Réactivité bimoléculaire J

Riccardo Spezia
riccardo.spezia@univ-evry.fr

CNRS — Université d'Evry-Val-d'Essonne

23/01/2017 Label Chimie Théorique

Riccardo Spezia (CNRS) Réactivité chimique 23/01/2017 1/35



N —
Outline

@ Principles of bimolecular reactivity

© Examples of simple reactions

© Abpplication to Astrochemistry
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Principles of bimolecular collisions

Collisions

o Elastic scattering: A+ B —+ A+ B
No rovibrational energy exchange during collision

o 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 |

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 g (E = q/R?):

1 ag?
Vinduction(R) = _—ZaF’= _7(] (1)

ap? Cin
Vinduction(R) - _L = — d (2)
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Potential at long distance |l

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

_pgcosy o’ 3)

1 2

@ 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 €9 = —hwp and €; = fiwg. The Hamiltonian
without the electric field is:

Ho = hwo (-!S) (sl +> !Pa><Pa\> (4)
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Principles of bimolecular collisions

Potential at long distance IlI

Introducing the field we can express the perturbation Hamiltonian as:
He=—0-E*=h) (Is)(pa+[Pa)(s]) & (5)

where &, = (s|fia|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:

=

_Oézlﬁ + 061#%
2R6

Vdispersion = 2 (OQEI2 + a1E22) = = Ro
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Principles of bimolecular collisions

The approaching motion

RN

R

~.

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

= mampg/(ma+ mg), 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:

R? = v2t% 4 b (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 |

To examine the classical trajectory we can use the conservation of energy.

@ In absence of the force, the kinetic energy for R — oo is:
Er = uv?/2 (8)

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

K—n (i’j) )

Using the relation 8 we have that dR?/dt = 2R(dR/dt) = 2v?t and
the kinetic energy along the lince of centers is found to be
(1/2)(dR /dt)? = Er(1 — b2/ R?)
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The centrifugal barrier Il

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

2 2 \ dt R2

The second term is the centrifugal energy

dR\? Esb?
oot (Y6 (0

@ In the presence of a force, the conservation of energy reads:

1 (dR\® Erb?
Er =K+ V(R) = SH <dt> m T V(R) (11)
To focus the attention on R(t) is useful do define an effective
potential:
Eb?
Verr(R) = V(R) + —5~ (12)
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The centrifugal barrier Il

The total energy is
1 .
Er = EMR2 + Vet (R) (13)

and now is function only of the scalar quantity R. The centrifugal
energy acts as a repulsive contribution to Vs, called centrifugal
barrier.

Figure 2.9 A plot of the
effective potential for
several (increasing)
values of the impact
parameter. At high b

/\!i 0.5 values the well in the
&) potential V(R) is filled in
;% ol and the effective potential
is purely repulsive. The
dashed line is the
-0.5 centrifugal barrier alone

for the last case.

R/R

m
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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) x 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 5 b2

SHR®=Er = Verr(R) = Er (1 — 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 |

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

Vlzde/dt V2:dR2/dt VEdR/dtzvl—Vg (15)
Rem = (mRi+ mRy) /M (16)

M = m+mp (17)

Ri = Rem —(m2/M)R (18)
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Principles of bimolecular collisions

Kinematics in the center-of-mass framework Il

By definition of center of mass at rest: dR. ,, /dt =0 and so

v; = Rem. — (m2/M)R — <d|:\:lctm) — (mz/l\/])\/ =Vem + U (19)

dt
dRc.m.
dt

Ve.m.

= (m/M)vi+ (m2/M)va  (20)

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

1 1 1
K= Emluf + §m2u% = E'UV2 (21)

Sincev=v; —vy =u; —up and u = mymy/(my + my)
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Principles of bimolecular collisions

The collision cross section

e Collision cross section, . Defined as: A = (ong)~L.
A : mean free path between two collisions ;
ng = Pg/kg T with Pg the target gas pressure.
Collision rate constant, k(v) = vo where v is the molecule speed.
Averaging on temperature: k(T) = (k(v)) = (vo) = (v)o

@ Microscopic definition: differential collsion cross section.

do = 2mwbdb (22)
o = /27rbdb (23)
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The reaction cross section |

@ If k(v) is the chemical reaction rate constant for molecules colliding

with a velocity v, then:
k(v) = vog (24)

