2.6(-5)
e Si =3.5(-5)

 Fe =3.2(-5)



GAS PHASE INTERSTELLAR/CIRCUMSTELLAR MOLECULES - HIGH RESOLUTION (12/03)
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Some Fractional Abundances In

TMC-1
.+ CO  1(-4) « OH 2(-7)
+ HCN  2(-8) . NH3 2(-8)
+ C4H  9(-8) . HC3N 2(-8)
. HCO+ 8(-9) + N2H+ 4(-10)
+ c-C3H2 1(-8) + HNC 2(-8)

. HCIN 5(-10) . 02< 8(-8)



IMR — lon-Molecule Reactions

Introduction

n(X)/n(H)

10"

10"

H,CO

Figure 6. Comparison of observed abundances (red crosses) to modeled
values of key species in diffuse clouds. Gray boxes show the range of
abundances calculated from the considered models (Table 2) and black lines
show abundances from the best-fit model “2X+CI157 (30 K. solid line, and
90 K, dotted line).

THE ASTROPHYSICAL JOURNAL, 787:44 (10pp). 2014 May 20 doi: 10.1088/0004-637X.
@© 2014. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

FIRST TIME-DEPENDENT STUDY OF H, AND H} ORTHO-PARA CHEMISTRY IN THE DIFFUSE
INTERSTELLAR MEDIUM: OBSERVATIONS MEET THEORETICAL PREDICTIONS*

T. ALBERTssON!, N. INnpDRIOLO?, H. KRECKEL?, D. SEMENOV!, K. N. CRABTREE*, AND TH. HENNING!
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First-order reaction

A=B+C

Unimolecular reactions




d[A*]
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First-Order Reactions

; [£+] - _kUNI [A+] = —[A+]/TUN| [A — [A]O e—kAt
In[A]=In[A]. —k At
ﬂ _ e_kAt I ] [ ]o A
A,
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t t

First-order reaction: [A]/[A], Vs t First-order reaction: In[A] vs t



Unimolecular reactions Reaction rate coefficient

A" ->B" ->C’
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Unimolecular reactions  Reaction rate coefficient

dA4” + +
A" — product g = A" =4 7

[A+ ]t — [A+ ]t:O . e—kUMt — [A+ ]tzo . e—t/Z'UNI
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o
H

' |
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Reaction time

Reaction time
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H, +hv >(H;,)>H +H,
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Figure 87. Direct determination of radiative lifetimes of highly exited H; and D; jons,

Externally created ions were injected into the ring electrode trap, and their spontaneous radiative
decay was probed by delayed CO, laser-induced fragmentation. Loss by processes other than
radiative decay is excluded on the depicted time scale and at the low pressure (< 10~ 2 mbar),
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Binary reactions  Reaction rate coefficient

Often it is written in simpler form
using A* instead of [A*]

dA”
dt

=—k, A B




Binary reactions  Reaction rate coefficient

d[dAt\] = _kBIN [A+][B]

[A*], =[A*],, -e B!

For [A*]<<[B]
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Binary reactions  Reaction rate coefficient

[A+]t =[A"], e

Sequence of reactions

A” + B> A" + C
A°” + B> A" + D
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0.001

H,0* + H,» H,0* + H

A" + B->C" + D
dA"

7 =—k, A B

[A+]t _ [A+]t=0 . e—k[B]t



Sequence of reactions

OH*+H,»> H,0" + H

H,0* + H,»> H,0* + H

Experiment in 22-pole trap

A" + B—>C" + D

20.1_ of - % H.O" o _ +
%— 4» 1 E __kB]NA B

\OH* :

Il l Il l Il l Il l Il l Il Il l Il

0 10 20 30 40 50 60\ 70 80
t (ms)

[A*], =[A*],, -e

0.01




O* + H,> OH* +H

OH* + H,> H,0* +H

100}

A + B>C" + D

0.1 . : : : :
0 20 40 60 80 100
t (ms)

[A*], =[A'],, -e e



Oxygen and Iits components In
the interstellar medium
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THE CHEMISTRY OF INTERSTELLAR OH~*, H>O*, AND H3;0*: INFERRING THE COSMIC-RAY
IONIZATION RATES FROM OBSERVATIONS OF MOLECULAR IONS

Davip HoLLENBACH', M. J. KAUFMAN?, D. NEUFELD', M. WoOLFIRE®, AND J. R. GOICOECHEA®
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Annu. Rev. Astron. Astrophys. 2016. 54:181-225

Interstellar Hydrides

First published online as a Review in Advance on

s y 2016

Ma[‘yvon_ne Ge I'in, 1.2 David A. NCUfeld,3 4 The Annual Review of Astronomy and Astrophysics is
and Ja ier R Goicoecheas online at astro.annualreviews.org
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Nitrogen Carbon Oxygen
Figure 3

Illustration of the chemical network initiating the carbon, oxygen, and nitrogen chemistry in diffuse cloud conditions (7 = 50 cm’,
Ay = 0.4 mag, x = 1). The black arrows show the reactions with H, H*, Hj, H;‘, C*, and N, with values of the endothermicity tor the
reaction between N* and H; and for the charge exchange reaction between O and H*. Note that CH; is formed in the slow radiative
association reaction between C*+ and H,. The dashed blue arrows indicate the reactions induced by FUV photons or cosmic rays (CR).
Dissociative recombination reactions with electrons are shown with green dotted arrows. Purple arrows show the neutralization
reactions on dust grains and polycyclic aromatic hydrocarbons (PAHs). Adapted from Godard et al. (2014) with permission.



O* + H,> OH* +H

THE JOURNAL OF m(e
PHYSICAL CHEMISTRY ps—

Accurate Time-Dependent Wave Packet Calculations for the
O* + H, — OH" + H lon—Molecule Reaction
N. Bulut, JE Castillo,* P. G. Ja.mbrina,* J. Klos® 0. Roncero," F. J. Aoiz* and L. Bafares™*

I Phys. Chem. A 2015, 119, 11951=11962
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Figure 1. Minimum energy path for the O" + H, = OH" + H reaction
calculated on the MMG PES'” as a function of ry, — rou. (2) Collinear

configuration, OHH angle @ = 180° The dashed horizontal lines
indicate the energy of the initial H, v=0and v = 1, and final OH* v’ =
0,v' =1, and v’ = 2 vibrational states. (b) Perpendicular configuration
OHH angle a = 90°.
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Figure 9. Thermal rate constants for the O° + H, reaction. Blue solid
line: TDWP. Solid circle: experimental result from ref 7. Black dashed
line: Langevin model. Red dashed line: AQO model.
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Figure 8. Top: total reaction cross section as a function of collision
energy for the O*+H,(v=0,) reactions. Solid black line: j = 0. Red
dashed line: j = 1. Blue short-dashed line: j = 2. Solid drcles: experi-
mental results from ref 7. Bottom: Total reaction cross section as a
function of collision energy for the O* + H,(v=0,(j)) reaction averaged
over the thermal rotational population at 300 K. Black solid line:
TDWP. Solid cirdes: experimental results from ref 7. Green dashed
line: Langevin model, ¢,(E.) =AE_.""% A = 16 A? eV'/2,



O*+H,> OH* + H
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Fig. 1 Electronic comelation diagram for reactant, intermediate, and product

arrangements of the H.O" system under Ca,, C..v, and D, symmetries.

