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Problem to solve:

Solution of the
e electronic

¢ time-independent

e non relativistic

Schrodinger equation for many electron

systems:

HWY = EV

H=) (-1/2V]- Z—-—-) sz

¢ 3>

H="H +H>



Historical QC-Landmarks:

e 1927 H- Heitler & London
e 1955 N5 Scherr

(2 assistants, mechanical calculators: 2 years)

e 1958-59 1rst row diatomics & hydrides

e 1971 cytosine-guanine complex

-

YRR W DY) Wo & chek)

e 1996 p53 tumor supressor tetramization
monomer

(HF, 3836 basis fcts on a IBM RS6000/590)

C,o D2P LSO



Overview:

e Basis Sets

e Hartree-Fock
(RHF, ROHF, UHF)

e Configuration Interaction
(Cl, CISD, CISDT,..FCI, MRCI,
MCSCF, CASSCF, GVB)

e Many-Body Perturbation
(MP2, MP3, MP4,..MPn)

e Coupled Cluster
(CCD, CCSD, QCISD, CCSsDT,
CCSD(T), CCSDTQ)

e Applications
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WWW Addresses:

e The CCQC Book of Knowledge:
http://zopyros.ccqc.uga.edu/Docs
/Knowledge/intro.html

e Sandia National Labs, Center for
Computational Engineering:
http://midway.ca.sandia.gov/chemistry

/index.html

e WWW Computational Chemistry Resources:
http://lacebark.ntu.edu.au/chem_ref.htmi

e Quantum Chemistry Program Exchange
QCPE:
http://www.osc.edu/ccl/qcpe
/QCPE/index.html

e Pacific Northwest Laboratory Basis set
server:
http:/ /www.emsl.pni.gov:2080/forms
/basisform.html
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Basis Sets (BSs)

Which basis set??

e > 100 different basis sets!

e NO universal basis set

"Golden Rules’:

e balanced basis sets
e 'better’ method needs 'better’ basis!

Types of Basis Functions:

Slater-type Orbitals (STO'’s): -Gl

P = N'rnﬁle_grnm(ev ¢)

Gaussian-type Orbitals (GTQO's):
(Boys 1950, McWeeny 1953)

. - 2
Cartesian Gaussian: zly™z"e o7

Gls(r) — ( )1/4 —ar

2

SO



_ 128a’
G2p:c — ( 11_3

2048’ B
G3da:y = (—-;:—3—)1/4;Cy€ or

)1/4$e—ar2

2

Redundancy for [ > 2:

Ex: 3d orbitals: > — y?,r? — 2?2

cartesian x2, y?, 22

, LY, L2, Yz —D
y LY, TZ,YZ —b

2.

x> 4+ y* 4+ z° = r°: "3s” —redundant!

Contracted Gaussian (CGTO'’s):

L Gemeni £ Whikren) LS, bl
fixed LC of primitive Gaussian functions:

L
-
¢lmn — wlymzn § :d,,;e T

p=1

L: length of contraction (segmented or general)
d,, a,: fixed (determined once)

"Exotics’

e lobe functions

¢ floating spherical GTO’s
e (gaussian) geminals

e r12-dependent basis fcts

A7
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Gaussian Product Theorem:

(product of 2 Gaussian on two different centers
is 1 Gaussian at a third center)

Ex. unormalized 1s GTO's:
913(7-'. — ﬁA)QIS(F — ﬁB)

= exp[—a(F — Ra)’]exp[-B(F — Rp)’]

— eaxp[——"P_(Ba—Rp)’lezp|—(a+B)(F—R,)’]
a-+ R+ BR
L 0¥ 2 9.} B
- a+p

—4-center integrals (for 1s Gaussians) reduce to
two-center integrals

Laplace transform
(Gaussiarr integral transform)

1 1 e 2

S= [ e Vaas

r V& Jo

—nuclear attraction integral and electron
repulsion integral transform to

L 1
I= ZCmFm(w) F(w) = / t2me—t dt
5 0



Types of Basis Sets

Nomenclature

e contractions: (9s5p) —[4s 2p]
(9s5p/3s2p) —[4s2p/2s1p]

.« heoww edtfment oo qen .
¢ minimum, double zeta, triple zeta...

(No. of basis fct per occupied orbital)
(ex. C: 1s,2s5,2p) A URe:4is s 2pt Li-Ne

e split-valence basis sets

1 basis fct per inner shell orbital, 2 (3) basis
fct per valence shell orbital

example: 6-31G

1s : 6 primitive GTO’s contracted to 1 CGTO
2s/2p: 3 GTO —1 CGTO, 1 GTO uncontracted

o diffuse functions: 6-317G, 6-3177G
(1 more s and p function)
(anions, weak interactions, lone pairs, highly
excited states)
e polarization fcts: 6-31°G, 6-31°"G
| 6-311G(3df,2p)
(set of basis fcts with [ =[2°_+1)
but: Li: d-fcts!

g
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Carbon 6-311G

29 18:33:09 1994

contraction
l coefficient

~T0.456324D404
0.682024D+03
0.154973D+03
'0.444553D402

0.196665D-02
0.152306D-01
.0.761269D-01
.0.260801D+00

:0.130290D+02 0.616462D4+00
1827730401 0400 |
0.480332D+01
_.0.145933B+0F 0.3 h
‘ 5-48345@{.00_
T __T1-00-

Diffuse function =>l 6-311G+

sP 1 1 00
0 438000D-01 O. 100000D+01 0.100000D+01

Polariat;on functxon => ’6-—3116*

D 1 1.00
o szsooon+oo 0. 1ooooon+o1

SP sLef/s

JS 'J'Q SQM«Q

) ,f‘r S a..'fP(,., 7(3)
cotetractinm coeﬁ/
k¢ 0‘-{{?:‘“{- |
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- Carbon Buzznaga—nunnlng DZ
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0.146097E+03

'0.424974E+02
© 0.1418928+02

0.19¢ecop+ay O

'8 XX o

"o, ;147%@1

1.1.00

coefficient

— A — — " S —— S

0.202900E-02

' 0.155350E-01

0.754110E-01

©.257121E+00
- 0.596555E+00

‘2425171%00

‘contraction
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Often used Basis Sets:
Origin:
e least square fit to STO’s (Pople: STO-nG)
e optimize HF energy atoms:
— Individually optimized:
Huzinaga (9s,5p) (H-Ne) —(Dunning: DZ)
Van Duijneveldt (14s,9p) —Davidson (C,0)
— additional contraints:

+ primitives of the same shell constraint to
an [ A
share exponents): (F%p‘!ﬁw n::_!g) %l ey
* even-tempered, well tempered BSs:

(exponents form geometric progression):
r'?‘" 6_@,‘- for S P& a,-/a;_H = 3 =~ const
Huzinaga: (14s,9p) first row elements
(16s,11p) second row

STO-3G, STO-4G.. STO-ng (Pople)
(minimal basis sets)

3-21G, 4-21G n-ijG (Pople)