Hi(v=0)+ He — HeH'+ H

T T T T T
0151
“Zoaol
S

0,051~

| . | . |

0 ¥ 2 [ 6

Ey ExfeV
Figure 3.1 energy of the reaction , or(Er)

for the Hj (v = 0) + He — HeH' + H reaction [adapted from T. Turner, O. Dutuit, and
Y.T. Lee, . 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.® By exciting the
vibrations of the Hj reactant the cross-section for the reaction above can be
considerably enhanced.
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Principles of bimolecular collisions

The reaction cross section |l

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

k(T)

where we

= (vor(v)) (25)
= /vaRf(v)dv (26)

= (,u/27rkBT)3/2/vaRexp(—,uv2/2kBT)47rv2dv (27)
E E
= 2 [ =T _ T
(8kg T /mp) /kBTURexp( ET/kBT)d<kBTE)28)

used the relation E1 = puv?/2
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Principles of bimolecular collisions

The reaction cross section |1l

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

dor = 2mbP(b)db (29)
where 2bdb 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:

dong = 2mb[1 — P(b)]db (30)

The total reaction cross-section is:

oR =27 /000 bP(b)db (31)
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Motion on the Potential Energy Surface (PES) |

Contour map for collinear
collisions
Angular effect

V=—Dy(AB)

Vi keal mol-t

@
o< -
Minimum energy path L
0 .
-3 -1
Reaction coordinate/atomic units
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Motion on the Potential Energy Surface (PES) Il

The reaction path Complex multi-products reaction:

later barrier = repulsive potential

_104

Energy

20

AHO (keal mol~1)

CHyOHOH ™

30 4
earlier barrier = attractive potential
~ | %, CHCHO +-OH
——— Wi Direct Fr-abstraction
—— M2: Oxirane formation
—50 M3: Acetaldehyde formations

---- M4: Intramolecular Htransfer w/C-O rupture
——— M5: Concerted elimination

0

Reaction path —— Reaction coordinate
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Examples of simple reactions

SN5 reaction: X~ + CH3Y — XCH3 + Y~

An example of theory and simulations together!
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|
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£ 1y g | 218 i 7-25
-10 Q?A) 5 10
The reaction can be schematized as:
X 4+ CH3Y =X — —CH3Y - XCH; + Y~ (32)

with three rate constants: kcap, Kdiss and kisom

Manikandan, Zhang, Hase. J. Phys. Chem. A 2012, 116, 3061.
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SN5 reaction: X~ + CH3Y — XCH3 + Y~

The total rate constant can be written as

Imax

kSN2(Erela T) = cap rela ZP

X Z Z P Jz ZP
J=0jz=—j
J=|1+j]|

. kisom(E7 J)
X P(j
J_%;j' ( )kdiss(EaJ)+kisom(Ea J)
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SN5 reaction: X~ + CH3Y — XCH3 + Y~

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

kcap(Erela T) = Vre/Ucap(Erela T) (34)

bmax
Teap = / P,(b)2rbdb (35)
0
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ples of simple reactio

The importance of studying SN2 reactions

J. Am. Chem. Soc. 1988, 110, 8355-8359 8355

Evaluation of the Rate Constant for the Sy2 Reaction
CH,F + H- — CH, + F~ in the Gas Phase

Angela Merkel," Zdenék Havlas,** and Rudolf Zahradnik$

Contribution from the Central Institute of Physical Chemistry of Academy of Sciences of GDR,
1199 Berlin-Adlershof, Rudower Chaussee 5, German Democratic Republic, Institute of Organic
Chemistry and Biochemistry, Czechoslovak Academy of Sciences, Flemingovo nam. 2,

16610 Prague 6, Czechoslovakia, and J. Heyrovsky Institute of Physical Chemistry and
Electrochemistry, Czechoslovak Academy of Sciences, Dolejikova 3, 18223 Prague 8,
Czechoslovakia. Received February 19, 1988

Merkel et al.

AE,g lexothermicityl

A B o D E
CHaF « " [T D CTICNT L g O CHys

Figure 1. Schematic potential energy profile of the reaction CHyF + H~
— CH, + F-
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Molecules in the interstellar medium

e Radioastronomy observed many molecules in the space
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Application to Astrochemistry

Molecules in the interstellar medium

e 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

DBO0-58 X-ray Thread
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Application to Astrochemistry

Molecules in the interstellar medium

e 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
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e Extraterrestrial origin of life ...
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Molecules in the interstellar medium

e Many molecules (and some ion) are detected
http://www.astrochymist.org/
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Application to Astrochemistry

Molecules in the interstellar medium

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

e 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)
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Molecules in the interstellar medium

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

e 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)

e The question is: how are they formed ?
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Molecules in the interstellar medium
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Application to Astrochemistry
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Application to Astrochemistry