The PESs of the title reaction are plotted by the red lines. This diagram is an
adaptation of that reported in ref. 24.



O* + D, OD* +D

Dynamics studies of O* + D, reaction using the time-dependent wave packet

method

Ziliang Zhu?P®, Li Li®, Qiju Li® and Bing Teng®

2College of Physics, Qing dao University, Qing dao, People’s Republic of China; ®Shandong Peninsula Engineering Research Center of
Comprehensive Brine Utilization, Weifang University of Science and Technology, Shouguang, People’s Republic of China

ABSTRACT

Based on the potential energy surface (PES) reported by Li et al. (Phys. Chem. Chem. Phys. 20, 1039
(2018)), the initial state dynamics calculation of O* + D, (v = 0,j = 0) reaction was conducted using
the time-dependent wave packet method with a second order split operator. Dynamics properties
such as reaction probability, integral cross section, differential cross section, and distribution of prod-
ucts were calculated and compared with available experimental and theoretical results. The present
integral cross section values were in good agreement with experimental results. In addition, the
differential cross section indicates that the mechanism of the complex-formation reaction plays a
dominant role during the reaction.

1. Introduction
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The reactions of O + Ha, D and HD isotopes have
been extensively studied in recent years because of
their enhanced modelling capability for ion-molecule
reactions that occur in interstellar chemistry, plan-
etary ionospheres, and combustion processes [1,2].
Dynamics properties such as rate coefficients, cross
sections, and product angle-recoil velocity distribu-
tions of these reactions have been determined using
a series of experimental techniques [3-10]. Li and
coworkers employed a triple-quadruple double-octopole
apparatus with dissociative charge transfer reactions
(Net +0, — Ne+O™(!$2D)+0, Het+0; —
He+Ot(*$2D,2P)+0) and octopole ion trap

techniques, in order to measure the cross section of
OF + Hz/D; reaction in the energy range of 0.01-10eV
[10].

The potential energy surface (PES) of the reaction
OF + H; has been studied theoretically a lot in recent
decades. In 2004, Martinez and coworkers [11] utilised
CCSD(T) method with cc-pVQZ basis set to deter-
mine the analytical PES of OT +H; system ground
state by fitting about 600 ab initio points. Then, numer-
ous dynamics calculations [12-22] of O +H; reac-
tion and its isotopic variants were reported, which
were based on PES [11]. Recently, Li and coworkers
[20] reported a new PES of OT +H, by fitting about
63,000 ab initio points using the permutation invariant

Figure 3. Total

10" 10°
Collision energy / eV

integral cross section of O +Dy(v =0,
j=0) — OD* +D reaction as well as experimental and the-
oretical results, reported in Refs. [10] (Expt?), [7] (Expt?), [14]

(Thea®), [16] (Theo®), and [22] (Theo").
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O* + H,> OH* +H
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A new potential energy surface of the OH,*
system and state-to-state quantum dynamics
studies of the O* + H, reactionf}

Wentao Li, 2+ Jiuchuang Yuan,” Meiling Yuan,® Yong Zhang,” Minghai Yac® and
Zhigang Sun*®

=

SOTTC
=1

oCPy;Cr)|

Energy / eV

-8

+ OH'(AYH('S)

2,

Hio'(*n)m,(':*),_

= o Py, (

n

o' (‘syr'E)|

12 a0 o]

c.,

C

Reactants 7

Fig.1 Electronic comelation diagram for reactant, intermediate, and product
arrangements of the H,O" system under Ca,, C..y. and D..p, symmetries.
The PESs of the title reaction are plotted by the red lines. This diagram is an

adaptation of that reported in ref. 24.
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Oxygen evolution In 3
Interstellar medium
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O* + H, time evolution of components
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Simple picture of ion — molecule interaction

E(ion) = 2d/r3 = 20e/r° o - polarisability

F(lon) — 2a62/r5 U(pOt) — -OL62/2I’4



Two particles interaction



Simple picture F(p) ~ 20e?/ p°

U(pot) = -a.e?/2r*
U(Kin)=pv /2

For U(pot) > U(kin) we have capture =
Capture is for r<p where U(p, pot) = U(p, Kin)
> uv,22 = ae?l2p?

2> o~ np>= {n?ae?/2 (uvy2/2)}?
>0~ ne/v, {a/p}l’?
27 o

2
Using Sl units: Oy =7TPy = —
Vo (4re,) \ u




0

Figure I

The coordinates for an ion-molecule collision in the
scattering center system. The vector r with polar
coordinate » and @ indicates the position of a particle of
reduced mass u relative 1o the stationary scattering
center at the origin. The vector v, indicates the initial
relative velocity and b the impact parameter.

Trajectories for ion—induced dipole collisions in the
scattering center system calculated from Eqn. {7) with
b/b, equal to 1.1500, 1.1000, 1.0500, 1.0001, 1.0000,
(.9500, and 0.9000 corresponding to deflection angles y
equal to —28.6°, —-40.2 .2°, —299.9°, —infinity
(dashed circle), —139.4°, and —80.1°, respectively. A
hard sphere of radius p represents the structure of the
ion—molecule pair.

brb,=2.00

Figure 3

Plots of the effective potential vs. ¥ from Eqn. (9). For a
fixed energy the plots represent the indicated impact
parameters 5. Turning points occur where the horizontal
dashed line intersects a U(r) plot. A metastable circular
orbit of radius r, (Eqn. (12)) occurs when b equals b,
(Eqn. (13)).
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Collision rate coefficient -Langevin rate coefficient
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Figure 55. Comparison of the cross section for the proton transfer reaction H; +D,—
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Figure 56. Intcgral cross sectiod® for the 29meV endothermic reaction D +H,—
H,D* + D, with hot D} (~2eV internal energy) and ~350K thermalized D;. The merged
beam results (@, ©) are, in the overlapping energy range, in good agreement w1th earlier guided
jon-beam experiments (Piepke, 1980), recorded under similar storage ion source conditions
(+, x). The cross sections are significantly lower than the Langevin value.
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Figure 61. Integral cross sections for the dissociative charge transfer He' + O, —
O* + O + He. The guided-ion-beam results (O) have been extended to lower energies using
the trapped ion beam method (+). The data at higher energies are from several other beam
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Decay of plasma — change of plasma composition