4-31G, 5-31G, 6-31G split valence BS

6-311G™~ (optimized at MP2 level)

6-311++G(3df,3pd) (optimized at UMP4)

DZP Dunning Double Zeta

with Polarization
MINI-i, MIDI-i. MAXI-i Tatewaki and Huzinaga
(i=1-4) (minimal and split valence)

SF
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Special BSs for Correlated Methods:

e even-tempered, well tempered BSs —can be
used to 'continue’ basis set
An\‘%

e ANO’s «RVDL  3s2p4q
A A ELIYSPVS

e cc (correlation consistent BSs) CERVTAR g0 gy
>4p

Basis-Set Superposition Error
(BSSE)

Calculation of binding energies:

Ebina = Eap— Es — Ep

To be consistent F, 5, F4 and Eg have to be
calculated with the same basis set

Problem:
If basis at A is incomplete, Basis at B will

improve wf at A —artificially better basis set for
molecule AB than for isolated A,B —lower E 5

—too high binding energy

Especially severe for the case weak interactions:

Eying >> Eusp, E 4, E5R

2
.J—ﬁ



Example: Water dimer

A E (SCF) [kJ/mol] BSSE [kJ/mol]

STO-4G -26.4 -24
4-31G -32.2 ~ 4
[541/31]  -19.8 ~ 3
HF it -15.4

Remedy:

e 'complete’ basis set

e Counterpoise Correction
(Boys and Bernardi 1970)
Calculate A with its own basis and

with B’s basis (without B), do the
analogous for B

| :%E — F«k‘bsk\) b5 )

A ®

27



Hartree-Fock Method

Ansatz for Wave Function
Hartree (1927), Fock (1930):

—effective 1-particie model

Substituting into Schrodinger Eq.

—Hartree-Fock equations:

2
{f

}(i)@b; — e 1= 1.2..
Fock operator f i::

Fily=hilt =N g(1) - < -



h(1): exact one-electron operator:

h(l) = —1/2V7 + Z

ryr
J;(1): Coulomb operator
| ® f 1 r —
7,0) = [ vj(2)—w,(2)dF:
- rio

Coulomb integral J;; = [i1]jj] =<ijlig> :

Ji; =< (VT (1) |i(1) >
=[] w:(lwiu);%wj(2)*%(2)@%

—mean field approximation: 1 electron moves
independently in the average field of all the other

(n-1) electrons

IC;(1)w;(1): (non-local) exchange operator:

K, (1), (1) = [/' v (2) e (2)dRale, (1)

ri-



Exchange integral K;; = [ij]ji] =<ij|ji>:

K;; =< ¥:(1)|K;(1)]4:(1) >
_ / / ,,1,;(1)%(1)-1%;%(2)*%(2)@@

Fock operator depends implicitly on wf
— solution has to be done iteratively until

1
self-consistent field (SCF) is reached — "SC
method”

Some Remarks:

e Solution of the HF eqgs.
— gives "ths Cs3t L el ermina-
i.e. the Slater determinant W|th the
lowest possible energy (for this basis)
¢ motions of electrons with the same
spin are Correlated: (Fermi hole)
e =xchange is zxac:
e electrons with different spins move
independently — nc ziectron corre:at. o
e HF is variz: . . (HF energy > true

energy)



- || &

Quantum Chemistry Methods
Short-hands for 2-electron integrals:

“physicist’s notation™:
.o * [ = w - 1 - - — =
< ijlkl >= [/xi (X1)Xj (Xz)‘r——Xk(Xl)Xl(Xz)Xmdxz
12
“chemist’s notation  :
. ey RN S o\ = 1=
[lJlkl] = / ] X (Xl)Xj(Xl)r_-xk(x‘l))(l(x2)dxldx2
12
lijlkl} =< ikl|jl >

“antisymmetrized” 2-el integrals:

< ij||kl > =< ijlkl > — < ij{lk >
= [ik|jl] — [ill7k]

formulation for spatial orbitals:
(ij|kl) = ] f 1/J 1'1)%(1‘1) ¢k(r2)w1(r2)dr1dr2

= [ [¥r(W¥s(1) — ¢k(2)¢1(2)dr1dr2

index permutation symmetries:

< ijlkl >=< ji|llk > complex orbitals
< ij|lkl >=< klji3 >~ complex
[i|kl] = [kl|i7] real or complex

[i|kl] = [jilkl] = [ij|ik] = [jiltk] real



aasam Chemusers Methoas

I1. Electron Correlation and Single Deter-

minant wf
Example:

(a) 2 electrons with anti parallel spin

ds(fu f?.) = ‘|¢1(F1)¢2(F2)&(1)ﬁ(2)”

Probability of finding electrons in dz,dz,:

_»
:E%
t
Tw
+
D
|
m
&8
o
=
=
=
O
2

—positious of electrons are rcorrelated!

Special case:
o. = o. (two electrons in the same orbital)

‘W(F117?2)|2dfldfz — ‘@1(7?1) (/51(7?2”2

2




Quantum Chemustry Methods 15

—

for r, = T,
| (7, T )2 dr dr, = (‘ﬁbl( )l )>#£ o0

_.electrons can be at the same pol
space (mean-field interaction avoids 1/7

nt i

3111

gularity)

(b) 2 electrons with parallel =pin
.@(51:3_5”) Hﬁb )@2(7"2) a1
I

= 1 /2], (F)Pa(1)?6a(7
o (7o) Pa(2)’
(1) () (2) 0 (7o) x(2) 6 (7 (1)} AT AT

a (T
= 1/2[|6. (1) *10=(7)1

_electrons Wit piliues.
At the same polii i spadce Pl e



Solution of the HF Egs:

e set of coupled integro-differential eqs

e basis set expansion —matrix eqs

Hartree-Fock-Roothaan Eqs.
(closed shell systems, singlets)

FOY:(3) = epi(i) i=1,2,...N/2

hel o Lone “C\mwx an “OWOMD pes QoY
N/2 :

F(3) = h(z) + Z 27;(i) — j(i)

a\d\o;\%c c?ex orCT

Expansion in basis set:
= Z CigPq
q
j:(’b) Z Ciquq = €; Z ciq¢q

q q

[ 63D T cusudV = [ ;3 cubidV
q q

}:ciq/%f(i)qudV = E-ichiq/qb;(quv

q q



IO N LA
Leivouy Fransformanes.

OT=2d (&AL,

Z CigFpg = € Z CiqSpq « GO TN
q q me;ssmiL
TFooL mowd- ._——-FC e SCE " L cioey- ot\_:'\‘c&\ "‘“"‘5""'>
- Gerd .*f ou}u\&@ oMM le cononical W oo

transformation yields eigenvalue problem:
FC =CE
with , s
F = S7Y/2FS—-1j2
c =s"*C

Matrix elements

overlap matrix:

Spg = [(b;,qquV =< plg>

Fock matrix:
Foo= [ #7604V =<plfla>

Fu = [ $yBOA+@T;0-K; M1V

=y +2 [ ST 432, DN,V



* 1
- j SO ¥ (@) —;(1]6y(2)aV
j .
* « 1
= hyy — 2 ij f B (27—, ()9 (1)aV

=Y [ 610 ) (e, (2)av
o= N,
= hpq + 2 Sj Sj S: CjirCs
o [ 6(1)6:(2)——6.(2)8,(1aV

T2

—Y T Y e [ (0612 (D, (2)aV

density matrix R = C"C R =
(j runs over cccup! N

= hpg+ > Y Rrs[2(pg|rs) — (ps|rq)]

_ A=§  A=\o
1-el integrals: p=A/2(A+1) «« o
2-el integrals: q=p/2(p+1) s su

VRGN eme Aaag G AN

—-—

e —— - —————— .

