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Why a Spin-Hamiltonian ?

Molecular
Hamilton-Operator

Ho :];Z+I/EN+VEE+VNN

T

H=H,,+H,+... Molecular-
structure

Theory

Spin
Hamilton-Operator

HY = fBgS+SDS +...

Simulation

Reviews: (1) FN (2003) Curr. Op. Chem. Biol., 7, 125
(2) FN; Solomon, E.IL. in: Miller, JS, Drillon, M. (Eds) Magnetism Vol. 1V, Wiley-VCH, 2003, pp 345-466
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Terms in the Spin Hamiltonian
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J ~ 0 -103cmt
D ~ 101-101 cm?
Bed ~ 101-10' cm
I10,QnIn A ~0 -102cmt
Q ~0 -103cm'
JNMR R 0 '10-8 Cm-l
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One Electron Systems

Properties of Electrons:

* Mass m,
* Electric Charge L -€
* Spin : 8=1/2 (,up“=m,=1/2 or ,down“=m_=-1/2)

« Magnetic Dipole Moment : |u|=s(s+1)g.f ~ 1.5 f (9.,=2.002319...)

Schrodinger‘s Nonrelativistic Equation for a Single Electron:
Hl//i(r) = giWi(r)

H :,Hamiltonian®. Includes all Energy Terms and Interactions (H=T+V)
W, (l') . An ,Orbital” (=Square Integrable One-Electron Wavefunction) *
W, (l')‘2 = Probability per Unit Volume of Finding the Electron atr °
i(r){zdr =1 ~,We are Sure it's Somewhere* ’
&; :,Orbital Energy“. Energy of the Electron in Orbital 4 g;: &
‘90
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Nonrelativistic Many Electron Systems

In many Electron Systems Orbitals are — Strictly Speaking — no Longer Well Defined
or Necessary to Describe the Physics!
What Matters is the Many Electron Wavefunction ¥(ro,,r,0,,...r,0, )

Born-Interpretation: ¥'(r0,,1,0,,...ry0, )¥(r,0,.1,0,,....r,0, )

Conditional Probability for Finding Electron 1 at r, with Spin o,, Electron 2 at r, with Spin o, ...

Pauli-Principle: ‘I’(rlal,...,rl.al.,...,rjaj,...,rNO'N): —‘P(rlal,...,rjaj,...,rio;,...,rNO'N)
Antisymmetry with Respect to Particle Interchanges (Electrons are Fermions)

Born-Oppenheimer Hamiltonian: A A A n . n
PP HB0:Te+VEN+VEE+VNN+>-<

Contains only the Electronic Kinetic Energy plus the Dominant
Electrostatic Interactions => Looks Easy!

However, the BO Schrddinger Equation:
A%, (60,1 04|R R, )= EY, (0, ry 0, R R, )

Is Frightening - Unsolvable Equation!
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Nonrelativistic Many Electron Systems (ctd.)

Since the BO Problem Cannot be Solved Eactly (Except for the Simplest Systems)
a Reasonable Approximation is the Hartree-Fock Meanfield Theory

Hartree-Fock Wavefunction:

1 .
L1’(X1---XN)= th/l---wﬂ Slater Determinant

Hartree-Fock Energy:
EHF :Te+EeN +Jee +Xee +ENN

—_——
E

ee

LCAO-Approximation
Vi :chigoj(l_;)

o 4 3d
Successful Approximation (>99% of the Exact NR Energy) ¢&; — 4s
. 3p
Errors Still Large (>100 kcal/mol) —_— 3g
Need to Describe Correlated Electron Movement: Post-HF 2p
— 2s
Nice: Reintroduces Orbitals! S PN Aufbau Principle for

Atoms and Molecules!




Exchange Couplings



,Exchange Coupling®  #-25s5 =

From the Talk of Dr. Glaser Recall:

1. The ,Exchange Hamiltonian® Does NOT Follow from Magnetic Interactions
(There is No Such Thing as an ,Exchange Interaction” in Nature)

2. The Born-Oppenheimer Hamiltonian Is Enough to Describe the Splitting of
States of the Same Configuration but Different Multiplicity

3. The Splitting is Related to the Electron-Electron Interaction and the
Antisymmetry of the N-Particle Wavefunction

4. The Simplest (Anderson) Model Leads to Two Contributions:

a) The ,Direct Exchange® : &=(a(p()i[«(k() (Ferromagnetic)

b) The ,Kinetic Exchange® : -5 /v ~(dsp) /(E(onic)- E(neutral))
(alf]p) = § (Antiferromagnetic)

We can Talk and Argue this Way, but How do We Calculate it ?