H,* + H,0 > H,0* + H,

lon density in low temperature plasma, e.g. DC discharge [H;*]~10'%m-3

“Pure He” ... grade 5 .... 99.999% ....0.001 % of impurities

Water impurities ~10- Torr =»3x10%cm3

dH; _ + _ +

ar k[H; 1.IH, Ol =—[H; 1/ 750

[H3+] — [H:’:L]o-eXp(_k[Hzo]t) — [H;]o-exp(_t/THzo)
1 1

T = ~ - -~ ~ 0.0017s ~1.7ms
k[H,O0] (2.107)x(3.107)
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Reaction Rate of IMR relevant for ionosphere

IMR
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The ion chemistry of the lower atmosphere:
the mesosphere, the stratosphere and the troposphere
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cross secTion (10716 cn®)

Fig. 4. Cross-sections for reaction of N7 with Xe as a function of relative kinetic energy (lower
x-axis) and laboratory energy (upper x-axis). Cross-sections are normalized to 100% isotopic
abundance as described in the text. Circles are CID (reaction 4); squares, CT (reaction 5); and
triangles, ligand exchange (reaction 6). The vertical arrow shows the N7 -N, bond strength of
1.09 V. The solid line represents the LGS collision cross-section, Eq. 7, at low energy and the
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Fig. .3. Cross-sections for reaction of N; with Kr as a function of relative kinetic energy (lower
.‘X-HXlS)‘ and laboratory energy (upper x-axis). The cross-sections are normalized to 100%
isotopic abundance as described in the text. Circles are CID (reaction 4); squares, CT (reaction
5); and triangles, ligand exchange (reaction 6). The vertical arrow shows the N3 -N, bond
strength of 1.09eV. The solid line represents the LGS collision cross-section, Eq. 7, at fow
energy and the hard sphere collision cross-section of 51 A? at higher energy. ,
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Kinetics of elementary process

k(D=<vo> K = | T(v).v.o(v)dv=K(T)

Max (T)
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where T 1s the temperature. Temperature dependencies o, (T) for
different rovibrational transitions v — v’ obtained using equation

(4) are shown in Fig. 3 as solid lines.
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The thermally averaged rate constant ¢, (7T) (in a.u.) is obtained
from the energy-dependent cross-section o (E) as activation
87 e Ey _ Ega— energy
an(T) = WL o(Eq)e™ ¥ EqdE,, (4) k=A@ RT
where T is the temperature. Temperature dependencies o, (T') for pr&'““”":ﬂ':‘{fl/ i‘fﬁrggﬁ‘
different rovibrational transitions v — v' obtained using equation e
(4) are shown in Fig. 3 as solid lines.
For further discussion. it is convenient to represent the cross-
section o (E,) in the form I k I Ea
m nK=InA-—=—
o(Ea) = k_EP(Eel)_- (5) RT

where k is the wave vector of the incident electron, P(E,) is the
probability for vibrational (de-)excitation at collision energy E).
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H, and D, are taken from O. Wick dissertation
HD is calculated using B, from Herzberg and comparison with H, from table
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“1 oo em = ow wwo 1eV corresponds to ~ 11604K
10 5 . 4 pre-exponential average
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Fig. 1. Rotational energy levels of the reactants (left-hand side) : .
and products (right-hand side) for reaction (I). The rotational con- ]
stants for OD™, OH™, HD, and H; are taken from the literature .
(Huber & Herzberg 1979; Rehfuss et al. 1986; Matsushima et al. 2006). :
The two arrows indicate that 24.0meV of translational energy are .
needed to reach the threshold at 0, while 9.3 meV are sufficient for re- -
action with ortho-H; (Jy, = 1). :
:
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Temperature dependence of the rate coefficient k2
Arrhenius plot of rate coefficient k> for reaction (2)
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Short communication

Observations of Arrhenius behaviour over 56 decades: dissociation

of N7 ions
J. Glosik®P, V. Skalsky®®, W. Lindinger®

NI+HE£N§+N3+HE

ky = Aexp (~ ;ﬁ:) = Aexp (— kE?Eb)

The equilibrium constant K, for the formation
and destruction of N, described by Egs. (4) and
(8)

. kforward _ k3
KC_ k":\‘ﬂlw _k_z (]]}

is expressed in the van’t Hoff formula,
RT InK, = -AG, = -AH, + TAS, (12}

where AG,, AH, and AS, (subscript p means
constant pressure) is the free energy, enthalpy and
entropy change, respectively, K, = K.(R'T)*" and
An is the mole change in the reaction. In reaction
(10), An — —1. For more details sce Ref. 22,

Y ARRHENIUS PLOT
N

DISSOCIATION OF Ny IN He

TTTRTFTT lyigosaing [FTTITITET Licipiiaiy [FRTTTer ilasiiaia Lisiia, | skl okl ool

F | T I L | T ] ] L]
0°f ARRHENILS PLOT
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10"k N
10 3
m" [ i i i ] 1 I 1 ] )

0 1 2 3 4 5 B8 T 8 9 W

/B, 07 eVl

1 20 30 40 50 60 TO 80 S0 100

IfEh {(1raVl



Henri Louis Le

Chatelier iz
(1850-1936)

Karl Ferdinand
Braun 2
(1850-1918)

Princip akce a reakce

PFi ovliviiovani rovnovahy se uplatfiuje princip akce
a reakce aplikovany na chemické déje, znamy pod
nazvem Le Chateliertiv-Braunuv princip:

Poruseni rovnovahy vnéjsim zasahem (akci) vwwwvola
déj (reakci) ktery sméruje ke zruSeni ucinku
vnéjsiho zasahu (akce).



Chemickéa rovnovaha je takovy stav soustavy, v némz se
Z makroskopického hlediska neméni jeji slozeni, i kdyz v ni neustale
probihaji chemicke déje.

[A]
[C]

[C]HP\\-II.