RNECUPSEE NS

p—

0



Different types of HF methods

e Restricted Hartree-Fock (RHF)
(Roothaan 1951, Hall 1951)
closed-shell systems (spatial MO's doubly
occupied with one spin o and one spin (3
electron) (non degenerate singlet ground
state)

e restricted open-shell Hartree-Fock (ROHF

ir\uL L d 4...‘;3--

spataal MO’s are singly or doubly occupied

e unrestricted Hartree—Fock (UHF)

L et ey e A

(Popie-Nesc 2l

e

different spatlal MO S for ! and 5 spms

Wavefunctions no longer eigen functions
of spin operator S2 3 occurrence of 'spin
contaminated’ states: Example: Li atom

.‘"bﬁ —t—

ROHF |1s%2s| doublet ., +— 4 o
“ )

UHF |1s4158254| lower energy
Lo - but not pure doublet

3L



NG Szl noteed AL

Conventional SCF  Yies =7
(1) calculate integrals S,;, b, (Pg|7s) —

disk “eep i memin
(2) calculate S~'/*
(3) initial guess for MO coefficients C

+ semiempirical cal

+ h(i) only
« calc with smaller basis set

o~
—
— —

ey

—(4) construct sensity matrix
'- (5) construct ~5cx matric 0
(”integral-driven”: read batch of
integrals from disk, their
contributions into F: $,571/2,C,R,F

(6) transform Fock matrix F = S~ Y2Fp8§—1/?

sum all

(7) diagonalize Fock matrix
C+FC =e - C=S8"1C
(8) convergea.
— energy change < tol
— density matrix change < tol

Yes? — LSLEBQ;E o)

__No? — (4)



Speed up techniques for HF

¢ make use of symmetry:
transform AQO basis to symmetry-adapted
basis

— S, F factorize into blocks

— many integrals zero

e convergence acceleration techniques:
minimization problem min(E(C)) — DIHIS
(direct inversion of the iterative subspace:
extrapolate C**! from C™, C*~1..

e integral cutoff
— neglect (ij|kl) if < 107°-10~" Eg

— ignore whole batches based on 1 comparison,

e.g. i,j,k,| d-orbitals ooyt sormaly
WOy hedk SCE
® O(N) HF 7 okmm\*y'u(‘.gcg\‘w.:\_

daresnet o 41 “’t

Performance of HF

Relative good performance:

e structural properties:
(bond distances ~0.054, bond angles ~ 5°,

torsional angles ~ 10°

e enthalpies for isodesmic reactions:
(error ~ 2-4 kcal/mol)

e barriers for internai rciaticns
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Relative bad performance:
e whole PES

e vibrational frequencies:
systematically too high (10-12 %)
e reaction energies:

homolytic bond breaking (~ 25-40 kcal/mol
off), protonations ( ~ 10 kcal/mol off)

e transition states
e excited states
e alkali metais (e.g. Lis, Nas..)
transition meta: compiexes (e.g. ferrocene

o systems with low lying excited states

Wrong results

e dissociation to open-shell fragments

e dispersion interactions:
e.g. Ary not bound

.Fg



Correlated Methods

Electron Correlation
Probability distribution of a system w:th
2 electrons is not given by the product

p(1)p(2) only:
— — 1 -— —_ - —
P2("'1, 7'2) — Ep(rl)p("?)[l + h’(rla TZ)]
h(71,72): pair correlation function

The presence of electron(1) modifies the
probability distribution for electron(2):
—exchange-correlation hole

Pzc(T1, T2) = p(T2)h(F1, T2)

(exchange-correlation hole created by an

electron at 7).
_.correiated mcticn of electrons

—~HF,., . is higher than the true total
energy of the system
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1.9 The radial distribution function g(r}

The radia! distribution function g{r) is defined such that
the quantity pg(r)dr is the "probability” of observing a second
atom in the spherica] shell between r and r+dr given that there is
an atom at the origin of r. The quantity

p = N}V {1.9.1)

is the number density. This "probability” is not normalised to
unity, but we have instead

o)
' j p glr) 4xr% dr = N-1 (19.2)
0
In fact, (1.9.2) shows that pg(r)41rr2-dr is really the number of
atoms between r and r4dz about 3 ceqtral atom. The function g(r)

can be thought of as the factor that muitiplies the bulk density p
to give a local density p(r) = pg(r) about some fixed atom. Of

course g(r) = 0 when r - 0, since atoms can not completely
overlap. When r becomes large, the central atom "sees” a uniform
distribution, 50 when r + oo then g(r) » L ‘The radial distribution
function contains structural information on the liquid, and can be
determined from X-ray diffraction experiments.

. \1/\.-"'" ady AL s -
" R S BN
3I00F l‘ . 4* = 0.830 - —4\ L e
‘ ™= |.095 N

150} T = 0936 = mim=—— T
. TS (5G] e —

gr)
150}

0.5 b

[ (1 I L] [ L ] 1
030 1.00 1.50 100 150 3.00 350 4.00 4.50

tis -

,mmmmﬁ.mammyu-wau
Mﬁ-“mmr-kﬂllﬂp‘—@p.
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Single-determinant wf:
e (partially) *correlates’ electrons with

the same spin
e does not correlate electrons with

opposite spins
e does not correlate electrons within

doubly occupied orbitals
A St . elT FQ\U\\'\Q\

= Quoraclion 90\0\\‘\&\ Vm we

.,
!«‘:Ae._‘-s
T

FC\u CONAGMON 2ngs O\S\C‘n
T Aok Ao ABd 2ot Ml%ls*l%
6.65% LY

N LA2L c.0uL

Chemist’s definition of E..,,. (Lowdin}

Enonrel _
exact =~ EH Flimit ECO”""
pf Soohese bever CompreM
v EBwg bass bo-e\S
\ Ewﬂ'o\-____ L - ¥ \(
\i O —T— Cgg AT
1 Yosis Y
\ EL_,CJ\"
i - Tt e S ——
\ .

boasisy Sek S\Re

—E.,, is basis set dependent!
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(Quantum Chemustry Methods 6

— More intuitive:
How 1s electron correlation introdiced via con-

Aguration mixing’

2 Examples: (a) Be atom

Ab initio calculations show that the following 4 config-
urations contribute mainly to the gs wf:

U =) |1s%257] — C{l&’:}pil + [1s*2p) + l1822ng
This function can be expressed equivalently:
¥ =1/6C,.|15°
Jlos — azpojatas + a2p.)8 ~ (25 ~ azp.)Bias
(25 —a ’Py)a(% +a2py )0 — (25 — azpy}d(2s + azpy)al+
[{2s — aop,)a(2s + a2p,)B — (25 — azp, )B(2s + a:zpz)oz]i

!

a=(3C./C,)"* Q 15- alpr

T . & Hralor

s + a2p,)al+

where

18

GnoA
102

-+polarized orbitals pairs (2s + a2p,,.) —electrons re-
duce mutual Coulomb repulsion by occupying different
regions of space, they undergo s e o

(b} 7° electron pair of an olefin
Main contribution from other configurations: doubly
excited configurations (7*)? ,like above:

Cil...¢a0B...|=C.|...0ad 3| =

1/2C. . (o — aab")cx(fp + aqﬁl,@...{ R ac;)")fd((b +ada...

