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Born-Oppenheimer approximation
o Molecular Hamiltonian = H(r,R) = T.(r) + Tx(R) + V(r,R)

@ BO approximation:
o 9(r,R,t) = ¢7°(r,R) Q(R, t)
N—_—— ———

electronic  nuclear
° {fe(r) + \7(r, R)} (bjBO(r, R) = €JBO(R) (253_300,7 R)
o 28I = [F(R) + PO (R)] AR, 1)
o Grid {Ri}YL; = {¢°(R)I,
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Stretching vibrations

'L~ Potential energy curve

E(R)

@ Unbound states.

R, @ Bound states.
; o Dissociation energy = D,

o Internuclear equilibrium
distance = R, (bond length)

o Potential energy curve

2 3 higher order
V(R)= PN (R—Re)+1(2ZY) (R-R)?+1(2Y) (R—Re)3+ &
(R)= YAReT + (S (R—Re)+3 (5% )Re( ) +e(aR3>Re( T e

energy minimun

origin
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RS FRVITEL PN Harmonic oscillator

% Harmonic oscillator

@ Harmonic potential

1 [0%V
Vi(R) = = [ =—— R — R.)?
R=5 (Gre), (R
N——— q
k — force
Re R constant

o km W(R) =00 # D.
R—o0
o Minimun at R = R,

_1.p2
o A«r_];]o Vh(R)— 2kRe < 00
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Harmenic oscilator
# Harmonic oscillator (HO)

@ Classical HO

2

P 1, o 1, 5
E="h { “p? = ZkA

o 2R =g

mampg

ma + mpg

_ dqn
T

F=—-kqn=pa— —ka

\l/ q, (0)=0

qn(t) = Asin(wt) —» w =21 = \/k/n
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Harmenic oscilator
# Harmonic oscillator (HO)

period of oscillation
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RS FRVITEL PN Harmonic oscillator

# Harmonic oscillator (HO)

pu(t) = 11 Gn(t) = pAw cos(wt) = pwy/A? — gi(t)

R.W. Roninette, Am. J. Phys. 63, 823
(1995)
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Harmenic oscilator
# Harmonic oscillator (HO)

@ Quantum HO

= HO eigenvalues

o Eb=(n+1)m n=20,1,2,...

o Minimun energy — E}! = %hl/ —

Zero-point energy (ZPE)

o AE=E, .1 —E,=hv —
vibrational quantum
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Nuclear potentials

ka® — HFn(q)ok(q) = Eréh(q)

Potential energy
of form Ensray

1 2
zkx i Transition

L,
Internuclear separation X

Sl ’
re
x=0 represants the equilibrium
separation batween the nuclel,
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Harmenic oscilator
# Harmonic oscillator (HO)

= HO wavefunctions

W, F

do(q) = (2)* e /2

1/4 PNpS]
ﬁ) qe “9/2

I
—~
3

o Nodes = n
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Harmenic oscilator
# Harmonic oscillator (HO)

o Classicaly allowed and forbidden regions

E=T+VRBE>V - -A<gi<+A

Classical
probability

Classical
prabability

Clagsical limit

& N Classical limit
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Harmenic oscilator
# Harmonic oscillator (HO)

o
@

I > J.J. Diamond, Am. J.
0.041 Phys. 60, 912 (1992)

Penetration Probability P(n)

0.00 i i i i . } i 1 i
0 50 100 150 200 250
Quantum Number n
Fig. 1. The graph of the i ility P(n) vs number

n for values of n ranging from n=0to n=250.

@ Problems
e No dissociation limit (1 n)
o Anharmonicities = k3 ¢> + ks g* + ... — AE # constant

Adolfo Bastida (Universidad Murcia) Nuclear potentials QCyMM 12 / 39



AL FRVITEL LTI Morse oscillator

g Morse oscillator

Philip McCord Morse, (August

- 6, 1903 - September 5, 1985)
g R—Re)\?
Var(R) = D, (1 - e7R=R2)
_ n+1/2  (n+1/2 2}
Irriternuclear Separation (r) ® b 4De{ s ( s )
(] ZPE:>D0:De—E0
o km Vi(r)=D.