A Model Calculation: [Cu,(u-F)(H,0)c]3*
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A Model Calculation: [Cu,(u-F)(H,O)]**

The Hartree-Fock SOMOs of the Triplet State (,,Active“ Orbitals)

$é & &

Notes: a:2_1/2(l//g+l//u) bzz_l/z(‘//g_V/u)

., a"and ,b* have Tails on the Bridge (and on the Other Side)

., a and b’ are Orthogonal and Normalized

 ,a'and ,b* do not Have a Definite Energy

» THE Orbitals of a Compound are not Well Defined! (ROHF, MC-SCF, DFT, Singlet or Triplet
Optimized, ...)
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Values of Model Parameters:

H=-2JS,S,

,Direct” (Potential) Exchange Term: (a(l)p(2)r;a(lb(2)) =17 em

Exactly Calculated ,Kinetic* Exchange Term: —28°/U =-57 cm™
J=-40 cm™

|s that Accurate? Look at the Singlet Wavefunction:

"W, ) =99.94%)| neutral) +0.06%| ionic)
BUT:
 The lonic Parts are too High in Energy and Mix too Little with the
Neutral Configuration (Electronic Relaxation)
What About Charge Transfer States?

» Need a More Rigorous Electronic Structure Method:
a) Difference Dedicated CI (DDCI): Malrieu, Caballol et al.
b) CASPT2: Roos, Pierloot
c) MC-CEPA: Staemmler

Recommended Literature:
Calzado, C. J.; Cabrero, J.; Malrieu, J. P.; Caballol, R. J. Chem. Phys. 2002, 116, 2728
Calzado, C. J.; Cabrero, J.; Malrieu, J. P.; Caballol, R. J. Chem. Phys 2002, 116, 3985

. . . . . Fink, K.; Fink, R.; Staemmler, V. Inorg. Chem. 1994, 33, 6219
Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr Ceulemans, A.: et al., L. Chem. Rev. 2000, 100, 787




Refined Ab [nitio Calculation

Include Relaxation and LMCT/MLCT States via the Difference Dedicated
Cl Procedure: <a(1)b(2)(;q;1\a(1)b(2)>= 17 em

(~10° Configurations) 2 !
-2B° /U= =57 cm™
all others =—-166 cm™

J=-206cm™

Look at the Singlet Wavefunction

"W, ) =92.3%)| neutral )+ 3.3%|ionic) +4.4%| LMCT)
Reduced Increased! NEW+IMPORTANT

The Anderson Model is Not Really Realistic and Should not Be Taken Literally

Even Though its Cl Ideas are Reasonable.

 Relaxation of lonic Configurations are Important (,Dressing“ by Dynamic
Correlation: (DDCI, CASPT2,MC-CEPA,...)

* LMCT States are Important

Treatment of LMCT States in Model Calculations: VBCI Model:
Tuczek, F.; Solomon, E. |. Coord. Chem. Rev. 2001, 219, 1075
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Exchange Coupling by DFT
.
The Dominant part of the Triplet Wavefunction is:

3
‘ neutral > = ‘core aaba‘

The Dominant part of the Singlet Wavefunction is:

|

This is a Wavefunction that Can NOT be Represented by a Single Slater Determinant!

1 — L _
‘ neutml>— ﬁ”coreaabﬁ‘ ‘coreaﬁba

* BIG Problem — DFT Can Only Do Single Determinants (Triplet: Fine,Singlet: ®)

Noodleman (J. Chem. Phys., (1981), 74, 5737)

or ‘core azb,

» Use Only Either |corea,b,
Orbltals ‘Coreaabﬁ Minimize Energy!!

as Starting Point BUT Reoptimize
=|BS)

>|core T;‘Tg

*« NOTE: 7/.7; Are No Longer Orthogonal in Their Space Parts
EHS _EBS
(S, +5S;)°

« ASSUME: | BS) ~ 50% Singlet, 50% Triplet |J=~

E E

HS — *Bs

Better: * ~ (s?) —(s*]_ (Yamaguchi)

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr



The Broken Symmetry Wavefunction

Relaxation of Orbitals ,a‘ and ,b‘:

Energy Gain Through Partial
Delocalization Gives
Nonorthogonality of Space
Parts (S~0.16 here)

Terrible Mistake:

In the Real World
Everywhere Zero for
A Singlet State!!!