—7r? electrons undergo left-right correlation



Different Types of Correlation:

dynamic correlation
'real’ correlation effects due to the

correlated motion of the electrons

'non-dynamic’ (static) correlation:
'everything for which the single-determinant
approximation is inappropriate:

¢ nearly degenerate states

e RHF: wrong dissociation of (singlet)
molecules into open-shell fragments

Can be put right by:
e 2 determinants
¢ valence bond

1
¥ = —\/—5—[514(1)53(2) + 64(2)85(1)] |
x(xmpcz)—x(z)@cz\_) C @

Q C‘; r:\
o UHF
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order many-body perturbation theory {Chapter 6) usi
function as the starting point (see Fig. 6.3). Second-
theory gives a larger fraction of the correlation energy ¢
rium bond length than GVB. However, as R increases

-/.
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Figure 4.4 6-31G** potential energy curves for H,.
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Configuration Interaction

t\'\a.n%-d.cdlo"\
\IICI —_— Z CK(PK o dasis fcbs
% ; (S\ales deks )

exponsion coeflenks

P et - -— A-el bas\s &()5
/"b% ; C’;\q¢q (AG')

role A\

0 104 YOS eiponsion coelacient

Shtaw muc&e,s

HC = SCE — mony &eron
M el
in 50 bosis
if MO’s are orthogonal:

< ¢ilp; >= 0i5
SD’s are orthogonal:

< Ug|¥®r >=0kL

HC =CFE
Cl is trivial!

;/



Cl is not so triviall

(2) number of possible determinants:

~( Nso )__ Nso!

Nelectrons Ne“(NSD"Nel)!

Ex.: Benzene with 6-311G** basis:

(24828) ~ 10%2
—slow convergence, critically dependent on
quality of basis
(3) calculate a i17=. 1177 matrix??
—= 10°3 TByte
—10000x10000 ~ 0.8 Gbyte

(4) diagonalize such a large matrix:

In practice:

(2) large number of determinants

— full CI (FCI) possible for small systems only
(e.g. double-zeta H,0)
—exact result for this basis set

— For all other systems:
—choose wavs to restrict No. of SD's

¥
s



(1) AO(¢p) —MO(y;) —SD(¥;)
(2) construct all Slater determinants

By = ||P1P2ths. .. Tipj .. Eall

N-electron basis functions ® i can be written
as ’'excitations’ from the HF reference ‘

determinant into virtual orbitals:

W, >=Col®y >+ > C; &, >

+3 Y D> Can®l >
a b T s

®, : HF ground-state determinant

d" : singly-excited determinant

®* : doubly-excited determinant
r,s: indices for virtual orbital
a,b: indices for occupied orbitals

(3) calculate Hamiltonian matrix

Hir =< ®x|H|®L >

(4) diagonalize H
—energies and wf's of all state
can be describec by chosen basi

s which



*

do CI for valence electrons only
(or for 'active’ electrons)

consider only all single-, double-, triple..excitati
from a reference determinant (HF)

—(CIS, CISD.,....CISDTQ...)

multi reference ClI (MRCI)

HF —a few important determinants
—CISD from all these determinants
selected Cl:

determine approximate energy contribution
of every determinant (via perturbation
theory) and include only those >
threshold

use symmetry where possible

Slater determinants —configuration state
functions (CSF’s)

CSF: linear combination of a small
number of SD’s which are spin eigen
functions

—10%-10° determinants (or CSF’s)

(3) storage of matrix

o

Direct Cl:

(recalculate H matrix elements as needed
in the diagonalization, store only coefficient
vectors (Cl vectors)

- v ' .

(4) ciagcnaiizaticn: nc fun diagonaiizatic”



instead: find only the lowest eigenvalues and
eigenvectors (gs + first few excited states)
—+O(N2) algorithm (Shavitt, Davidson)

Properties of the Cl expansion

WIf ansatz for the ground-state:

|y >= Co|Po > +ZZCZ|‘I’£ >

TS S oniEn >+
a b T S

Matrix elements between Slater determinant

Expectation:
singly-excited determinants are closest

in energy —will contribute most to gs

wf...doubles next...etc..
Consider C! expansion of 2 terms:

e HF + 1 singly-excited determinant
1T, >= Co|®g > +C5| P >

5



Cl egs:

< Qo|lH|Py > < B|H|DL > Co\ _ £ | Co
< OT|H|®y > < PL|H|P, > Ca/) ~°NCg

a

mixing is determined by off-diagonal elements:

occC

< ®o|H|®}, >=< alh|r >+ > < ablrb > — < ablbr
b

occC

<alh+> (T —Kp)lr >=<a|f|r >= €z6ar =0
b

Brillouin theorem:

no direct interaction between HF
determinant and singly-excited determinan

e Doubly excited configurations do
have a direct interaction with HF
determinant

e triply- and higher excizzz determinants
do not

General rules: Slater-Condon rules
matrix elements of any 1l-el and 2-el operator
between pairs of anti symmetrized spin-orbital
products (arranged with maximal coincidence)
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70 MODERN QUANTUM CHEMISTRY

Table 2.3 Matrix elements between determinants for one-clectron operatess
in terms of spin orbitals

N
0, =Y hli)

i=t

Case l: [K) = mn---)

N N
CKIOL|KY = T [mlhlm] = 3 <mhfon

Case2: |[K)=|"-mn--
lL>=|"'P”"'>

(KIO LS = [mlflp] = <mblp
Case3: |[K) = mn--
IL>=1["-pg-

(K|O,|LY = ©

Table 2.4 Matrix elements between determinants for two-electron operators
in terms of spin orbitals

Casel: |[K)=|-mn---
| NN | NN
(K|O,|K> 252 Y [mm|nn] — [mn[nm]=§z Y. Kmn|mn}
Case 2: [Ky =|--mn---
|L>=|"'pﬂ"‘>

(KIOLY = 3 [mp|nn] — [mn|np] = 3, <mn] pm>

Case 3: [K) =|--mn--)
IL> =|"--pg-->
(K|O,|L) = [mp{nq] — [mg|np] = (mn||pq>

where

¥ = labed) ryed rach
|¥,) =|erds) ==~ c&m>=. & =

At first glance, it might appe: - that the two determinants ‘iffer in all four
columns; however, by interchar ving columns of |¥,> and keeping track of

