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Outline of the lecture

9 Basic introduction to DFT
I Hartree-Fock versus DFT

T Application : (mono-metal) g-tensors

{ Relativistic origin

1 Perturbative & self-consisten approaches
1 When it does not work ...

1 Polymetallic complexes
1 Spin-coupling
1 g-tensor (dimer)
1 Hyperfine couplings (dimer)
{ More complex systems : hyperfine & Mossbauer
fiConclusions




DFT & (metal) spectroscopies :
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Density Functional Theory
Molecular ] -chemical
structure <:> properties

V0

Spectroscopic
parameters

Density function 1 (r) = Y 2(r) a

@ of charge :r(r) =r,(r) + r,(r
@ ofspin: ryr)=r.(r) -ry T l

Walter Kohn



Density Functional Theory
What can we compute ?

Charge (diamagnetic Spin (paramagnetic
reo(r) =r4(r) +ry(r) r(r) =ra(r) - ry()
diamag. NMR param. NMR (hyperfine)
EPR (g-tensors, hyperfine)
UV-vis
IR spectra
Mossbauer (d , Eg)D Mossbauer (hyperfine)

SQUID (exchange J)
Redox potentials
etc. etc. etc.



SCM Practical implementations

Software for

Eﬂiﬁgg‘i? & > Ligand Field and Density Functional v NMR
Theory (LFDFT) > NMR Chemical Shifts
v Spectroscopic properties > NMR Paramagnetic NMR Chemical
> IR spectra, (resonance) Raman, > ESR/EPR Shifts
VROA, VCD Nuclear Quadrupole Interaction > NMR spin-spin coupling
. (EFG) constants
> Time-dependent DFT
Madossbauer spectroscopy L o .
> Excitation energies: UV/Vis, X-ray, ) E’g'ﬁggﬂ energles: UV/Vis, X-ray,
CD,MCD ’
> Excitation energies, UV/Vis
Excited state (geometry) v ESR/EPR spectra
optimizations ESR/EPR g-tensor and Excitation energies for open-
. . . - shell systems
> Vibrationally resolved electronic A-tensor
spectra ESR/EPR Q-tensor Spin-flip excitation energies
> (Hyper-)Polarizabilities, ORD, ESR/EPR Zero-field splitting
magnetizabilities, Verdet constants (D-tensor) + Solvent effects




Schrodinger equation

(classical & time-independant) _
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Schrodinger equation

(classical & time-independant) _
H.Y= E Y
L > —
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Hartree-Fock & Slater determinant
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Hartree-Fock equations

oy = 1 Vi0)si(s) /.(r)s,(s)
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Case of 2 electrons : triplet state (S=1)

det = LV 1D2S) /20)2:6)
V2 (as) J.(n)ax(s)

4+ 4

[FL(r)F (1) - FL(r)F,(n)]a®a(?)

EIiFa: hl + hz +‘ K12' J1z|




Case of 2 electrons : singlet state (S=0)

det2 _ i F 1(['1)8 (1) F 1(r2)a (2) detg _ i - 1(r1)b(1) = 1(r2)b(2)
V2[F () b@) F,(r,)b(2) J2|F,(r)a@ F,(r)a2

++ ++

[FL(r)F,(r,) +F,(n)F ,(n)]a@ b2 - b@a2)]

En=h +h, +[ K]




Exchange term

Electrons have

Higher ener
\P 2 greater probability -'g iated 9
\P sl  of being ol associate
g eing close to _
@ @ each other, with S =0

Symmm il Probability must

go to zero at

‘ ¥ ‘ origin since Y Lower energy
A Ehangeﬁ Sign' S0 associated
less opportunity  with 5 = 1

for electrons o be
close together.

Anti-symmetric

Triplet state -  Ei*=h+h+K,- J,]
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What about electronic correlation ?