[‘d"] T

Obr. 22-1: Priklad ¢asovych zmén skute¢né okamzité latkové koncentrace latek
pro vratnou reakci

Uvazujeme vratnou endotermickou reakci:

A+B=—C+D endotermicka reakce (AH > 0)



ﬁ aA + BB = ~C + 6D (22-1)

A,B,C,D .. symboly chemickych latek
A, B - vychozi latky neboli reaktanty
C, D - produkty

a,B,v6 . stechiometrické koeficienty

b. latkovych koncentraci

. _ lerior

BZRCE o

K.  rovnovazna konstanta vyjadfena pomoci latkovych koncentraci

[A]  skutecna (nikoli analyticka) rovnovazna latkova koncentrace latky;
pismeno v zavorce oznacuje chemickou latku, horni index
odpovidajici stechiometricky koeficient - viz (22-1)

ﬁ AG: = —RTInK, (22-6)
AG?

R reakcni Gibbsova energie za standardnich podminek
R molarni plynova konstanta
T termodynamicka teplota

Ky o rovnovazna konstanta vyjadrena pomoci aktivit
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Endothermic IMR




CO"-N, + N, —fe s product

CO".N,+N, > CO™+N_+N,




COLLISION INDUCED DISSOCIATION

ARRHENIUS PLOT

1E, [1/eV]




Experimental observation : k=Aexp(-B/T)
1889 Arrhenius sugested expression:

k=Aexp(-E,/RT) Arrhenius equation

A - pre exponential factor or Frequency factor
E, — activation energy

Better definition is Ink = (-E,/RT) +InA
Dependence of Ink versus 1/T will have a slope equal -E,/R

Boltzmann’s Distribution Law
Boltzmann distribution law
N/N = [exp(-g, /KT)]/[Z exp(-¢, /KT)]

Ni/N = g; [exp(-¢, /kT)]/g
g — molecular partition function

|||||||||
000000000000

1/E, [L/eV]




Endothermic reactions f(e) _o(e)

Fraction of collisions, f(e), with energy ¢ IN
f(e) = dN(g)/N=exp(- € /kT)d /KT
Fraction of molecules with energy > ¢ is : E, &
00 o0 1
F=[f(e)de'=] ﬁexp(-g'/kT)dg':exp(-g/kT) = exp(-E/RT)
E E

A + B - products
dN /dt=-KN,Ng

dN/dt=Z ,gexp(-E/RT) = NyNgo<u,> exp(-E/RT)
k= o<u,> exp(-E/RT)

From experiment
k=Aexp(-E./RT)
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Figure 45

Contour representation of a potential energy surface for the replacement reaction
XY+Z-+X+4YZ

x¥ Activated Complex

Reactants

-aut

Rotential Energy

Products

Reaction Coordinate
Figure 46  Variation in potential energy along the reaction coordinate for any elementary
reaction at zero K




Temperature dependence of IMR -

COLLISION INDUCED DISSOCIATION

AB® + M —>» 4" + B + M
CID - can be considered as binary process
N, + He —> N, + N, + He

Bond energy ~1ev o o ARRHENIUS PLOT ~ © ;\g;))z*calc. |
107 200K Z ;\éof*lc'
+7— + D 10°
[N,]= [N, ]oexp(-EA/KT) g
O, 10
X 10®
Can be considered also as unimolecular decay !!! 107 f

1 1 1 1
0 20 40 60 80 100

NI —)]\7;r + N2 1/E, [1/eV]

J. Glosik, V. Skalsky and W. Lindinger,

Observation of Arrhenius behaviour over 56 decades: Dissociation of N,* lons, Int. J. Mass .Spectr. lon Proc., 134, 67, 1994
J. Glosik, V. Skalsky, C. Praxmarer, D. Smith, W. Freysinger and W. Lindinger,

Dissociation of Kr,*, N,Ar*, (CO),*, CH;*and C,H.* lons Drifting in He, J. Chem. Phys., 101, 3792, 1994
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IMR Energy dependence eV region

Endothermic IMR

N, + He —>N, + N, + He

"'.,.COLLISION INDUCED DISSOCIATION

10" £




Reaction rate coefficients

Typical values of at 300K (approximate values)

. reactants products rate coefficient
« Electron atomic ion rec. At+e = A+hy ~10-1cmsst
« Electron - ion recomb. O,f+e => O+0 2x10-"cm3st
« Electron — cluster ion recomb. Ht+e = products 3.5x10¢cm3s!
« lon —ion recombination Art+Cl- = Ar + Cl 2x108cms3st
« lon — molecule reactions H,"+ H,, = H,"+H 2x10°cm?3s!
Hy*+H, + He =» H.* + He Kot gin= KsX[He]
k3<2x10-2%cm®s1
« Attachment CCl +e Cl-+CCl, ~10"cm3st
« Penning ionization He™ + Ar Art +e + He 7x101c .

JPL Publication 03-19

An Index of the Literature for
Bimolecular Gas Phase Cation-Molecule
Reaction Kinetics
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The Table of lon-Molecule Reactions with Reference Numbers

3 1 | R ——— TSN | JR——-{
118 [ — Br, H, - oo ee e eemmeaeeae 5

Products
CH,~ 1.40%107" %
C.H,"
C,H,"
C,H,~

cu,’ 1.90x107 =+

C,H,

o, H,"

C,H,"

C.H,
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c,H,T

c,H,”
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Importance of lon-Molecule Reactions

Products

Arrhenius:
K(T) = <ov> = A exp (-EA/KT)

Neutral-Neutral Reactions
A = 1011 cm3/s
E,~ 2000 K
Tyc =10 K

lon-Molecule Reactions
107" cm3/s > A > 10° cm3/s

E,~O0K
Cosmic Ray lon-Molecule —
o . Recombination
lonization Reactions

E. Herbst, The Physics and Chemistry of Interstellar MCs (1993)



Details of Potential Energy Surface

Transition

State

Products

Association /

Rotational Energy, Zero Point Energy and Fine Structure Energy




Example I:
Negative Temperature
Dependence

NH;* + H, — NH,* + H

Gas Phase Formation of Ammonia

NH,* +H, — NH,,,* +H

n=0,123



Implications of a barrier along reaction path

Products

Arrhenius:
K(T) = <ov> = A exp (-EA/KT)

» T/K
10 100 1000



kcm3s 1)

Negative Temperature Dependence
NH;* + H, > NH,* + H

1911 ——— vy e rerrepere

Experiment

s Theoretical

10 100 1000  Prediction
T (K)

Herbst et al. J.Chem.Phys. 1991



Lowest energy path for
NH,* + H, > NH,* + H

NHz-H -+ H

48105

kcal/mol

van der Waals binding NH; +H

\ _21_4__|:2 '20.812

Herbst et al. J.Chem.Phys. 1991



Negative Temperature Dependence

NH,* + H, = NH,* + H

® k<<k 1 in 10000 collisions leads to reaction
o Turnover at 100 K

® barrier height 4.8 kcal/mol (2400 K)

® Tunneling is a dominant mechanism

at low temperatures



Potential Energy

+ () fwr snr¥arile raxtionr

lon molecule reactions

(A...B...E)+
A-B" + E / e
5 A + B-ET

[CI” CH,Br]

! [CICH, Br ]

N

'\\._\.