Positive Spin

Negative Spin
7 g Density

Density

2 My View:
% Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr Flil/ (2003) J. Phys. Chem. Solids, 65, 781




Interpretation of the BS Wavefunction

Diradical Index:

7 S 'O_O_CI)_Q-O:O'O'CI)'O'O:O'O'
) 50" | 200 x Percentage Neutral
- i
o 1 Character on Top of the
_ O -
- /o/ © 0@ : Closed Shell
) / 100% 1 Wavefunction (=50%)
> O
o / )
o /O \ Situation in - BS-DFT
C — 7] -
L Iose_d Shelp Antiferromagnetic
- \Dominat Coupling .
154 l /@/ (@ (©)50% 1 %d=100x(1+|S|)x(1-|S])
. \O~Q/O Q 50% ] Yy
| | | | | 1 Abnitio Cl
0.5 1!0 1!5 2!0 2!5 310 3.5
Distance %d=200x(c,2C,2/(Cy2+C2)) "2

2 My View:
% Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr F[E]/ (2003) J. Phys. Chem. Solids, 65, 781




Corresponding Orbitals

How to Calculate the Overlap of the Relaxed Magnetic Orbitals ? (

)
My Suggestion: Use the Corresponding Orbitals
v - Y Uy .
; """ such that <w,.“ wf> #0  Foratmost 1 Overlap
o U 5
! <S2>BS :( 2 I 2 +1}+Nﬂ _an"lﬁ S| 122 o990
123:  0.99999
146;; 0.99475
147:  0.99267
148: 0.16195...

T

T Magnetic Pair’
NOTE : Larger Overlap — Stronger AF Coupling

BUT : Overlap is Result of Variational Calculation NOT of Intuition

Ghosh et al. (2003) JACS, 125, 1293;

Herebi t al. (2003) JACS, 125, 10997
Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr Fﬁr(ez(l)%r;)e‘lnap/gys. C;lem. Solids. 65. 781




Numerical Comparison

Singlet-Triplet Gap I

Difference Dedicated Cl -411 cm-’

B3LYP : -434 cm-’

BP : -1035 cm-’
Conclusion:;

 Ab Initio Methods Accurate, Reliable, (Beautiful ©) but Expensive

* BS-DFT Can Be Used With Caution and Insight BUT Depends Rather
Strongly on the Functional (GGA: ®, Hybrid: ©) and Can Have Substantial
Errors

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr



Zero-Field Splittings
And
g-Values



Relativistic Quantum Mechanics: 1 Electron
..

At the Nonrelativistic Level (HF or not!) Nothing can be Understood about EPR
Spectroscopy but almost Everything about Chemistry!

1. Need to Introduce the Electromagnetic Fields
2. Need to Introduce the Electron (and Nuclear) Spin in the Hamiltonian
3. Need to Consider the Additional Relativistic Interactions

For a One Electron System this is Nicely Accomplished by the Dirac Equation:

External Potential

Electron Like States (,Large Component®) a

CVS Vi _ E Two ,Spin Components* ¥, Z[Z;J
@ 2(32 Vg Positron Like States (,Small Component®) Z

Two ,Spin Components® ¥, = (W‘;J

Generalized Momentum: t=p—-A $

Introduces the Fields through their Vector Potential A (VA =0 :Coulomb gauge)

Pauli Matr _0_01 0 —i 1 0
aull viatrices. ¢, = 1 o]%~ i o) %7 0 —1 ¢ =Speed of Light (~137 in atomic units)

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr



Relativistic Quantum Mechanics: Many Electrons
.

Pragmatic Approach: Add the Nonrelativistic Electron-Electron Repulsion to the
One Electron Dirac Equation (Dirac-Coulomb Operator)

Approximate Schemes:

1. Full Four Component Relativistic Born-Oppenheimer Calculations (Even Harder than
the Nonrelativistic BO Theory).
2. Four Component Hartree-Fock Like Approximation (Dirac-Fock Method)
3. Decoupling of The Large and Small Component (Two Components Methods)
|:}4. Decoupling of the Spin Components and Introduction of Spin- and Field Dependent
Terms via Perturbation Theory

Types of Additional Terms to be Considered:
1. Scalar Relativistic (Kinematic) Term (do not Depend on Spin)
2.  Spin-Orbit Coupling
3. Terms Involving the External Fields and/or the Electron and Nuclear Spins

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr



Additional Terms due to Magnetic Fields and Relativity

(Noncomprehensive List)

Details: Neese, F.; Solomon, E.I. in: Miller, JS, Drillon, M. (Eds) Magnetism Vol. IV, Wiley-VCH, 2003, pp 345-466

1. Scalar Relativistic Terms

a) Darwin Term %o’ ZZZ 5(r, « Pauli Expansion®. Alternatives: ZORA,
. . Douglas-Kroll-Hess,...
b)  Mass-Velocity Term “he Zv « Important in the Core Region
2. Spin-Orbit Coupling * Breit-Pauli Form (Others Possible)

« Il Mixes Different Multiplicities !

a) One-Electron Part  }a’ ZZZ s, I =(r,—R,)xp, .
‘ « Il Reintroduces Angular Momentum
b)  Two Electron Part -)a’ ZS S+ 1= -r )xp, in Nondegenerate States !!
o _ L « Contributes to almost ALL EPR
3. Spin-Field Interaction Terms N Properties (g,D,A)
a)  Electron-Spin-Zeeman Term %“geBzéf M don't
. * g-Tensor
b)  Electron-Orbit-Zeeman Term ViaB) |, " ﬁuclear Shielding Tensor
c) Nuclear Zeeman Term BB g\,
4 J

