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Introduction à la mécanique quantique

Chimie ...

     

(Silence)  Oui... si en n quand on regarde bien... non... si par là...  C'était pourtant simple... je 
l'avais trouvé l'autre jour…
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... quantique

**********************************************************************
C PURPOSE:
C calculate the second-order MP-SRDFT correction D^{(2),SRDFT} to the density matrix
C from the "long-range" second order contribution D^{(2),LR}, which is
C the standard MP2 correction to the density matrix where HF-SRDFT
C orbitals and epsilons are used and where 1/r12 is replaced by the
C long-range interaction. 
C D^{(2),SRDFT} = sum^{+infty}_{n=0} F^{n}(D^{(2),LR}).
C
C The F operator is defined as follows :
C
C F : DMO (density matrix contribution) ---> F(DMO) (new density matrix contribution) 
C
C i,j -> hole orbitals
C r,s -> virtual orbitals
C p,q -> hole or virtual orbitals
C F(DMO)_{ri}= 2/(epsilon_i-epsilon_r) * 
C int dx dx' K_{Hxc}^{sr}(x,x')*Omega^{MO}_{ri}(x)*sum_{pq}(DMO)_{pq} * Omega^{MO}_{pq}(x'). 
C F(DMO)_{ir}=F(DMO)_{ri}
C F(DMO)_{ij}=F(DMO)_{rs}=0
C K_{Hxc}^{sr}(x,x') is the second functional derivative of the SR Hxc functional 
C calculated at the HF-SRDFT density.
C 
C input  : DONE
C output : DONE = sum^{+infty}_{n=0} F^{n}(DONE)
C
C**********************************************************************

C  /* Function getnormf */
      FUNCTION GETNORMF(NFROZ,DONE,CMO,ORBEN,WRK,LFRSAV)
#include <implicit.h>
C
      DIMENSION DONE(NORBT,NORBT),NFROZ(8),ORBEN(*)
      DIMENSION CMO(*),WRK(*)
C
      double precision matnormf
C
      PARAMETER ( D1 = 1.0D0 , D2 = 2.0D0 )
C
      DOUBLE PRECISION D2LRNORMF, FOPNORMF0, FOPNORMF1, FOPNORMF
      DOUBLE PRECISION FOPNORMF2
C
#include <inforb.h>
#include <dummy.h>
#include <infpri.h>
#include <priunit.h>
#include <maxorb.h>
#include <infinp.h>
#include <scbrhf.h>
#include <inftap.h>
C
      KFRSAV = 1
      KFREE = KFRSAV
      LFREE = LFRSAV
C
C     Calculate the length NRFMO of the array RFMO that contains the lower
C     (virtuals-holes) rectangles of the density matrix (one for each
C     symmetry isym)
C
      NRFMO = 0
      DO ISYM = 1,NSYM
         NORBI  = NORB(ISYM)
         NRHFI  = NRHF(ISYM)
         NFROZI = NFROZ(ISYM)
         NRFMO = NRFMO + (NORBI-NRHFI)*(NRHFI-NFROZI)
      END DO
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The Nobel Prize in Chemistry 1998 was divided equally between Walter Kohn "for his development of the
density-functional theory" and John A. Pople "for his development of computational methods in
quantum chemistry".
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Press Release
13 October 1998

The Royal Swedish Academy of Sciences has awarded the 1998 Nobel Prize in Chemistry to
Professor Walter Kohn, University of California at Santa Barbara, USA and,
Professor John A. Pople, Northwestern University, Evanston, Illinois, USA (British citizen).

The Laureates have each made pioneering contributions in developing methods that can be used for theoretical studies
of the properties of molecules and the chemical processes in which they are involved.

Citation:
"to Walter Kohn for his development of the density-functional theory and to John Pople for his development of
computational methods in quantum chemistry."

Development of computational methods in chemistry awarded
Researchers have long sought methods for understanding how bonds between the atoms in molecules function. With
such methods it would be possible to calculate the properties of molecules and the interplay between them. The
growth of quantum mechanics in physics at the beginning of the 1900s opened new possibilities, but applications within
chemistry were long in coming. It was not practically possible to handle the complicated mathematical relations of
quantum mechanics for such complex systems as molecules.

One of the founders of quantum physics, Dirac, expressed the problem in 1929 as follows: "The fundamental laws
necessary for the mathematical treatment of large parts of physics and the whole of chemistry are thus fully known,
and the difficulty lies only in the fact that application of these laws leads to equations that are too complex to be solved.