5¥




C| Hamiltonian matrix (blocks) |

< ®glH|®g > 0 < ®g|H|D > 0 0
< S|H|S > < S|H|D > < S|H|T > 0
< D\H|D > < D|H|T > < DI|H|Q > ---
< T|HIT > <TIHIQ> -.-|
< QHIQ> - --

Example:

Percentage of Correlation energ.:

Molecule Basis Set CISD CISDT CISDT(
BH DZP 94.91 n/a 99.97
H-0 (R.) DZ 94.70 95.47 99.82
H,O (1.5 R.) DZ 89.39 91.15 99.48
H,0 (2.0 R.) DZ 80.51 83.96 98.60
NH; DZ 94.44 95.43 99.84
HF DZP 95.41 96.49 99.86
HT DZP 96.36 96.87 99.96

o - ..c.2s contribute most to gs correlation

energy

e cuadrupies are more important than
triples (at least for energy)

o at stretched geometries CISD and
CISDT markedly poorer, CISDTQ ok
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Number of CSF’s:

Molecule Basis set CISD CISDT
BH DZP 568 n/a
H->0 DZ 361 3 203
NHj3 DZ 461 4 029
HF DZP 552 6 712
H‘7" DZP 1271 24 468

(Handy et al., CPL 95, 386 (1983)

Schaefer et al., JCP 100, 8132 (1994))

'Cl’- Methods:

¢ Single Reference Methods:

(optimize Cl coefficients only)

— CISD, CISDT, CISDTQ
(max ~ 107 csf)

79

rull Ci

CISDT
28 698
17 678

- 19 925

48 963
248 14

|



e Multiconfigurational Methods:
(Multi Reference Methods)
(optimize Cl and MO coefficients)

— MCSCF (multi-configuration SCF)
(small number of determinants
(103 - 10%) — CAS

— GVB (generalized valence bond)

— MRCI (multi reference Cl)



Quantum Chemistry Methods 29

¢ MCSCF possibly followed by CI

Which configurations (determinants) to include?
—complete-active-space SCF (CASSCF)

""\-:"' i“.\\\.-\ ‘. -‘_- I‘!: “\K"i' c; C s:.-\_‘, A, {:\‘d

\

i

! el aly %t\‘l‘: Oc,(,upa,h oy PQ’ A
\ el ~
{

— : N o~ ) (.
e a. AREIY

S - Y A P
\{‘_ \l‘\\ LY e oh o ‘)-\ ‘-;\' __\ ,\ - a«* + R TR Y

. .
B T N
PR S — T—
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Many-Body Perturbation
Theory (MBPT)

General idea:

in case correlation effects are relatively
small —HF solutions |¥V; >gyr and
{E;} g r are already close approximations
to the exact |¥; > and {E;}
—correlation effects can te consicered
as perturbation to the HF sciuzions anc
treated via perturbation theory

Perturbation Theory:

Given: Hamiltonian H'
with eigen functions

and eigen values -

True Hamiltonian H partitioned into:

H = HOHAH = HO4+AV (Y << HO)
i 3 Y
Taleesh SR .‘,‘*1

\.\d‘:(,r [ 3 I . N
‘ v A
PPN el Tolad + — a

5



Problem to be solved:

(H' + AV} 8, >= E,|¥, >
o if (V << H°) and

e |¥; > and E;’s involve continously as
a function of A

— Tavlor sxpansio - . and E
aroundg .\ = .

B, = NE© + XED 4 NE® £ ...
@, >= A0 > AT > $A2 e > 4

indices (0), (1),(2),...(n):
Oth-order (unperturbed system), 1st-order, 2nd-
order, .... nth-order correction

—Substitute into Schrodinger-Eqgs.

nth-order correction to the energy:
B =< w0 iE >

-
173



Expand |\If.§1) > in basis of eigen
functions of H":

) > ZC“)I‘P(O) >= 5" >
n#i

1rst-order correction to the wavefunction:

V
|
\/

2nd-order correction to the energv:

N f UHV \IJ " ;_
E;EJ =N l AN L
2 T_CT'S}. A 2
S - . .
b - ‘
.8 b n

[}



Mgller-Plesset Perturbation Theory
unperturbed system:
H()‘\I,(O) >= E(()O)I\I,(O) >
H0: Hartree-Fock Hamiltonian
N ~
= f®)
N G\gves N
=> e Z<z|hlz>+zz<w|lzg>

1

N ) N N 1 N )
V =H-H (Zh(z‘)+2 ;__—)—-Z F(3)
N N 1\31 1 %-—z—\} Jiz N t
= RO+ D - R+ dur(i))
1 i=1 j>i Y 1 1
N N 1 N
=20 o 72 b

_.total e-e repulsion minus dartree-Fock
e-repulsion
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Hockee ~Fock ¢ound shole enerqy:
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Oth-order energy:

1rst-order energy:

ElY =< ¥y |V|T, >

.
— 1
=W Y T > = <y N e W >
. £ (oelaey~ <aoVloa>
e . A= ]
=1,2Y <abiab>—» <at.-@a>

14

12N < abyub >
v - Y“Q . ;
E.=EFE,6 —EFE, = > -1 = N < b ouo >=F
!

1rst-order PT restores HF solution!
—sfirst correction to HF energy is 2nd-order

perturbation correction

2nd-order energy (MP2)

'

—
-

o \D ‘]?L“IL’
£ = N '

y —

L -
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What do we take for |\II£LO)

e Singly-excited states?

< TONW|TT >=< Bo|(H—Ho)| ¥, >

=< Wo|H|T, > — < Po|Ho|P], >

= — < POF|O" >=< a|f|r >
= €,0, = 0

—singly-excited states don’t contribute
to the 2nd-order energy

FENEY -
ay M N
.

. -~ \E =z 7 e— .
e doubly-excited states? | = =~ z,-%.
\11\:\—"5":
(0 . rs S WL s e
I‘I’n) >-—-- |‘Ilab 4‘\0\,\0\5‘5
(0) . rs ~ — pl0) s ':"ub"_,
En * %OI\I’ab >= Eab'rslleab

xi_:\e

— (E(go) —ea—eb—l—er—l—es)|\]§'£z =

L‘.'.‘s < SO S > -
/
E. =1/4)
e . e P -'A.
N a /\\_ ,/ X ‘D/‘/
r ‘1\0\\, y e IO B | _L-: -7} yd s
. ‘ A"; ‘ \\‘
\w (Q \(' . “_" \.{ . L .\'1
L R - At steandg,



Second -ordes enerqy o = pair combulions

) 2
Eb-\ ¢ Lab \ts7\
© ach Eoxbo—Ex-ba
(LS
- . . L . .
L, e, « £ o ka7l tpair conuion
“ g Co vé&p-bi-ég
E‘:\ = & eF:b s over Pq'\t conlibulions

Oy
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e triply- and higher-excited states do
not interact directly with W' >
(Slater-Condon rules)

— Only doubly-excited states contribute
)
to 7!