A]?::+---E ASBET

Reaction coordinate

Figure 1
Double-well potential energy surface for the reaction of

(i) Aawrd/ <naitral raxtion Cl~ with CH;Br (after Olmstead and Brauman (3)).

(A-B-E)

¢
’

’
i’

(303)

A+ BE

HOC?

.
.-"f "
¥ e

AB-E ABE 985 (160)

Reaction Coordinate

HCO"
825 (0.0)



Zavislost reakéni rychlosti na teploté






Reaction mechanism

Reaction Mechanisms in Pictures: Spectator Stipping

Reaction Mechanisms in Pictures: Long-Lived Complex Formation



Reaction coordinate

0.0 (0.0)

Reacti

HOC*
985 (160)

e

HCO*
825 (0.0)

E
i
3
H

-13.4 (-11.5)

11'35!
GHAE

Qnm.&.
E = -114.527 65

=-114.508 &9
HOC*: E=

-113.334 M
HCO+:

-

NCOl=1162A rOH) = 0203 A
113396 867 rCO)=1113A rCH)=1.095 A

degrees, Caleulated absolute energies arc in hartrees (1 H = 3,16 X U1K K

CO + Hy*

1.6 (3.3)
Hz: E=

117234 fHH) =0.743 A
Hy*: E= .

-1.341 54 oHH} = 0875 A
CO: E=-113.16219 nCO)=1.136A

E =-114.575 &7

H, + HCO*
HyCO*

o

o

-39.4
-43.6
Fri. 1.—The minimum energy potential pathway from HOCY + Ha reactants to two sets of products HOO® + Hy and OO + H7 . The computed relative

energies (keal mol ™" ) listed for the stationary peinis {reactants, complexes, transition state, and producis) are given without and with zero-point energy corrections
Caorrected values are in parentheses, The structures of the two complexes and transition state are shown with bond lengths in angstroms (A) and bond angles in




Potential energy 3D
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Figure 45

Contour representation of a potential energy surface for the replacement reaction
XY+Z-X+YZ

x¥ Activated Complex

Reactants

-aut

Rotential Energy

Products

Reaction Coordinate
Figure 46  Variation in potential energy along the reaction coordinate for any elementary
reaction at zero K




Reaction proceeding via intermediate states

Reltive cacrgy

enrrunee Channel 5 3 exir channel

Reaction coordinate

Figure 3
Reaction pathways|on the sextet and quaftet potential energy surfaces for fhe gas-phase reaction H, — FeO ™" —
Fe* 4+ H,O (reprodguced by permission of Wiley-VCH from (31)).

Table 5
Computed energigs (k) mol™") of stationpry points for the activation of Hy by FeO ™ (D relative to separated FeQ ™

(z7) + Ho).

I ; B3LYP* B3LYP® cesDeT)® CASPT2

FeQ 'y 4+ H 33 31 52 80
—64 -53 =50 -22
~28 ~23 1 15
35 40 53 77
3 4 31 24
159 142 -130 -6l
-171 -160 -124 —-121
—54 —48 27
—141 -124 -91
-307 -276 291 280
-330 -312 —280
Fe*(*D)+H,0 ~161 -139 -133 ~151
Fet(*D)+H-0 —-171 -157 -156 B
- - : - - - - . [CI CH;Br]
*Wachters basis for Fe, Dunning TZ2P basis for H and O (64). “Maodificd Ahlrichs TZVP basis for Fe. 6-311 + + G(2df.2p) for H and O _
(65). CANO [8s7p6d4f2 ] basis for Fe, [3s2p1d] and [5s4p3d2f] for H and O, tespectively (63). [CICH 3 Br]

Reaction coordinate

Figure 1
Double-well potential energy surface for the reaction of
Cl™ with CH;Br (after Olmstead and Brauman (3)).




Rate Law

rate = kK[A]*[B]Y
rate order =x +y
knowledge of order can help control reaction

rate must be experimentally determined

Injection

Flow meter

mixin
5 detector



FA- Flowing Afterglow principle

Reactant *
gas

Buffer gas

(He) =% & plasma

~h
Mass

' Movable
Plasma Reaction spectrometer

source zone Langmuir probe

Figure 1.1: The basic principle of FA and FALP techniques.



Techniques for study of IMR — FALP
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Fi16. 1. Pictorial representation of the flowing afterglow tube,




Experimental studies of IMR =FA
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il mip
]
rafll Csackrogcd
u i B Feachon . '11 4 '-_-'-:-_;-.I =
e I.h'\: Tall] 19 i i ik
i d it __—-l*.:-\. .E-l-.-'"ul._fllli':ll
Heliurm 1 O -_-. ! :|
alfer 1' = l-:.-__:'
B g i!
|
= i - I
v t |
I e
Lkt i
]| .
R laalb B
Jen “b-\.l'_-l | il
Iref 1
i =

D ION DETECTOR

|
PLASMA | g
SOURCE |

PUMPING

REACTANT GAS

Diameter ~7cm; Length 100cm, Gas Velocity 100m/s,
Pressure ~1Torr, Plasma Density ~ne=n,~ 10*°cm™




Techniques for study of IMR

microwave —| L— Ar H,
resonator — ' —

He flow tube with QMS
Langmuir probe

y \— /'l IJ='I=II=||L

N < Il Lol %
movable probe —— h_ —— e = —
eating/cooling
system U ‘U" | ‘U'

roots pump differential pumping

Fi6. 1. Pictorial representation of the flowing afterglow tube,










TWO FACES OF A HOWNG AHERG[OW

Two faces of a flowing afterglow.

(Opening picture to a seminar in Boulder, 1980)



Techniques for study of IMR

microwave —| L— Ar H,
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H;, +CO = HCO" +H




H;, +CO = HCO" +H
H, CO H, @
: g .