Molecules in the interstellar medium

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

e 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)

e The question is: how are they formed ?

e Problem: they are cold (internally) so barriers in the PES are difficult
to be passed

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

e 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

lon—molecule reactions

e Bimolecular collisions
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Application to Astrochemistry

lon—molecule reactions
e Bimolecular collisions

e Inelastic Scattering
AT (vijk) + B(vm.jn) = AT (vzif) + B*(vim.Ja)
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lon—molecule reactions

¢ Bimolecular collisions
e Inelastic Scattering

AT (vijk) + B(Vmin) = AT*(vi.jz) + B*(vi.in)
e Reactive scattering

AT +B—-Cr+D
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lon—molecule reactions

Bimolecular collisions

Inelastic Scattering

AT (vijk) + B(Vmin) = AT*(vi.jz) + B*(vi.in)
Reactive scattering

At +B—Cr+D

Born-Oppenheimer Chemical dynamics of collisions
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Application to Astrochemistry

lon—molecule reactions

¢ Bimolecular collisions
e Inelastic Scattering
AT (vijk) + B(Vmin) = AT*(vi.jz) + B*(vi.in)
e Reactive scattering
At +B—Cr+D
e Born-Oppenheimer Chemical dynamics of collisions

e Ensemble of classical trajectories (100, 1000) to sample possible
orientations (no pre-imposed reaction coordinate)
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Application to Astrochemistry
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AT (vijk) + B(Vmin) = AT*(vi.jz) + B*(vi.in)
e Reactive scattering
At +B—Cr+D
e Born-Oppenheimer Chemical dynamics of collisions

e Ensemble of classical trajectories (100, 1000) to sample possible
orientations (no pre-imposed reaction coordinate)

e Tuning collision energy (cross section depends on the collision energy)
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Application to Astrochemistry

lon—molecule reactions

¢ Bimolecular collisions
e Inelastic Scattering
AT (vijk) + B(Vmin) = AT*(vi.jz) + B*(vi.in)
e Reactive scattering
At +B—Cr+D
e Born-Oppenheimer Chemical dynamics of collisions
e Ensemble of classical trajectories (100, 1000) to sample possible
orientations (no pre-imposed reaction coordinate)
e Tuning collision energy (cross section depends on the collision energy)
e Coupling chemical dynamics with electronic structure softwares: Venus
+ Gaussian09 (MP2, DFT, ...)
Venus + MSINDO
Venus + MOPAC (AM1, PM3, PM6, ...)
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Application to Astrochemistry

lon—molecule reactions

¢ Bimolecular collisions
e Inelastic Scattering
AT (vijk) + B(Vmin) = AT*(vi.jz) + B*(vi.in)
e Reactive scattering
At +B—Cr+D
e Born-Oppenheimer Chemical dynamics of collisions

e Ensemble of classical trajectories (100, 1000) to sample possible
orientations (no pre-imposed reaction coordinate)

e Tuning collision energy (cross section depends on the collision energy)

e Coupling chemical dynamics with electronic structure softwares: Venus
+ Gaussian09 (MP2, DFT, ...)
Venus + MSINDO
Venus + MOPAC (AM1, PM3, PM6, ...)

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

Rubin, et al. 1971, ApJ, 169, L39

THE ASTROPHYSICAL JOURNAL, 743:60 (12pp), 2011 December 10 doi:10.1088/0004-637X/743/1/60

©2011, The Ameri omical Socity. Al rights reserved. Prnted i the U.S.A.

FORMATION OF PEPTIDE BONDS IN SPACE: A COMPREHENSIVE STUDY
OF FORMAMIDE AND ACETAMIDE IN Sgr B2(N)

D. T. HALFEN' 2, V. ILYUsHIN?, AND L. M. Ziurys' 23
! Departments of Chemistry and Astronoms. University of Arizona, Tucson, AZ 85721, USA; halfend:@as.arizona.edu, Iziurys@as arizona.cdu
rizona Ri y. University of Arizoi on, AZ 85721, USA
IS University of Arizona, AZ 85721, USA
* Institute of Radio Astronom; demy of Sciences U ervonopraporna 4, 61002 Kharkov, Ukraine
et 017 Tine 25: accepred 2011 Aususs 25, published 2011 November 22

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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Formamide in the ISM

‘ThE ASTROPHYSICAL JOURNAL, 780:181 (7pp), 2014 January 10 doi:10.1088/0004-637X/780/2/181
02014 The Amercen AstronoenicalSociey. All ghis reserved. Printd n the US A,