Contributions to correlation energy

MP2 MP3 MP4
singles - -
doubles S R o=
triples - -
quadruples - -

Example for CPU time distribution:

CO, (63 bf)  CO; (84 bf)

AO integrals 20 62
SCF 10 30
integral 27 173
transformation
MP4 S 1 4
D 7 88
T 11 216
Q 6 45
total 1h 22 min 10h 18 min

£



Quantum Chemistry Methods 11
to generate MO’s:
N
Y = %: Cin®Pp

e MO-based integrals are evaluated by transforming
AO-based integrals

— 1-electron
N N
hi,‘ =< Yilhly; >=< % Cipn®pulh| %:ij(ﬁu >=

N N . ~
>3 cici < dulhles >

—O(N*) (2-index transformation)

2-electron
1 NNNN .
<¢i¢k|r—'l¢j¢z %Z%Z CriCuiCokCat{ HV|AT)
12 v/ o

—0O(N% (i-index transformation)

e order can be reduced to O(N?) via use of an inter-
mediate transformation:

1 \
< o, |—|Prds >= (w|Ao) = L ciu(pr|ro)
T2 H i‘

1 l
< m@jl—\ma >= (ij|Ae) = ¥ eu(iv|Ao) |

TN

> "r{\:\ A

< ¢1¢J| lzﬁk(ba = (iglko) = gckl\(ijl)‘a) l

< wibji—;;lmf >= (ijlkl) = 3 cio(iflko)

g4
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Coupled Cluster Theory

e Theory: Cizek 1966
o Implementation: Taylor et al 1976

Pair and Coupled-Pair Theories

Independent Electron Pair

QRN

Approximation (IEPA) i v

Ecorr — Z Z cijt; < I\I'O‘H‘\I':fb >

a<b 1<j
= 1/42 Z cp < |To|H|T G, >
ab 17
E(_tr)'r“r' — Z €nb
| 1< h
€ab = Z ey < WolH[¥ >
i< g

'pair-at-a-time C1l°
& L slie-Consisknt

S . Aot \NVaNGint uncle. um'rcw& “TC\I\%%‘CrN\Q\‘O“S OQ wmd{
Crinitals

= voris leascncon el fes *;MQ\::JCN\S doesn s

WO A -c Fax e ol oty
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Coupled-Cluster Approximation (CCA

Exponentlal Ansatz for wfc:
Yoo = exp(T)¥o

T=» T,=T1+T2+-..
q

T, generates g-fold excitations:
Toop = exp(Ty)¥o = (L+To+T5 /24T /3!+. . )W

T, W, = Z t‘;?\pgb
eop = oty tyDy+1/2) ) Dot

e CCC CPMET T =T, (1976)

f-r‘-‘-!—\ —

e CL30T =T, + T, (1982)

—_— e

e CCSDT T = T1 -+ Tg + T3 (1986)
Approximate Schemes: A isconneded
— QCISD(T) Tople (A , GUSVT LAWY spoenc

2 bjgue Sale
— CCSDT-n
—~ CCSD+4T(CCSD) (non-iterative)
_ CCSD.T (1989)

e . -~
. D
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Coupled Cluster Egs:
insert CC-wfc into Schrodinger-Eq.

subtract reference energy < Y, |H|¥, >
from both sides:

Hyexp(T)¥, = exp(T)¥,
Hy = H— < U |H|T, >

project from left by ¥, >, single, double and
higher excitations:

AFE =< ¥, ,|Hyexp(T)| ¥, >

AE < ¥#|e"|W, >=< ¥}/|Hyezp)T)(T)|¥, >
AL correlation energy

Eqs projected by excitations —eqs for
coefficients t?;’:

AE =< U |HyT| ¥y >= ) 10 < ¥ |Hy|¥,
1>7

+> 2 < abllij >
AEt: =< OP|Hy|¥, > 4+ < T|HNT|¥ >
+ < P|HNT| ¥y >

&5



For CCD egs can be further simplified:

ab oh ca ab
; ., A A . . &

. 3 - . (XY . b

x £L((¢:\\L\\\c7 e Lb\L\\\CD E{"L - Lo \icet e

ab oA ac, ba,
AN R AT e T (O
RS o cor (e : AL,

o4 , o ok ca o , b a bd ,bd
¥ {-":(\ tV—L\ - z'LE'Lv_ EZ:_ ¥ E’.‘x. k’il.\ *"‘U:'l'-\'.kit. v E(.t,

—salgebraic eqs
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Quantum Chemistry Methods 16

Applications

How to judge the quality of quantum-chemical
calculations?

e direction of improvement is clear:
= larger basis
= more advanced computational method

e Variational Principle
= provides quality criterion for total energy

e but:
a lower total energy does not necessarily im-

ply a higher accuracy for all molecular prop-
erties !!

e molecular properties may converge to 'final’
result in a oscillatory way

- A

=

,
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ROanesdek @
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Quantum Chemistry Methods 17

Examples

e comparison of different methods for the same

basis set

e dependence on basis set size

e some pathological cases

y?
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Qﬁamtum Chemistry Methods . 4

Dependence on Basis Set

e small basis set = large variations
(e.g. minimal basis set STO-3G:
average deviation from experimental bond
lengths for first and second row A;B,H,:
+ 0.03 A
but e.g. for
Na,: -0.72 A
F,: -0.10 A

o larger basis = more uniform results
e.g. 3-21G(*):

Na,: 0.15 A
F,: 0.01 A
e Hetter method — necds detler Dasis

— full CI for STO-G:

not general improvement

HF full CI EXP
H,: 071LA 074A 0.74 A
CO: 1.15A 119 A 1.13 A

— 6-311G**: exponents and coefficients op-
timized at MP2 level
(—HF with 6-311G** sometimes worse re-
sults than with 3-21G)

53



Quantum Chemistry Methods 5

— larger split valence polarization basis sets

(e.g. 6-31G*) = systematic improvements
with MP2, MP4 ..