I
H—e}'~k HTION*< QMS \
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CU — Chemistry 1980:
Eldon Ferguson watching the flow-tube centers




Plasma, IMR, Recombination
Diagnostics :
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Principle of Flowing Afterglow Langmuir Probe - FALP

T, ~2eV | | T.=T, =T = 170 - 260K




Apparatus -FALP SN

jlow plasma
—-Aftsl‘ p

Microwave Ar H.
HeNesonator
~
4 Flow tube with QMS
7/‘ Langmuir probe
— - \\ . m——e——— | 1] | e | e— ]
LC B . _— o \{!!l Leae—ll 3
Movable probe Heating / Cooling
System L L RV |
Roots Differential pumping
ﬁ pump

Kinetics _
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-, XOO OO O OO0

a ~ 5x10°cms3s?t
Plasma decay can be monitored up to 35 cm =» 65 ms, Temperature — 130 - 300 K Pressure up to 12 Torr



koncentrace [m”]
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Reactant Port

p=95Torr o

v =85ms"




Langmuir Probe
T

0.4<p=<2.0 Tomr

Turbo Pump Roots pump

Schematic view of the Rennes FALP-MS [164]




Ar Reactant

l l Professor David Smith

T.=T. =T, =170 - 260K
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VUV light Nd: YAG laser
source

\ Doubling/mixing
Source gas unit 1

Microwave inlet
discharge
r A
Electrostatic Sampling } Windows ~ Movable  Copper
orifice ! Langmuir |

Quadrupole

spectrometer L
Diffusion Roots
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Channeltron -
hoton
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Fig. 13. Schematic diagram of the FALP-LIF/VUV apparatus used, in various configurations,
since 1989 by Adams et al. [161] in their characterization of DR neutral products. The dotted

line encasing the central flow tube represents a vacuum jacket facilitating operation at a broad
range of temperatures
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Fig. 12 Measurements of the vanation of the rate coeffictent for the
reaction of OF + N, —NO* + N with the vibrational temperature
of I, [16].
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Fig 31. An overview of dervatization reactions of C,,* observed
with the York University SIFT apparatus at room temperafure in
helnm buffer gas at 0353 Tom. The assigned structures are

N.O Flow/10" (moleculess) speculative.
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Flow—drift technique for ion mobility and ion-molecule reaction rate constant
measurements. I. Apparatus and mobility measurements

M. McFarland*, D. L. Albritton, F. C. Fehsenfeld, E. E. Ferguson*, and A. L. Schmeltekopf
Aeronomy Laboratory, NOAA Environmental Research Laboratories Boulder, Colorado 80302
(Received 24 September 1973)

The present paper describes the construction and operation of a new experimental device that
combines the chemical versatility of a conventional flowing afterglow system with the energy variability
of a drift tube. This allows the measurement of both positive and negative ion mobilities not previously
measured. Ion mobility measurements offer a significant constraint upon the ion-neutral intermolecuiar
potential and are therefore of value in testing either empirical or quantum mechanical theory. The
mobilities of He*, Hef, H', D*, O, N*, Ar*, H;f, Hj*, N;Y, H-, O, and OH~ in helium and H,
in H, are presented in the present paper. The following papers describe positive ion-neutral and
negative ion-neutral reaction rate constant measurements in the same device.
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Second-Order Reactions

1 1
AT,
1 1
A" [AL, A
¢ _ 1
1z [A]o kA

(17.16)

{IAT"}
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Second-order reaction: 1/[A] vst
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We measure effective — apparent binary recombination rate coefficient

Quasineutral H;* dominated plasma

p = 6.2 Torr
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We measure effective — apparent binary recombination rate coefficient

Quasineutral H;* dominated plasma
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Diffusion and recombination
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.. One remaining
problem is to understand
the recombination of Hg*

Emotional history of H;* recombination
H+e = H+H,3HQ§ a(T=300K)
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Storage rings - state selected data:
“Presently no rate coefficient measurement J Dissociative
with a confirmed temperature below 300 K exists. " e

Mats Larsson and Ann E. Orel
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and ... history repeated itself . '

M. Larsson et al, CP Letters (2008) : ... and the caravan is on its way

Petrignani et al. Phys. Rev. A (2011) 1 . m

Quo vadis
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Third-Order Reactions

__ak[AT %z_ak[A]Z[B] %:—ak[A][B]Z %?ak[A][B][C]
(Problems 17.17 and 17.24)
dlA]_ 1 1 _
ap AP R
[A]= Al 7 (17.24)

(1+ 2kt[A]§)L



Reakce ll.radu
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CA=Cpho =Y
Cg =Cgo—Y
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Zavislost reakcni rychlosti na
teplote
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Temperature scale inside hot stars

Inside the sun

Nuclear explosion

Stellar nebulae
Melting point of iron

Meltin int of i »
e B ot
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—

i 3
Lowest temperature obtained for Hel

TFIRAS = To=2.730 £ 0.001K

Lowest temperature for
electrons in a metal
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monopole and dipole components
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anisotropy 3.353+0.024 mK for nuclei in a solid

absolute zero




Reaction Rate of IMR relevant for ionosphere

IMR
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Zavislost reakcni rychlosti na

teplote
Arrheniuv vztah
Ea
k=Ae RT
E
Ink =In A——2
RT
A frekvencni faktor
E .o aktivaCni energie



Zavislost reakcni rychlosti na

DETAIL

reactants
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Fig. 7 Temperature dependence of the rate coefficient kz (filled circles)
for the endothermic reaction (2). The vertical error bars of the two points
at the lowest temperatures include the estimated error caused by the
oscillations of temperature and pressure. At temperatures above 20 K,
these effects are negligible and only statistical errors are shown. The
results have been fitted using an Arrhenius temperature dependence (solid
line). Previous FDT data of Viggiano and Morris*™ and SIFT data of
Grabowski et al*? are also plotted. The dashed curve is a fit with function
(7) (see the text for details). The insets indicate the k-’u,

[kes in
percent (egn (&) and (7)) at 30 K and 200 K.