o AE =% (127D

o Minimun at r = re

S = \/8uD./ah

0 km Var(r)=De(1—eRe)?<oo
r—0

Adolfo Bastida (Universidad Murcia) Nuclear potentials

QCyMM 13 / 39



AL FRVITEL LTI Morse oscillator

' Morse oscillator

@ Morse wavefunctions

8000

6000

Energy /cm-1 (& Wavefunction)

Internuclear Distance
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G FRVITEL LB Kratzer oscillator

& |<ratzer oscillator

Vi(r)
e B. Adolf Kratzer (1893-1983)
2
Vi(R) = D. (1 - E)
B
I, r
o b V() = D, o £0.(1- 20)
r—o00
o Minimun at r=re m:(gf*%)m*% and Be:2ﬁ2r3

km V4 = _ Dbz 1 1
0 wi(r) = oo °o AE =% ((n+m+1)2 - (n+m+2)2)
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Gy e el
E Other oscillators

@ Analytic: Rosen-Morse, Rydberg, Linnett, ...

@ Power series expansions:
oV 1 [0*V 1 [0V
V(y)= V(0 — =)V += =]y +...
) ()+(3y)oy+2!(3y2>oy +3!<5y3>oy i

y: R — Re 1_ e_a(R_Re) ﬂ
) ) R ).

e Many adjustable parameters. Quality of the fit < Uncertainty
o Numerical solution of the vibrational Schrédinger equation.
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7“ Bending vibrations

@ Harmonic bending vibrations
o V(0)=1k(6—6.)?
0 o Fop=—k(0—0.)

@ Anharmonic terms
:>k3(0—0e)3+...
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Torsional motions

% Torsional motions

@ Dihedral angles
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Torsional motions

¥® Torsional motions

CH, oH CH,
H H H E:H3 H CH,
H
. . o ~, H ~H
e Torsional motions " g
CH, H H

180 120" 60 0
=
&
1
z
i
w
2 19 Kfmol
il
H 16 kjimol
3.8 kifmal
anti ecipsed  gauche  eclipsed  gauche  eclipsed anti

rrethyls
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Torsional motions

—TTT T — —T
[ n=1 ] [ n=2 /]
/1 .1, 1 N\ [ e ]

-180 90 0 90 180 -180 -90 O 90 180

T T 17T T T T T
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7 AR VA VAT B\ 1 ] ] ]

-180 90 0 90 180 -180 -90 O 90 180
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Coulomb forces
€) Coulomb forces

Periodic Table of the Elements
Electronegativity

.|;

W

in| w

mg
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om | o

N [ g
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K| e n

on | im -

wo | s %
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van der Waals forces
€) van der Waals forces

@ van der Waals forces

o Electric dipole = u=gq-/ O — 0

o Dipole-dipole interactions

000
000 - socomp
000

o Dipole-induced dipole interactions

00 00
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LR YT I BT EC L van der Waals forces

€) van der Waals forces

@ Instantaneous dipole-induced dipole interactions.

Qe 0o

Vig=—-% = Cx 22 — o polarizability
° Intensity = d|pole—d|pole > dipole-ind. dipole > inst. dipole-ind. dipole

@ Short range repulsive forces = Ve, o< 1z
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LR YT I BT EC L van der Waals forces

€) van der Waals forces

@ Lennard-Jones potential

100
E/cm

50 r

-50

-100

'." Attractive —B/r®

3.0

5.0 6.0
r/A

4.0

7.0

8.0

V) e ()7 (2)) = () 2 (e

@ Imin — 21/60 = VLJ(rmin) = —€

o Vij(0) =0 = effective atomic radius
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LR YT I BT EC L van der Waals forces

€2 van der Waals forces

@ Homoatomic interactions

Table 1.1. Atom-atom interaction parameters

Atom Source efkg(K) a(nm)
H [Murad and Gubbins 1978] 8.6 0.281
He [Maitland et al. 1981] 10.2 0.228
C [Tildesley and Madden 1981] 512 0.335
N [Cheung and Powles 1975] 373 0.331
o [English and Venables 1974] 61.6 0.295
F " [Singer et al. 1977) 528 0.283
Ne [Maitland et al. 1981] 470 0.272
S [Tildesley and Madden, 1981] 183.0 0.352
a [Singet et al. 1977] 173.5 0.335
Ar [Maitland ez al. 1981] 1198 0.341
Br [Singer et al. 1977] 2572 0.354
Kr [Maitland et al. 1981] 1640 0.383