Basis Set limits:
e HF:

- bond lengths too short > c.05d U

— vibrational frequencies too high
(empirical scaling factor of ~ 0.9)
(STO-3G: + 30 %, 3-21G 10-15 %)

— bond dissociarion energies: = 2U-a0 K0 1
o MP2. MP .. T Y S
W e e O Y T A

- improved bouds. somewhat too wng
- too high frequencles ~ 5->
- bond dissoclation energies:

= need large basis

e.g. MP4
6-31G* 6-311++
G(3df, 3pd)
H, 3.9 1.3
N, 23.7 4.8
N, + 3H, -2 N¢ 15.1 1.2

4
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Quantum Chemistry Methods

Case Studies

HCN
method ARcpy ARcy
HF /STO-3G 0.000 -0.005
HF/3-21G 0.016 0.015
HF/6-31G* 0.020 0.006
MP2/6-31G*  -0.024 0.005
HF/6-311G* 0.026 0.007
MP4/6-311G** -0.031 0.001
MP3/6-311G**  0.007 0.001
Oz fe) c.CLL 0.00L2

—

bond dissociation enthalpy in kcal/mol

HF

STO-3G -4.9

3-21G -30.5
6-31G(d) -39.5
6-311G (2df) -41.8

6-311+G(3df)  -43.7

3



Quantum Chemistry Methods

Comparison between different methods

6-311G(2df)

HF -41.8

CASSCF(10,6) 15.9

MP2 37.3

MP4SDTQ 34.9

CCSD(T) 33.9

6-311+G(3df < -
D! N O . o

HF LR SRR a

MP4SDTQ 345 0 aumeie. o -
DAL S

™~
exp 36.9 b A A
Cl10

bond dissociation enthalpies in kcal/mol

ClO,— ClO+0 ClO—=Cl+0

6-311-+G(2d¢;

UHF -29.1 2.6

MP2 68.2 55.2
MP4SDTQ 56.4 54.5
CCSD(T) 55.8

§%
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Quantum Chemistry Methods Exercises

I~

Gaussian 94

What is Gaussian 947
Gaussian 94 is a quantum chemistry program package to perform ab initio and semiempirical
calculations.

How to get started:

The Hrst thing you have to do if you want to run Gaussian 94 on the machines in NO Fi4 s
to create a job-file (named e.g. rung¥4) and an input file {e.g. h202.inp). These files look like
this:

Job-File:

#!/hingesh

Hmit coredunpsize U

It descriptors 2000

seteny gddroot /ust/local

source Sgidroot /g4 /bsd/ ghddogin

# Tlis is where the temporary files go:
seteny GAUSS SCRDIR /tnip/name of your_scratch_directory
it 1! {-e /tmp/nane of_yourscratch_directory | then
mkdir /tmp/name of _vour_scratch_divectory
endif

# This is the directory to work i
cd /ditname

# Tlis invokes Gaussian94 with the input file L2o2.inp
# (the output file will be h2o02.log)
g94 hi2od.iup

}72



Quantum Chemustry Methods Exercises 3

Input-File:

# method (e.g. SCF=direct) basis (e.g. STO-3G) option (e.g. opt)

[blank line]

Title

Mlank linel

0l charge: 0. multiplicity | {usually)

h the first atom of your molecule is hydrogen

o | roh Ind atom: oxygen, distance to atoml: roh

o 2 roo | angle 3rd atom: oxygen. distance to atom2: roo. angle 3-2-1

L 3 roh 2 angle 1 d ith atom: hydrogen. ” to atom3: roh. angle 4-3-2. torsional angle (13211

[blank line]
roh 0.4
roo 1.4
augle 105.0
d 120.0
[blank line]

Input Description:

This is oulv a short summary of the most frequently used commands. have a ook to the
Gaussian manual for more. (In the following valid Gaussian keywords are printed in italics).

Method
HF. This requests a Hartree-Fock type calculation. Restricted HF (RHF) is used
for singlets and unrestricted HF { ["HF) is used for higher multiplets. Default
is RHF.
VP2 This requests o Hartree-Fock calculation followed by a second-order Moller-
Plesset correlation correction.
V/P% This will add the third order Maoller-Plesset correction to \P2
MP{: This will add the forth order Moller-Plesset correction to MP3
U'WN: This will perform a density functional calculation witli the local {spin) den-
sity approximation (LDA. LSDA) using the correlation functional of Vosko.
Wilk and Nusair and the Slater exchange
BLYP: This requests a density functional calculation including the gradient correc-
tion of Becke (1988) to the exchange and the form of Lee. Yang and Parr
for the correlation functional
BILYP. This results in a density functional calculation with Becke's 3 parameter
formula.



Quantum Chemistry Methods Exercises 1

MNDO. AMI1. PM3: These request a semiempirical calculation using the specified Hamiltonian.
If you take one of these semiempirical methods vou don’t have to specify a
basis because this is part of the model

If vou specify SCF=direct, a direct SCF calculation will be performed in which the two-electron
integrals are recomputed as needed. This is possible for nearly all available methods.

Note that for single-point SCF calculations a loose convergence criterion is used in the interest
of speed.

Basis

This kevword specifies the basis set to be used. The following basis sets are stored in the
program:

STO-3G H-Xe
341G H-Xe
fh-210 H-Cl
=310 H-Ne
63107 H-C!
O-2 G H-Br

For tiost of these basis sets vou can also use polarization functions (*.** 1 or add diffuse functious
+ ++
(hort

Option

SP: Single point energy calculation. At the place of variables tfor the geometry. vou
set the constants and leave awayv the part with the initial gnesses

Opt: With the input file as described ahove. Gaussian will optimize the geometry of
vour molecule. You can set some distances or angles to a constant value by
using this value instead of the variables in vour molecule specification

pop: With this keyword vou can control the printing of the molecular orbitals and
perform severai types of population analysis.

pop=none No orbitals are printed. no popuiation analysis is done

pop=regular {default} The five highest and the five lowest orbitals are printed. along with
the density matrices and « Mulliken population analysis

pop=MR Produces charges fit to the electrostatic potential at points selected accord-
ing to the Merz-Singh-Kollman scheme

pop=CHELP Produces charges fit to the electrostatic potential at points selected accord-
ing to the CHELP scheme

pop=CHELPG Produces charges fit to the clectrostatic potential at points selected accord-
ing to the CHELPG scheme

7
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Freq: Requests determination of force constants and the resulting vibrational frequen-
cies. Intensities are also computed. The force constants are computed ana-
lytically if possible. by single numerical differentiation for methods for which
only first derivatives are available. and by double numerical differentiation for
those methods for which only energies are available. When frequencies are done
analvtically. polarizabilities are also computed.

How to run Gaussian94 jobs:
The best way to run your Gaussian job is in the background with the command:

‘csh rung94 &’

{Don't forget to make your script executable with the Unix command: chmod +x rung94
before trving to run it!) Gaussian 94 will calculate the optimized geometry or whatever yvou
requested and will put all results and possibly errors in a file called hi2o2.log.

[ case of an error abortion vou can look up the errvor and the latest vesults or giuesses about
geometry in the file h202.log.

Problems that can occur:

o [f Gaussian U4 aborts with an error no temporary files will be deleted, You have 1o do
that manually in the directory you specified in your iob file.

e Your guesses or constant values for the geometry have to be toating point munbers tie,
vou need a decimal point even if redundant).

e Angles (except torsional angles) must be in the interval 0 - 130 . You have to define
vour geometry in such a way that there is no possibility for the vaiues for angles 1o leave
this interval.

e Broken Svmmetry: if e.g. a planar molecule gets because of numeric mnstabilities noun
planar. the program will abort. Try the last guess for geometry as a new inpur or define

vour molecule non-symmetric by using different variables.

o Taking the last guess as a new input is normally a good way to get further ou in your
calculations.

e Expensive jobs take more time as you expect them (large temporary tiles. disk access may
rake a lot more of the time than the calculations do). don’t worry.
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Quantum Chemistry Methods Exercises 0

Exercise 3

A) Geometry Optimization of Lithium Hydride (LiH)

Task:

Calculate the equilibrium beond length and the dipole moment of the molecule LiH using the
HF, MP2. MP4. LSDA, BLYP and BILYP methods.