Jop-

Dissociative Recombination of

Molecular lons
Mats Larsson, Ann E. Orel

T(K)

300 100 &0 40 30 20 15
T T T — 1 T
10" oD +H2—>OH +HD S
@ this work 3
- - O \Viggiano -
. B I/'k,_ B Grabowski =
4] i SN ~ ’ ====sum over states _|
e 10 5'\"-.,. ', —— Arrhenius fit E
E E % A &
S C % N ]
o B LY J
S ‘n\' .
107 250N 2
EPr Py 3
C o2 N B 3
; \ . ]
-13 1 1 “'u o 1 " el
10" | I ) 1
0 1 2 3 4 5 g T 8

100/T (K

Fig. 8 Arrhenius plot of rate coefficient k; for reaction (2) measured with
normal Hz. Shown are two almost identical fits, the two-parameter
Arrhenius (solid line) and the sum owver all relevant rotational states of
the ion and of normal hydrogen (no ortho-para relaxation, dashed line).
For details see the text. Previous FDT data of Viggiano and Marris* and
SIFT data of Grabowski et al™® are also included in the plot. The plots
marked with °k; and Pk, are predictions for pure ortho- and para-
hydrogen. In normal hydrogen, the contribution of para-hydrogen is only

1
fnky = 37k

Cambridge University Press 2008



http://www.cambridge.org/9780521828192

Simultanni reakce

Vratné A< B
Paralelni A— B
A— C

Nasledné A—-B —C



vV, =Kk,
v =k

A
B

Vratné reakce

K.,

A < B

rovanovahd............ V. =V

 [A]=K [8]

k, |[B

k [A

dr

Jdr

_|_

K.

rovnovazna konstanta



Paralelni reakce

kg k
A =B A =2>C

Jsou-li obé& reakce |. Radu, pak plati:

V) = kl _A]
V, = kz[A]
V=V, +V,

V= (kl +K, )[A]



Nasledné reakce

ADBDC
AL
dt
B, . fe]
1l [g
dt  °

retezove reakce = zvlastni typ naslednych reakci



Chemickarovnovaha

Ky
A+B < P+0Q
K4

I :Q:I'

FL— .

K =

P
A
kl

K =1
k—l

Guldberg-Waaguv zakon



Vyjadrovani rovnovazné
konstanty

Predpokladame reakci:
bB+cC=2xX+yY

Stechiometricke koeficienty — obecné v; :
vg=-b ve.=-C Vy = X V=Y

Rovnict muzeme prepsat do tvaru:
O0=xX+yY-bB-cC



Vyjadrovani rovnovazné
konstanty
Plynna reakCni smes:

AG/ .....standardni reakéni Gibbsova energie
(pocCita se pomoci chemickych potencialu)

AG, =-RTInK_
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Ovlivhovani chemickych
rovnovah

Henri Le Chatelier

Kazda zmena vnejsich podminek (akce) vyvola

vV rovnovazne reakcni smesi takove déeje (reakce),
které ve svych dusledcich pusobi proti zasahu
zvenci (akci), jimz byla chemicka rovnhovaha

narusena



Viiv tlaku na chemickou
rovnovahu
. pri reakcich v plynnych smesich

- pri reakcich, pri kterych dochazi ke zmeéne
moloveho Cisla

Plati, ze zvyseni tlaku (akce), vyvola deje (reakce)
vedouci ke snizeni tlaku v reakcni smesi



Ternary processes

AA+B+M >C"+D+M

Association reaction

A+B+M —> AB" + M



Third-Order Reactions

__ak[AT %z_ak[A]Z[B] %:—ak[A][B]Z %?ak[A][B][C]
(Problems 17.17 and 17.24)
dlA]_ 1 1 _
ap AP R
[A]= Al 7 (17.24)

(1+ 2kt[A]§)L



Deuteration Is easy
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Deuteration was not so easy
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Association reactions

CRy"+C0+He —> CH,CO™+He CH+2Hy >

CoH 4H, P

CHy" -+ CHyCN

ICR 300 K /

CHy"+Hy+He

SIFT
CHy' + co//’//

CH, +H, => Cy M +hy

L]
CHy® + H,

PENNING TRAP / CH;+H2+HG

/-1*4-H2

13 K
3 oM 1012 1013 1o 10" 10 10"

[He] / em™

RET 80 K

+ ki

Toa

1012 1013 1014 1015 1015 1017
[He] / cm™




Rate Law

rate = kK[A]*[B]Y
rate order =x +y
knowledge of order can help control reaction

rate must be experimentally determined

Injection

Flow meter

mixin
5 detector



Classification of collisions

A(El-::ir|,i]=Eir|t,D) + B{:Ek;in,[hEint,[ll) - prOdUCtS

Classification of collisions:

elastic

elastic



Classification of collisions

A(Eyino.Einto) T B(Eyin0:Einto) - products

elastic: particles and their internal energy stays unchanged - only redistribution of kinetic energy and
momentum =2 establishing of thermal equilibrium

A(Eyi a0:Eintao) * B(Ewingo:Eintso) 2 AEkna1:Entao) ¥ B(Egng1.Eingo)
EvinaotExingo = Exinat T Exing 1

- special case — superelastic collisions — kinetic energy increases in

inelastic: energy transfer from kinetic to internal energy: e.g. ionization, excitation, dissociation or
chemical reaction

Always: E, = XE;

i.before ~

- YP.

i before —

P

fot

= constant

constant



Elementary processes:

Defined by:

cross section o: most fundamental parameter, dimensions: area (usually in [cm?])
describes the single collision,

e.g. hard sphere model:

Gpp = My + )

G,s depends in general on relative velocity of two colliding particles, can be orientation dependent
e.g. NO scattering on Ar

Interaction frequency: v,;= v, G,5(V4) Ny

Reaction rate coefficient: k,; =(c(v) V)
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Guided ion beam studies of electron and isotope transfer
n “N*+715N, collisions

J. Glosik and A. Luca

g+ 4 ISNISN L 1SN+ MISN
LIS\t 4
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22 APRIL 2000

RF Storage on Source

Quadrupole

Octopole 1
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Scattering Cell —

Octopole 2

==
Daly Detector ﬁ _j

Magnetic Mass
Spectrometer

FIG. 1. Schematic view of the universal guided 1om beam (GIB) apparatus.
Ions are produced by electron impact in an 1f storage ion source operating in
a pulsed mode. In the quadmpele the ions are mass selected and also energy
preselected by pulsing input and ouwtput lenses of the quadmpole. An einzel-
lens focuses the ions onto the octopole injection electrode. The first octopole
guides the ions through the 300 K scattermg cell. The second. much longer,
octopole guides primary and product lons toward the entrance shit of a 90°
mapﬁt-. mass spectrometer. After mass selection the ions are detected with

» efficiency by a Daly detector. The second octopole is used also
for tume-of- flight analysis of the axial velocity of the primary and product
lons.