Things began to move at the beginning of the 1960s when computers came into use for solving these equations and
quantum chemistry (the application of quantum mechanics to chemical problems) emerged as a new branch of
chemistry. As we approach the end of the 1990s we are seeing the result of an enormous theoretical and computational
development, and the consequences are revolutionising the whole of chemistry. Walter Kohn and John Pople are the
two most prominent figures in this process. W.Kohn's theoretical work has formed the basis for simplifying the
mathematics in descriptions of the bonding of atoms, a prerequisite for many of today's calculations. J. Pople developed
the entire quantum-chemical methodology now used in various branches of chemistry.

Computer-based calculations are now used generally to supplement experimental technics. For several decades they
have been developed and refined so that it is now possible to analyse the structure and properties of matter in detail.
Conventional calculation of the properties of molecules is based on a description of the motion of individual electrons.
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Press Release
9 October 2013

The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in Chemistry for 2013 to

Martin Karplus
Université de Strasbourg, France and Harvard University, Cambridge, MA, USA

Michael Levitt
Stanford University School of Medicine, Stanford, CA, USA

and

Arieh Warshel
University of Southern California, Los Angeles, CA, USA

“for the development of multiscale models for complex chemical systems”

 

The computer – your Virgil in the world of atoms
Chemists used to create models of molecules using plastic balls and sticks. Today, the modelling is carried
out in computers. In the 1970s, Martin Karplus, Michael Levitt and Arieh Warshel laid the foundation for
the powerful programs that are used to understand and predict chemical processes. Computer models
mirroring real life have become crucial for most advances made in chemistry today.

Chemical reactions occur at lightning speed. In a fraction of a millisecond, electrons jump from one atomic to the other.
Classical chemistry has a hard time keeping up; it is virtually impossible to experimentally map every little step in a
chemical process. Aided by the methods now awarded with the Nobel Prize in Chemistry, scientists let computers unveil
chemical processes, such as a catalyst’s purification of exhaust fumes or the photosynthesis in green leaves.

The work of Karplus, Levitt and Warshel is ground-breaking in that they managed to make Newton’s classical physics
work side-by-side with the fundamentally different quantum physics. Previously, chemists had to choose to use either
or. The strength of classical physics was that calculations were simple and could be used to model really large
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molecules. Its weakness, it offered no way to simulate chemical reactions. For that purpose, chemists instead had to use
quantum physics. But such calculations required enormous computing power and could therefore only be carried out
for small molecules.

This year’s Nobel Laureates in chemistry took the best from both worlds and devised methods that use both classical
and quantum physics. For instance, in simulations of how a drug couples to its target protein in the body, the computer
performs quantum theoretical calculations on those atoms in the target protein that interact with the drug. The rest of
the large protein is simulated using less demanding classical physics.

Today the computer is just as important a tool for chemists as the test tube. Simulations are so realistic that they
predict the outcome of traditional experiments.

Read more about this year's prize

Popular Information
Pdf 1 MB

Scientific Background
Pdf 600 Kb

To read the text you need Acrobat Reader.

Image 1 (pdf 12 Mb)

Image 2 (pdf 1 Mb)

Image 3 (pdf 5 Mb)

Martin Karplus, U.S. and Austrian citizen. Born 1930 in Vienna, Austria. Ph.D. 1953 from California Institute of
Technology, CA, USA. Professeur Conventionné, Université de Strasbourg, France and Theodore William Richards
Professor of Chemistry, Emeritus, Harvard University, Cambridge, MA, USA.

http://chemistry.harvard.edu/people/martin-karplus
http://www-isis.u-strasbg.fr/biop/start

Michael Levitt, U.S., British and Israeli citizen. Born 1947 in Pretoria, South Africa. Ph.D. 1971 from University of
Cambridge, UK. Robert W. and Vivian K. Cahill Professor in Cancer Research, Stanford University School of Medicine,
Stanford, CA, USA.

http://med.stanford.edu/profiles/Michael_Levitt

Arieh Warshel, U.S. and Israeli citizen. Born 1940 in Kibbutz Sde-Nahum, Israel. Ph.D. 1969 from Weizmann Institute of
Science, Rehovot, Israel. Distinguished Professor, University of Southern California, Los Angeles, CA, USA.

http://chem.usc.edu/faculty/Warshel.html

 

The Prize amount: SEK 8 million, to be shared equally between the Laureates.

Contact: Perina Stjernlöf, Press Officer/Editor, Phone +46 8 673 95 44, +46 70 673 96 50, perina.stjernlof@kva.se

The Nobel Prize in Chemistry 2013 - Press Release http://www.nobelprize.org/nobel_prizes/chemistry/laureates/...