SOME INSIGHTS INTO FORMAMIDE FORMATION THROUGH
GAS-PHASE REACTIONS IN THE INTERSTELLAR MEDIUM

PILAR REDONDO, CARMEN BARRIENTOS, AND ANTONIO LARGO
Computational Chemistry Group, Departamento de Quimica Fisica, Facultad de Ciencias, Universidad de Valladolid,
E-47011 Valladolid, Spain; predondo@qf.uva.es
Received 2013 October 3; accepted 2013 November 21; published 2013 December 23

e lon-molecule reaction with the smallest barrier (0.12 eV) is:
NH,OH3 + H,CO — NH,CHOH™ + H,0
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Formamide in the ISM
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GAS-PHASE REACTIONS IN THE INTERSTELLAR MEDIUM
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Computational Chemistry Group, Departamento de Quimica Fisica, Facultad de Ciencias, Universidad de Valladolid,
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e lon-molecule reaction with the smallest barrier (0.12 eV) is:
NH,OH3 + H,CO — NH,CHOH™ + H,0

e The other reaction has a high barrier (1.2 V) :
NH3OH+ + H,CO — NHQCHOH+ + H>0
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Formamide in the ISM
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SOME INSIGHTS INTO FORMAMIDE FORMATION THROUGH
GAS-PHASE REACTIONS IN THE INTERSTELLAR MEDIUM

PILAR REDONDO, CARMEN BARRIENTOS, AND ANTONIO LARGO
Computational Chemistry Group, Departamento de Quimica Fisica, Facultad de Ciencias, Universidad de Valladolid,
E-47011 Valladolid, Spain; predondo@qf.uva.es
Received 2013 October 3; accepted 2013 November 21; published 2013 December 23

e lon-molecule reaction with the smallest barrier (0.12 eV) is:
NH,OH3 + H,CO — NH,CHOH™ + H,0

e The other reaction has a high barrier (1.2 V) :
NH3OH+ + H,CO — NHQCHOH+ + H>0

e 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
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Formamide in the ISM
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e lon-molecule reaction with the smallest barrier (0.12 eV) is:
NH,OH3 + H,CO — NH,CHOH™ + H,0

e The other reaction has a high barrier (1.2 V) :
NH3OH+ + H,CO — NHQCHOH+ + H>0

e 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

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

Formamide synthesis

Cross section

NH,OHJ + H2CO — NH,OCHJ + HyO (AE =-0.9 eV)

— no reaction

r NH,OH + H,COH"| 1]
NH,OH" + H,CO |
NH,OCH," + H,0 | 1
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Formamide synthesis

Mechanism

NHQOHSr + H,CO — NHQOCHSr + H>O
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Formamide synthesis

Energetics

NHQOHSr + H,CO — NHQOCHSr + H>O

potential energy (eV)

1
0 50 100
time (fs)
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Application to Astrochemistry

Other products
NH4Jr + H>CO and NH3 + HQCOHJr

NH; + H2CO — NH2CHOH* + H, : AE = -0.16 €V but not observed
NH; + HCO — NH3CHO™ + Hy : AE = -0.7 €V but not observed
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Application to Astrochemistry

Other products
NH4Jr + H>CO and NH3 + HQCOHJr

NH; + H2CO — NH2CHOH* + H, : AE = -0.16 €V but not observed
NH; + HCO — NH3CHO™ + Hy : AE = -0.7 €V but not observed
NH3 + HoCOH* — NHCHE + Hp0 : AE = -1.6 eV

NH3 + HoCOHT — NH3CH,OH™ : AE = -1.6 eV (radiative association)

00—
r —— no reaction
— NH, +H,CO
80 NH,CH,0H" R 7
L |— NHCH, +H,0 BT

o 1 2 3 4 5
relative collision energy (eV)
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Application to Astrochemistry

Other products
NHs + HzCOH+

NH3 + HoCOHT — NH,CHJ + H,0 : AE = -1.6 eV
NH,CH; has not yet been observed in the ISM.
But it can further react :

@ Dissociative recombination NH2CH;r + e~ — NH,CH + H
NH>CH was observed in 1973

@ Radiative association NH,CHS + CN~™ — NH2CHoCN + hv
AE =-72¢V
NH>CH,CN was observed in 2008. The radiative association can go
through vibrational relaxation (k, = 29 s71) but also through excited
states (S; is at about 6 eV).
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Formamide synthesis

Summary of reaction mechanisms

a)
NH,0H*

NH,CHO

NH,OCH,*

CH,OHNH,0H"*

NH>CHO: observed in 1971 ; NH,CO™: observed in 2013;

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