E 1E0'EHF<O

correlatia

Yest =G Yo+t A G Yo
K

test

Static correlation :

Dynamic correlation :
Orbital degenerescence

Instantaneous repulsion

o0,

(Co)2 - (Ck)2

(G)? > >c)? Icl :%OYO +a &Y,
K




Basis of DFT

(Density Functional Theory)

Y {,S) not observable,
INn contrast to
r(r,s) =Y(r,s)?

ry (r)dr=N

r (r) nondifferentiablein R, A

r(ryenR,- 2,



Basis of DFT

(Density Functional Theory)

Thomas-Fermi model (1927)

Kinetic energy: 3 _
E(BPZ)ZIS rY.S/B(r)dr

Electron-nucleus : r(r)

Electron-electron: 1 _ r(r.)r(r,)
En glr 2 drldrz

12



Basis of DFT

(Density Functional Theory)

S|l ater os moded) (109

Goal : simplify Hartree-Foc k 0s exchang

2881,007,00] % 7 00/ 0}

-
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— 9é36)1/3 ~ 4/3
E..[r]=--2-0 apy(r) dr
8cp +



Basis of DFT
(Density Functional Theory)

Existence theorem :
HohenbergKohn (1964)

The external potential V_, Is a unique functional
of the density r(r). Since V., determines the

ext
hamiltonian H,.., the fundamental state Is a

functional of the density.

H=T+V_+V_,

roY {N,Z,,R}Y HY Y,Y E,




Basis of DFT
H :T+Vee+vext

-

EO[rO] :T[rO] + Eee[ro] + ﬁ/ext/ﬂo(r)dr
" Molecule

I:HK[/"O]
)7 (1) éself - interactian
E.lr]= =22 dr,dr, - i exchange
gc) ) )12) ) ) ( | correlation

K[r]



Basis of DFT

(Density Functional Theory)

Kohn-Sham (1965)

Reference : non-interacting electrons (Slater determinant)

HF HF = . KS _ _KS: KS
I:EHF/I ° IjT:<s/i — € /;

Facl 71 =Tl F14 KU+ e (D0 L7



SCM Practical implementations

Software for
Chemistry &

S Rl 1= T A1 KL+ e (0)dr +HEc L]

e Density Functionals (XC) Available LDA functionals:
o LDA e Xonly: The pure-exchange electron gas formula.
- Technically this is identical to the Xalpha
o GGA form (see next) with a value 2/3 for the X-alpha parameter.
o MetaGGA e Xalpha: The scaled (parametrized) exchange-only formula.
When this option is used you may
© Hartree-Fock (optionally) specify the X-alpha parameterby typing a
. numerical value after the string Xalpha
© Hybrid (separated by a blank). If omitted this parameter takes
o Meta-Hybrid the default value 0.7
¢ VWN: The parametrization of electron gas data given by
© Range separated hybrids Vosko, Wilk and Nusair (ref [20],
formula version V). Among the available LDA options
© Notes on Hartree-Fock and this is the more advanced one, including
(meta-) hybrid functionals correlation effects to a fair extent.
o PW92: the parametrization of electron gas data given by
© Model Potentials Perdew and Wang (ref [288]).




SCM Practical implementations

Software for
Chemistry &

oo Foc [7]1 =Tl 71+ K[ 7]+ Voo (r)dr +{Ey [ 7]

For the exchange part the options are:

e Density Functionals (XC)

e Becke: Becke (1988) [22].

LDA o PW86x: Perdew-Wang (1986) [23].
o PW91x: Perdew-Wang (1991) [24]
o GGA e mPWx: Modified PW91 by Adamo-Barone (1998) [25]
e PBEx: Perdew-Burke-Ernzerhof (1996) [26]
MetaGGA » RPBEX: revised PBE by Hammer-Hansen-Norskov (1999) [27]
e revPBEXx: revised PBE by Zhang-Wang (1998) [28]
Hartree-Fock « mPBEx: Modified PBE by Adamo-Barone (2002) [174]
e PBEsolx: Perdew-Ruzsinszky-Csonka-Vydrov-Scuseria (2008) [285]
Hybrid e HTBSX: [437]
e OPTX: Handy-Cohen (2001) [29]
MEta- Hybrld o BEEx: Mortensen-Kaasbjerg-Frederiksen-Ngrskov-Sethna-Jacobsen (2005) [284]

For the correlation part the options are:

Range separated hybrids

o Perdew: Perdew (1986) [30].