Try to find "an optimal basis set (i.e. the smallest basis set that results in essentially converged
results) by starting with a minimal basis set (STO-3G) and successively increasing the size of
the basis.

{a) Which basis sets would you suggest to use for the different methods? Are polarization
functions important? On the heavy atoms only? On the hydrogen. too? What is the effect of
diffuse functions on the heavy atom or on the hydrogen? (b) How do the results of the different
methods compare to the experimental values?

Optional I:

Trv to calculate the binding energy of LiH with the HF method and a G-31G™ basis set (ate:
The biuding energy of the molecule is the ditference of its total energy and the total energy of
the constituent atoms).

Optional I

From intermediate points encountered during the geometry optimization vou can by frand’
obtain the harmonic frequency (in em™4i of the LiHl stretching vibration: Calculate numerically
the curvature of the potential energy curve from « few points around the minimum. Convert
this to a force coustant and use the reduced mass of LiH to obtain the frequency {be caretul
with unit conversioust, Compare the performance of various approximations in reproducing the
experimental value [1405.65 cm™!). NB: You could have used the freq option in (Gaussian to
calculate frequencies. However. this involves additional computations: Just imagine vou were
doing the AuSn molecule for which every poiur would take several days of cpu time.

Practical Aid:
A Gaussian94 input with a reasouable starting geometry would look like this:
> > 2> start

# MP4 6-311g* opr=z-matrix sct=direct

LiH (3MBTH

v L.G

>>> end

9
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Exercise 3

B) Internal Rotation in Hydrogen Peroxide (H;03)

Task:

Perform geometry optimizations for H;02 using the following approximatious:

method hasis set method lhasis set
(a) HF STO-3G 1 LSDA G-3lg*"
b HF 3-21g ) BLYP G-3lg™
(el HF G-31lg ) BILYP G-31g"
(d) HF 6-31g*” i MNDO
&) MP2 g-31g* 1) P

Report the tollowing characteristic structural properties for every approximation {experitiental
results are giveu in parentheses):

hond lengths
0-0 (1.475 A
0-H (0.965 A}

hond angles
0-0-H (94.8.0°)

dihiedral angles
H-0-0-H (119.8°)

For those approximations which gave an optimized H-0-0-H dihedyal angle diffevent form 130°
(trans) perform an additional optimization with the central dihedral angle fixed at 130° bt
optimizing all other degrees of freedom) and calculate the trans barrier to internal rotation (in
kJ/mol). The experimental value 18 4.6 kJ/mol.

Discuss the relative importance of basis set size. polarization functions and electron correlation
for the calculated equilibrium geometry and the rotational barrier. How do you jndge the
perforinance of {a) the DFT methods and (b) the semiempirical methods? Around wlich
temperature do you expect that the trans form of HaOg is significantly populated?
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Practical Aid:

An example for a Gaussian94 input performing a geometry optimization of HzO, with the
H-O-0O-H dihedral fixed at 130° is given below:

> 2> > start
# HF 6-31G opt=z-matrix scf=direct

H202, HF 6-31G optimization with H-O-0-H fixed at 130 degrees

o | heo
} ho 2 hoo 1 hiooh

lwe 1,965
oo L
flow 1OV
ool 130.0

>>> end
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Exercise 4

A) Inversion of Ammonia (NH3)

Tasl:

Perform geometry optimizations for NHp using the tollowing approximations:
methed  basls set method basis set

{a HF NTO-3G [t LSDA ti-31a**

(h) HF 3-21g 1gi BLYP t-3ig""

(e HF -1k iy BILYP ti=31g**

i HF g-31g** ti \NDO

e MPY u-31g** i PALY

Perforin also & partial geometry aptimization toy the Dlanar transition state (Dgp symimeiry.
Report the N-H bond length, the H-N-H houd angle and the dipule moment tor the eguilibiiim
configuration and for the planar transitivn state and compare them o the experimental values.
From the total energies of the uptimized stiuetires caletlate the inversion harrier (expetimental
value: 24,3 kJ, mol). Disenss the relative inpartaie of Linais set size, polanzation finctious
amd electron correlation for the valeulated properties. How well Jo the different appraxiitiatious
pertur’

Tlhe inversion barrier caleulated i that for NHy it the gas phase. 1 which digectian will o
chatge i an aprotic polar solvent’

Praetleal Ald:
Heye a an iuput for the planay transition state caitotinatiol of NHy. Nute the dse ut a diznim
atont N,

>> > stalt
# HF (-41G* gpt=z-matrix sci=direct

NHi. baprier

| n‘ls Juhix

H ot ouh 2 nbed 1200
H ol 2 nhx d-1200
uly Lu

il L

>3 > e
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Exercise 4

B) Semiempirical Methods

Task:

(1) Perform geometry optimizations for benzene. nitro benzene. aniline. and p-nitro aniline
using the following semiempirical methods: MNDO. AML. PM3. Ave the resulting ge-
ometries reasonable? Compare with expected bond lengths, boud angles. planarity ete..

(2) Caleulate the dipole moments of all compounds at their optimized geometries using all

semiempirical methods, Discuss (dis)agreement with experinient (experimental values:
benzeue: 0. nitro benzene: 422 debyes, aniline: [.13 debyes),

131 For all componnds and all semiempirical methods calculate atomic charges by (i) Mul-
liken population analvsis and (i) one of the electrostatic potential ftting methods: MK,
('HELP or CHELPG. Your discussion should answer the questious:

= Do the atomic charges reproduce the molecular dipole moments?

How different are the charges on two atoms which are velated by symmetry iie.
whose cliarges should be identical)?

- How do the charges of the phieny] (or phenylene carbon atoms tdisjagree with known
rules tor the divection of an electrophilic attack?

Would an electrophilic substitution reaction be accererated compared to henzene!

o All HE methods give the orbital energies as a by-product. From the energy difference
of the highest occupied (HOMO) and the lowest unoccupied (LUMQ) arbital estimate
the wave lepgth of the transition from the ground state to the frst electronically excited

state. Dues the wave lengtl agree with known observations (experimental values. color
of the four compounds)?

e Based on vour experience which of the three semiempivical schemes would you recous-
med tor: (1) moleenlar gevnetries”! (i) charge distribution (dipole moment, quadeapole
muostsent 17 (i electronic spectra’

Practical Aid:

In Clanssian9d Mualliken popuiation analyvsis are performed by detault, Electrostatic potential
Hts are invoked by the "pop=" kevword,

The line

# MNDO opt=z-matrix pop=chelpg

will cause a geometry optimization using the MNDO method. For both the initial and rthe
Anal conformation. a Mulliken population analvsis and an electrostatic poteutial Ht using rlwe
(C'HELPG scheme will he performed.,
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