2 of 4 30/09/14 12:22
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Oscillateur harmonique (ressort) unidimensionnel en mécanique
classique

— On désigne par x = 0 la position de l’extrémité M de masse m du ressort au repos

— Équations de Newton : m
dv

dt
= F

— La force s’exerçant sur M est une force de rappel F = −k x ex et le mouvement s’effectue

suivant l’axe des x soit v =
dx

dt
ex

— La position de M à n’importe quel instant t est déterminée par sa position x(0) et sa vitesse
dx

dt

∣∣∣∣
0

à l’instant initial t = 0 :

x(t) = x(0) cos(ωt) +
1

ω

dx

dt

∣∣∣∣
0

sin(ωt)

où ω =

√
k

m
.
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Énergie en mécanique classique du point

— On dit qu’une force F dérive d’une énergie potentielle d’interaction V (r) lorsque

F = −∇V = −
[∂V
∂x

ex +
∂V

∂y
ey +

∂V

∂z
ez
]

— oscillateur harmonique : F = −k x ex −→ V (x) =
1

2
k x2

— atome d’hydrogène : la force d’attraction exercée par le noyau (situé en r = 0) sur l’électron à la

position r s’écrit F = − e2

4πε0

r

r3
−→ V (r) = − e2

4πε0 r

— Conservation de l’énergie :

d

dt

[
1

2
mv2 + V (r)

]
= 0 −→ E(t) =

1

2
mv2(t) + V (r(t)) = E(0)

— L’énergie est donc une fonction de la position et de la vitesse initiales. Toutes les valeurs possibles
de l’énergie forment un continuum.
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Dualité onde-corpuscule

http://fr.wikipedia.org/wiki/Fentes_de_Young
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Onde plane

— Une onde périodique dans le temps et l’espace est décrite en mathématiques par la fonction d’onde

Ψ(r, t) = Ψ0 e
i
(
k.r−ωt

)

où ω est la pulsation et k est le vecteur d’onde de norme ||k|| = k.

— période temporelle T : Ψ (r, t+ T ) = Ψ (r, t) −→ T =
2π

ω

— période spatiale λ (longueur d’onde) : Ψ
(
r + λ

k

k
, t
)

= Ψ(r, t) −→ λ =
2π

k

— célérité (vitesse) de l’onde : Ψ(r, t) = Ψ
(
r +

ωkdt

k2
, t+ dt

)
−→ vϕ =

ω

k2
k

−→ vϕ = ||vϕ|| =
ω

k
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Notion d’interférence

— Soient deux ondes spatiales périodiques Ψ1(x) = Ψ0eikx et Ψ2(x) = Ψ0eikx+iϕ où k > 0

et ϕ > 0.

— Notons que Ψ1(x) = Ψ2

(
x− ϕ

k

)
= Ψ2

(
x− ϕ λ

2π

)
←− ϕ décrit le déphasage entre les deux

ondes

— Onde totale Ψ(x) = Ψ1(x) + Ψ2(x)

x

partie réelle

Ψ1

Ψ2

Ψ

0
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Interférence constructive
(
ϕ = 2πn avec n = 0, 1, 2, . . .

)

x

partie réelle

Ψ1
Ψ2

Ψ

0
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Interférence destructive
(
ϕ = (2n+ 1)π avec n = 0, 1, 2, . . .

)

x

partie réelle

Ψ1

Ψ2

Ψ

0
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Interprétation de l’expérience des fentes de Young

— On suppose que l’écran est à l’infini (très éloigné des fentes) et θ est "petit" (sin θ ≈ θ).

Introduction à la mécanique quantique

Interprétation de l’expérience des fentes de Young

— On suppose que l’écran est à l’infini (très éloigné des fentes)

d ✓

— Les deux ondes sont déphasées de ' = 2⇡
d

�
✓ �! | (✓)|2 = 4 2

0 cos2

 
⇡

d

�
✓

!
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— Les deux ondes sont déphasées de ϕ ≈ 2π
d

λ
θ −→ |Ψ(θ)|2 ≈ 4Ψ2

0 cos2

(
π
d

λ
θ

)
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Intensité lumineuse dans la direction θ

θ

|Ψ(θ)|2

0 λ

2d

3λ

2d
− λ

2d
−3λ

2d
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Intensité lumineuse dans la direction θ pour d = 0.01λ

θ

|Ψ(θ)|2

0
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Intensité lumineuse dans la direction θ pour d = 5λ

θ

|Ψ(θ)|2

0
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Intensité lumineuse dans la direction θ pour d = 20λ

θ

|Ψ(θ)|2

0
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Mécanique ondulatoire

— Par analogie avec le champ électromagnétique dans le vide (qui est donc "libre"), on décrira en
mécanique ondulatoire une particule libre de masse m et de vecteur vitesse v à l’aide d’une onde
plane. La fonction d’onde correspondante s’écrit