Notes on Hartree-Fock and o PBEc: Perdew-Burke-Ernzerhof (1996) [26].
) i e PBEsolc: The PBEsol correlation correction by Perdew-Ruzsinszky-Csonka-Vydrov-Scuseria
(meta-)hybrid functionals (2008) [285]

M d | P . | e PW91c: Perdew-Wang (1991), see [24].
oae Dtentla S o LYP: Lee-Yang-Parr (1988) correlation correction [31-33].




SCM Practical implementations

Software for
Chemistry &

oo Foc [7]1 =Tl 71+ K[ 7]+ Voo (r)dr +{Ey [ 7]

® DE"SitY Functionals [XC) Available GGA functionals:
e BP86: Exchange: Becke, Correlation: Perdew
LDA .
e PW91: Exchange: pw91x, Correlation: pw91c
o GGA e mPW: Exchange: mPWx, Correlation: pw91c
PBE: Exchange: PBEx, Correlation: PBEc
MetaGGA ’ ¢

e RPBE: Exchange: RPBEx, Correlation: PBEc
HartrEE- FDEk e revPBE: Exchange: revPBEX, Correlation: PBEc

H'fb rld e mPBE: Exchange: mPBEX, Correlation: PBEc

Meta-Hybrid _
e HTBS: Exchange: HTBSx, Correlation: PBEc
Ra Nge sepa ratEd h'fb ridE e BLYP: Exchange: Becke, Correlation: LYP

e PBEsol: Exchange: PBEsolx, Correlation: PBEsolc

Notes on Hartree-Fock and e OLYP: Exchange: OPTX, Correlation: LYP

e OPBE: Exchange: OPTX, Correlation: PBEc[175]

(meta-)hybrid functionals

e BEE: Exchange: BEEx, Correlation: PBEc

MDdE l PDtEﬂt Ia |5 e XLYP: Exchange: XLYPx [172] (exchange, not available separately from LYP) + LYP




SCM Practical implementations

Software for
Chemistry &

oo Foc [7]1 =Tl 71+ K[ 7]+ Voo (r)dr +{Ey [ 7]

e DE"Sit’Y Functionals [XC) Available Hybrid functionals:
LD A o B3LYP: ADF uses VWNS5 in B3LYP. functional (20% HF exchange) by Stephens-Devlin-
i Chablowski-Frisch [176].
o GGA ¢ B3LYP*: Modified B3LYP functional (15% HF exchange) by Reiher-Salomon-Hess [177].
e B1LYP: Functional (25% HF exchange) by Adamo-Barone [178].
) MEt EGG A o KMLYP: Functional (55.7% HF exchange) by Kang-Musgrave [179].

¢ O3LYP: Functional (12% HF exchange) by Cohen-Handy [180].
¢ X3LYP: Functional (21.8% HF exchange) by Xu-Goddard [172].
¢ BHandH: 50% HF exchange, 50% LDA exchange, and 100% LYP correlation.
o BHandHLYP: 50% HF exchange, 50% LDA exchange, 50% Becke88 exchange, and 100% LYP
correlation.
e B1PW91: Functional by (25% HF exchange) Adamo-Barone [178].
. * mPW1PW: Functional (42.8% HF exchange) by Adamo-Barone [25].
© RE Nge sepa rated hYb rIdS o mPWI1K: Functional (25% HF exchange) by Lynch-Fast-Harris-Truhlar [181].
. ¢ PBEOQ: Functional (25% HF exchange) by Ernzerhof-Scuseria[211] and by Adamo-Barone
O Notes on Hartree-Fock and (212], hybrid form of PBE.
(lT'IEtE!‘) h"fbl"ld functionals o OPBEQ: Functional (25% HF exchange) by Swart-Ehlers-Lammertsma [175], hybrid form of
OPBE.
o Model Potentials e S$12H: Dispersion corrected (Grimme-D3) functional (25% HF exchange) by Swart [367].