@ Heteroatomic interactions

1

UABZE(O'A‘i'Ub) €AB = \/€A - €B
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u Criteria

e Any fragment of the molecule

ABC — A+ BC
— B+ AC
— C+ AB
—+A+B+C

@ Symmetry properties

@ Reproduce experimental/ab
initio data

@ Reasonable behaviour
everywhere

@ Smooth behaviour

@ Simple algebraic form

o Easy to fit

@ Good convergence with new
data

e Focus on most meaningful
regions
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Potential energy models Power series expansions

E Power series expansions

I

53V
T Z (aq,aqjaq > 99kt -

oV
V= Veq+z< > qi + 2|Z<aqaq>q,qj

Convergence properties = dissociation channels
Many parameters — accurate

Difficult interpretation

Spectroscopy
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Potential energy models Power series expansions

E Power series expansions

Journal of Molecular Snw:ture (Theochem), 166 (1988) 867-362
BYV.

357
Elsevier Science lishe e inted in The

PERTURBED MORSE EXPANSION FOR TRIATOMIC MOLECULES

J, %Ghiga, A. Bastida, A. Hidalgo and A. Requena

Departamento de Quimica-Ffsica, Universidad de Murcia, Murcia
30001 (Espafia)

lengths. The most commonly used expansion has been tmat im temms T TTTTTRTS
of internal displacements coordinates
Vg = T KjjRiRj + T KijkRiR§Rk + © KijkiRiR§RKRL (§1)

where Ry=ri-ry ., Ry=6-f¢ and

.=, .. vhich is adequate around

POTENTIAL MODEL

The internuclear motion of s triatomic molecule can be described

Vig = I Mygvevy v DMy ¢ B My YaYng @
whexe

y=1- 1213 &)
ana

Yy 0 -0y )
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Potential energy models Many-body expansions

fitfi Many-body expansions

V =% Va(ry)+ 3 Va(riririx)+---

i< i<j<k @ Good asymptotic behaviour
rj—+distance between atoms / and j @ Low flexibility in bond regions
Vo—Two body interactions @ Useful in reactivity

V3—Three body interactions

17 February 1995 —_—
CHEMICAL
PHYSICS

LETTERS

ELSEVIER Chemical Physics Letters 233 (1995) 405410 —

Adjusted double many-body expansion potential energy surface
for HO, based on rigorous vibrational calculations
AJ.C. Varandas *, J.M. Bowman *', B. Gazdy "

* Departamento de Quimica, Universidade de Coimbra, 3049 Coimbra Codes, Portugal
" Department o C Cherry. i 24

Ga, Usa
Received 10 November 1994;in ina form 29 November 1994
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Potential energy models Molecular Mechanics potentials

@8 Molecular Mechanics potentials

1
V = kp(l — 1)
Ezb o+
bonds

X3 e |(%

J=1 i=j+1

Z (0 — 00)?

anghs

12 6
) (%)
i Fij

@ Biomolecules (proteins, ADN,...)

@ Very general

@ Accuracy
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Molecular Mechanics potentials
@8 Molecular Mechanics potentials

o AMBER = Assisted Model Building with Energy Refinement
W.D. Cornell et al. A second generation force field for the simulation of
proteins, nucleic acids and organic molecules. J. Am. Chem. Soc. 117,
5179-5197 (1995).

@ CHARMM =- CHemistry At HaRvard Molecular Mechanics
small M. Karplus et al. All-atom empirical potential for molecular modeling
and dynamics studies of proteins. J. Phys. Chem. 102, 3586-3616 (1998).

@ GROMOS = GROningen MOlecular Simulation
van Gunsteren et al. A biomolecular force field based on the free enthalpy of
hydratation and solvation: The GROMOS force field parameter sets 53A5
and 53A6. J. Comput. Chem. 25, 1656-1676 (2004).