Ψ(r, t) = Ψ0 e
i
(
k.r−ωt

)

— Relations de Louis de Broglie : ω =
E

~
, k =

p

~

— p est la quantité de mouvement de la particule : p = mv

— E est l’énergie (ici cinétique) de la particule : E =
1

2
mv2 =

p2

2m
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Équation de Schrödinger pour la particule libre

— La fonction d’onde associée à la particule libre s’écrit finalement

Ψ(r, t) = Ψ0 e
i
~

(
p.r− p2

2m
t
)

— Elle vérifie donc i~
∂Ψ(r, t)

∂t
=

p2

2m
Ψ(r, t) = − ~2

2m

[
− p2x

~2
−
p2y

~2
− p2z

~2
]
Ψ(r, t)

︸ ︷︷ ︸
∂2Ψ(r, t)

∂x2
+
∂2Ψ(r, t)

∂y2
+
∂2Ψ(r, t)

∂z2
= ∇2Ψ(r, t)

soit − ~2

2m
∇2Ψ(r, t) = i~

∂Ψ(r, t)

∂t
←− équation de Schrödinger pour la particule libre
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Équations de Schrödinger dépendante et indépendante du temps

— Généralisation à une particule pour laquelle l’énergie potentielle d’interaction V (r) est non nulle
(postulat)

− ~2

2m
∇2Ψ(r, t) + V (r)×Ψ(r, t) = i~

∂Ψ(r, t)

∂t
←− équation de Schrödinger

dépendante du temps (ESDT)

— Séparation des variables d’espace et du temps (solution stationnaire) :

Ψ(r, t) = ϕ(r)e−iE~ t E : énergie en mécanique ondulatoire

— Comme i~
∂Ψ(r, t)

∂t
= Eϕ(r)e−iE~ t, il vient de l’ESDT

− ~2

2m
∇2ϕ(r) + V (r)× ϕ(r) = Eϕ(r) ←− équation de Schrödinger

indépendante du temps
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Équation de Schrödinger indépendante du temps : exemples

— Il est important de réaliser qu’il y a deux inconnues dans l’équation de Schrödinger indépendante
du temps : la fonction d’onde spatiale ϕ(r) mais également l’énergie associée E.

— Dès lors que la particule est confinée dans l’espace (comme les électrons le sont dans les molécules
du fait de l’attraction nucléaire), l’énergie E prend des valeurs discrètes. L’énergie est alors
quantifiée.

— Oscillateur harmonique quantique unidimensionnel :

− ~2

2m

d2ϕ(x)

dx2
+

1

2
kx2ϕ(x) = Eϕ(x), E→ En = (n+ 1

2
)~ω où ω =

√
k

m
et n = 0, 1, 2, . . .

— Atome d’hydrogène :

− ~2

2m
∇2ϕ(r)− e2

4πε0

ϕ(r)√
x2 + y2 + z2

= Eϕ(r), E→ En = −EI

n2
où EI =

me4

2(4πε0)2~2
≈ 13.6 eV

et n = 1, 2, 3, . . .

ECPM, Strasbourg, France Page 23



Introduction à la mécanique quantique

Interprétation probabiliste de la fonction d’onde

— On note dr = dxdy dz le volume infinitésimal d’espace positionné en r

— Par analogie avec l’onde lumineuse, la probabilité de présence de la particule à la position r

s’exprime comme suit

dP(r) = |ϕ(r)|2dr = n(r)dr

— La quantité n(r) = |ϕ(r)|2 = ϕ∗(r)ϕ(r) est la densité de probabilité de présence

— Condition de normalisation :
∫

R3
dP(r) = 1 =

∫

R3
|ϕ(r)|2dr

où
∫

R3
dr ≡

∫ +∞

−∞
dx

∫ +∞

−∞
dy

∫ +∞

−∞
dz
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Interprétation probabiliste de la fonction d’onde

— La position moyenne de la particule est définie comme suit :

〈x〉 =

∫

R3
x× dP(r) =

∫

R3
x|ϕ(r)|2dr

〈y〉 =

∫

R3
y × dP(r) =

∫

R3
y|ϕ(r)|2dr

〈z〉 =

∫

R3
z × dP(r) =

∫

R3
z|ϕ(r)|2dr

— L’impulsion moyenne est définie comme suit :

〈px〉 = −i~
∫

R3
ϕ∗(r)

∂ϕ(r)

∂x
dr

〈py〉 = −i~
∫

R3
ϕ∗(r)

∂ϕ(r)

∂y
dr

〈pz〉 = −i~
∫

R3
ϕ∗(r)

∂ϕ(r)

∂z
dr
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