Dynamic of IMR
N™ + N, — products

Before collision After collision
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Collisional complex

)

Vo

5 278 o

O =7 — —
coll 100 VO (472'80) L




Dynamicof IMR IN* + N, <« (N;))° —>N; + N

Collisional complex

After collision
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Dynamicof IMR IN* + N, <« (N;))° —>N; + N

Collisional complex | After collision
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H, + Ar = ArH" +H
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. - H, +Ar = ArH" +H
Single collision 2
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Single collision Hy + Ar = ArH*®+H
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Electron excitation cross-section
eg.. Ar(l)+e > Ar(2)+e

Follows the model of Thomson with different integration boundaries

1 et
(47,)” E(AE)’

do,(E)= d(AE
mixing of
£ quantum mechanics Coulomb
o, (E)=[do, E<E, . and
- ~V* polarization
scattering

[onization

E
O-e_aﬂ (E) = Idgz E<I

E

I
o, y(E)=[do, E=I

E; 10 - . i .
10 ' 10' 10°

Quantum mechanics - excitation to optically Energy (V)

forbidden levels has lower cross-sections FIGURE 3.13. lonization, excitation and elastic scattering cross sections for electrons in
argon gas (compiled by Vahedi, 1993).
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A" + B->C" + D

(ko ] = cm’s™

1/1=kgy[B]= ... nvp ... =[B]vp ....[B] <vp>

I=1,exp(-oNnaX)
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Electron scattering cross-section on Ar

Elastic

Electrons — Boltzman distribution with T,

lonization

10-12

Elastic

NE Excitation
10 0L , . ,

107 10’ 10" 10 10°
10 " Energy (V)

o }. lonization, excitation and elastic scattering cross sections for electrons in
Excitation ipiled by Vahedi, 1993).
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FIGURE 3.16. Electron collision rate constants K,,, K., and K, versus T, in argon gas
(compiled by Vahedi, 1993).
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— threshold 29 meV

collision energy {eV)

Figure 56. Intcgral cross sectiors for the 29meV endothermic reaction D +H,—
H;D™ + D, with hot D] (~2eV internal energy) and ~350K thermalized D;. The merged
beam results (@, O) are, in the overlapping energy range, in good agreement with earlier guided
jon-beam experiments (Piepke, 1980), recorded under similar storage ion source conditions
(+, x). The cross sections are significantly lower than the Langevin value.

Endothermic reaction



Collision rate coefficient
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Figare 3. Cross sections for electron attachment to C(fh. ®, 3-Kinp); —- —, a{v)-
K(mp) (Frey et al 1994b); C, 6.-K(np) (Ling et al 1992}; , free electrons (Hotop
1994); - - -, free electrons {Orient ef af 1989); A, free electrons (Christodoulides and

Christophorou (1971),; ----, theory (Kiots 1976).

j vo(v)dv = k(T)

Max(T)

k(T) reaction rate coefficient

K.,;i(T) collision rate coefficient

K.,;(T)~collision frequency



Reaction rate coefficients

Typical values of at 300K (approximate values)

. reactants products rate coefficient
« Electron atomic ion rec. At+e = A+hy ~10-1cmsst
« Electron - ion recomb. O,f+e => O+0 2x10-"cm3st
« Electron — cluster ion recomb. Ht+e = products 3.5x10¢cm3s!
« lon —ion recombination Art+Cl- = Ar + Cl 2x108cms3st
« lon — molecule reactions H,"+ H,, = H,"+H 2x10°cm?3s!
Hy*+H, + He =» H.* + He Kot gin= KsX[He]
k3<2x10-2%cm®s1
« Attachment CCl +e Cl-+CCl, ~10"cm3st
« Penning ionization He™ + Ar Art +e + He 7x101c .

JPL Publication 03-19

An Index of the Literature for
Bimolecular Gas Phase Cation-Molecule

Reaction Kinetics
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Reaction Rate of IMR relevant for ionosphere

IMR
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The initial reactions and radiative association
in dense interstellar clouds
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Very low collision energies TOPICAL REVIEW

Electron-molecule collisions at very low electron energies

F B Dunning

Department of Physics and the Rice Quantum Institute, Rice University, PO Box 1892,
Houston, TX 77251, USA

1. Phys. B: At, Mol. Opt. Phys. 28 (1995) 1645-1672. Printed in the UK
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Figure 1. Schematic diagran'l of the vuv photoionization apparatus used for attachment
studies (Chutjian and Alajajian [985a, b).




Electron attachment at very low electron energies
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Figare 3. Cross sections for electron attachment to CCl,. @, 5-K(np); —- —, o,(v)-
K(np) (Frey et al 1994b); O, 6.-K(ap} (Ling et al 1992); ——, free electrons (Hotop
1994); - - -, free electrons (Orient ef af 1989); A, free electrons {Christodoulides and
Christophorou (1971); -—-, theory (Kiots 1976).
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Figure 2. Cross section for qllectron attachment to SFi. W, 5-K(mp), — —, al{v}-K{np)
(Ling et af 1992). O, 8.-Rb(ns) (Zollars et af 1985); ——, free electrons (Klar et al
1992a, b); - - -, free electrons (Chutjian and Alajajian 1985); &, free electrons (Pai et af
1979, Chutjian and Alajajian 1985a); -—-, theory (Klots 1976).




Pue. 5.12. Duddysdonnoe ceuenue
CTONKHBOBEHUA HMEKTPOHA ¢ aTOMOM
KpHNTOHA.

DKCNepPEMeHT (ITOJBHIKHOCTE 3JIEKTPOHOB

MaJdeX TNoaax K TeMﬂepaTypax)
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Puac. 5.8. IMonnoe cedcinie paccesiing AMEKTPOHA Ha
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Total collision and reactive cross sections comparison
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. Qbgserved total collision cross-sections of He and Ne
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Fic. 1.9, Observed total collision cross-sections of
) A, Kr, and Xe.
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.18. Ohbserved total collision cross-sections of Li, Na, K, and Ca.
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Figure 3. Cross sections for electron attachment 4 @, 5-K(np -
K(p) (Frey ef al 1994b); O, 6-K(ap) (Ling et a B , free elecuoa., \Hotop
1994); - - -, free electrons (Orient et af 1989); A, free clectrons (Christodoulides and
Christophorou (1971); —---, theory (Klots 1976).




Reakcni rychlost

Znaci sev nebor 1 dn-
_ |

V =
v. dt

Ptedpokladame reakci:
bB+cC=2xX+yY
Stechiometrické koeficienty — obecné v; :



Rad chemické reakce

Was Wgvweeneene Wz se uréuji experimentalné =
reakcni rady vzhledem k jednotlivym slozkam

Celkovy rad chemicke reakce

n:Z‘Wi

Celkovy rad reakce a molekularita maji stejnou hodnotu
pouze u elementarnich reakci




Zavislost reakéni rychlosti na teploté
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