@ OPLS = Optimized Potential for Liquid Simulations
W.L. Jorgensen et al. Development and testing of the OPLS all-atom force
field on conformational energetics and properties of organic liquids. J. Am.
Chem. Soc. 118, 11225-11236 (1996).
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Molecular Mechanics potentials
@8 Molecular Mechanics potentials

]’f’ The Nobel Prize in Chemistry 2013
Martin Karplus, Michael Levitt, Arieh Warshel

share this: FIEEIEX 8890

The Nobel Prize in
Chemistry 2013

Photo: A. Mahmoud Phot Tahmoud
Martin Karplus Michael Levitt Arieh Warshel
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Chemistry 2013 was awarded jointly
to Martin Karplus, Michael Levitt and Arieh Warshel
“for the development of multiscale models for complex
chemical systems™.
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Potential energy models EAWEII

et Water

o Most studied molecule
= H-bond

@ 69 anomalous properties of
water

http://www1.Isbu.ac.uk/water/water anomalies.html
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Water
et Water

e Models

Parameters for some water molecular moclels
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Wodel e oA" [siamor® | & e [wel [ o (o
ssp BT E [ 3o Ba1s = E = T [w947 w947
spc B4 a 3.166 0650 10000 - +0410 | -08200 [10947] -
S P = [sms [ s [woow | - [0z [ oses [wear| -

H[spcrw @z | & | a5 | osw | toow | - |+o430 | 08700 [wosr| -
SPCIFw = B941 a 3.166 0650 10120 - +0410 | -08200 [11324] -
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Water
et Water

@ Best model? = B. Guillot. A reappraisal of what we have learnt during

three decades of computer simulations of water. J.Mol. Liquids 101,
219 (2002)

12 T T T T T
T2 SPC TIP4P WK TIPSP
T & MCY  TIPSP  SPCE SPCHW  DEC ]
§
=P
o | LU
0.8
0 4 L3 a 10 12
12 T T
RWK SPC/F MCYL NCF
Tufp oF BIH KKY CFt 3
<
2 |
] 1
0.83 [ <07 01 | 080 i '
08 ? I
o 2 4 a 8
1z aa T
NCC K RPOL TIP4PFQ NEMO SWFLEX
% 1.1 SPCP PTIP4P PSRWK PPC SPCFQ MCDHO POLS J
<
3
2, | , . |
LT L el L
08
L] 5 10
POTENTIAL

Figure 1. Density of simulated water at 298K and 1bar for different model potentials (see
Table):top panel (rigid models), middle panel (flexible models) and bottom panel (polarizable
models). The dotted line indicates the experimental value for H,0 (0.997g/cm3).
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Numerical calculation of vibrational states Pertubative treatment

/_E: Pertubative treatment

@ Perturbation theory

A N — EO) L \EM) £ \2 EQ)
_ / E EW) + + 4 ...
H=r +AHé{w:w(°)+w(1)+x2¢<2)+...

ED, g0 = @1 jp®)
!

analytical /numerical

o Analytical expresions = cumbersome
o Convergence properties
o Useful for interpretation
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Numerical calculation of vibrational states [EAVETZENEY EYNISAITY:]

/._i: Variational method

@ Linear variational method

A©©) = E©0)0) s basis set
A=A91 4 = ©)
Y= ; Ck Py

CHC=A = @O H|y?)
l

analytical /numerical

o Diagonalization = computationally demanding
o Convergence properties
o Choice of the basis set
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Numerical calculation of vibrational states DVR method

¢ DVR method

@ Discrete Variable Representation method
cpgo) — HO, particle in a box,...

l
(©!V1210%) - BIXB =,

(@PVRIRIOPVR) =M 0y < ¢f VR = Zbk,

l
(@PVEIV)I0PVE) & V(A) 5
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Numer

DVR method

al calculation of

| states

DVR method

W(x)

S

W(x)

x
Tignre 1A, Particle in a box DVR. The system is defined

for a box ranging from - 10

o s 0

I to 10 bohr.

w(x)

£ B

Figure 2A. A Numerically G
the harmonic oscillator.

o 5 10

x
enerated DVR (NG-DVR) for

x
Figure 1B. A sel of 3 partide in a box DVR’s. The quadr

ture points are equaly spaced in this case.

a

4

x
Figure 2B. A set of 5 NG-DVR for the harmonic oscillator.

J.J. Soares Neto and L.S. Costa, Braz. J. Phys. 28, 1 (1998)
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