© Hartree-Fock

© Meta-Hybrid




Comparaison between HF and DFT
— (Y HF)2 Yo =G Yo +.a;. G Yy

- YHF contains no correlation

- rfFi s not t he o9 r ue 6
o 2

Y« /o geoY +3cY 8
G : &

- YKSis not the wave function
- rkSclosetothedt r ueod rdlensi t



Case of 2 electrons : triplet state (S=1)

Y,

:ijl(rl)al(sl) / 2()a,(s)
V2l 1(r)ay(s,) Jo(r)as(s,)

4+ 4

[FL(r)F (1) - FL(r)F,(n)]a®a(?)

r HF (Y1)2

High-spin state :
~ one determinant



Case of 2 electrons : singlet state (S=0)

v :i F.(rpa@ F(r,)a(2) v :i F.(r)b@ F. (r,)b(2)
| 2R a0 Flr)a@

2|F,(n)bod) F,(r)b(2)
++ ++

[FL(r)F,(r,) +F,(n)F ,(n)]a@ b2 - b@a2)]

MO
r =Y, Y,) —H r° = (Y KS)Z




p m

Organic molecules versus (poly)metallic complexes

node

/Q | Hydrogenases
0 e
g/ 6 \\Q B o Cys 20
| : % m
0 I2nodes1 0 Antibonding C 190
. yS
R -
a 1 n;de O Nonbonding
al-@0
Bondin . —
Possible 2p, Molecu?ar Energy Charge T e(r) - T a(r) T b(r)

interactions orbitals levels Spin : r s(r) - ra(r) - I b(r)



Outline of the lecture

9 Basic introduction to DFT
9 Hartree-Fock versus DFT

T Application : (mono-metal) g-tensors

{ Relativistic origin

{ Perturbative & self-consisten approaches
f When it does not work ...

1 Polymetallic complexes
1 Spin-coupling
1 g-tensor (dimer)
1 Hyperfine couplings (dimer)
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fiConclusions




eeman interactions

Between nuclear spins {I}
and the magnetic field H
- NMR : chemical shifts

9,5,B1

Between electronic spins S
and the magnetic field H
- EPR : gtensors

gebeI_S:§




The « g » tensor

The origin of the signal is therefore the electron. In fact. since many students of chemistry are much more
familiar with NMR. one way of describing EPR is as if it were NMR with the electron as the observe
nucleus. To extend this analogy a little further:

NMR property EPR equivalent
¢ observe nucleus (e.g. 'H. ?TSE} e one or more unpaired electrons
¢ magnetic dipole vs. magnetic quadrupole e m. == ¥ (ie. resembles spin-¥2 nuclei)
¢ chemical shift (i.e. field/frequency ratio) e o-value (i.e. field/frequency ratio)
¢ homo-nuclear coupling e normally not seen - all electrons equivalent
¢ hetero-nuclear coupling (always first-order) ¢ hyperfine splitting (always first-order)




eeman interactions
—C
0.0.B.s

2 Electron spin:s
orbitalmoment ?

5 B
o HZeeman: be(;-l- geg'g

T
+ Z?2S  (spin- omit)

- 1/2) l

Vd

. Y bB3s  9e2




Introduction to the spin
(Dirac theory for one electron

Non linear E” 2 _ it
> — P =mc , 10%  mi?
. 2 5 (V7= P_EEEJ R ?
Linear _ " W24 — jh—¢ o |
2m p=1 qut:
Linearized w2 - %% — (Ad, + B, + C8. émﬁ)(ﬂﬁm - Ba, + €8, A gﬂﬂﬁ) Paull
o 0 1 0 —i 1 0
T \1 0)7\i o)\ —1
) 3 | i 2s, |a) +i|p) 2s. |a) +i|b) 2s, |a) +i|b)
(_ﬁmﬁ‘ ) onpr ﬂ) tif*lix,t)=iﬁ%(x,t) @ 0 1 (a 0 +i (& 1 o0
k=1 | -i(p| 1 0 -ip| -i O -i(b] O -1



Introduction to the spin
(approxi mated Diracos t

McWeeny & Sutcliffe

Methods of Molecular QM EIECtrOr“C termS

Academic Press (1969)