4. Spin-Spin Terms

a)  Electron-Spin-Spin Term %azzZr s, =366}

b)  Electron Spin-Nucleus Dipole/Dipole %ageﬂ@gﬁv‘”Z S hisi - sr)A | Zero-Field Splitting
c)  Electron Orbital-Nucleus Dipole %aﬂNZgﬁf)anlfi“) * Hyperfine Interaction
d)  Fermi Contact Term VA ageﬂNZgN ZS S(ry) )

) Max Planck Institute for Bioinorganic Chemistry, Mulheim an der Ruhr a = ¢~ =Fine Structure Constant



Summary

Dirac Equation
(1-Electron)

v

Dirac Coulomb Operator —  Additional (Small) Terms

(Relativistic; N-Electrons) 1. Scalar Relativistic Corrections
2. Relativistic Spin-Orbit Coupling

Nonrelativistic 3. Magnetic Field Interactions
Limit
_ ‘ Perturbation Theory
Born-Oppenheimer Operator l

(Nonrelativistic; N-Electrons)
EPR-Parameters
1 g-Tensor
2. D-Tensor

.y : 3. A-Tensor

Schrodl_n_ger Equation 4 Q-Tensor

(Nonrelat|V|St|C; 1-E|eCtr0n) 5 Chemical Sh|e|d|ng
6. Spin-Spin Coupling
7. ..

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr



Ligand Field Theory

Ligand Field Theory may Be Viewed as a Simple but Logically Consistent and
Qualitatively Correct Way to Construct the most Important Low-Lying

Nonrelativistic Many Electron Wavefunctions

Shape of d-Orbitals I

One-Electron in a Ligand Field I

Nonspherical Electric Field Induces
a Splitting of the Five d-Orbitals

Very Sensitive Function of the
Ligand Nature+Arrangement




Many Electron Ligand Field States

1. Distribute the N Electrons Among the Available Orbitals in all Possible Ways
(Configuration).

2. Couple the Spins of the Unpaired Electrons to get a State of Well Defined Total Spin
(Multiplicity).

3. Determine the Overall State Symmetry by Taking the Direct Product of the Irreps of
all Partially Filled Shells (Symmetry).

Configuration State Functions:

n; M ;SMy) Term Symbol: d—2S+1FI

d=1.2,..

4. Use the Rules of Ligand Field Theory to Calculate the Energy of the Configuration

State Function as a Function of the Ligand Field Parameters:
1. Ligand Field (10Dq, Ds, Dt,...) or AOM (e_,e_.e;,...) Parameters
2. Interelectronic Repulsion Racah (A,B,C) or Slater-Condon (F0,F2,F4) Parameters

5. Possibly Allow the Interaction of Configuration State Functions of the Same
Symmetry and Multiplicity (Configuration Interaction)
6. Possibly Allow the Interaction of the Cl States Through the Spin-Orbit-Coupling

Operator
Technical Details: Griffith, J.S. (1964) The Theory of Transition Metal lons., Camebridge University press, Camebridge

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr



Tanabe-Sugano Diagrams

E/B

Energy
RELATIVE to the
Ground State in
Units of the
Electron-Electron
Repulsion

V

(Free lon Limit)

Critical Ligand Field Strength
where the High-Spin to Low-

/Spin Transition Occurs

High-Spin Low-Spin
Ground State Ground State
(Weak Field) (Strong Field)
Energy of a
Given Term
Zero-Field Relative to the

Ground State

D/B

Strength of Ligand Field Increases Relative
to the Electron-Electron Repulsion

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr



The d° Case

+ 4+ hv

.. _ Al

| dxz y2 dzZ 7;;» Sp|n
R e Eyt- Forbidden

m ....m ?-..... -..“‘ m w m
T . .

6 ) 2 5
S T-, ¢;
10~ 20 30 Q
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Perturbation Theory of SH Parameters

Divide the Complete Set of Many Electron States into Two Sets

1. ,Model Space*: ) M=S,S,1,...,-S,
The 2S+1 Component of the Orbitally Nondegenerate Ground State

)

All Other States of Any Multiplicity and Symmetry

Goal: Build an ,Effective Hamiltonian® Which is Only Defined in the ,a“ Space
but Gives the Same Eigenvalues and Eigenvectors as the Complete
Hamiltonian Including All Relativistic and Magnetic Field Interactions!

2. ,Outer Space”:

Perturbative Analysis to 2"d Order :

aS,M") = < aSM> Z(Eb—EO)‘1{<

b#0,M"

(aS,M|H

”><aS M”

eﬁ“ aSM>

aSM>}

(S,

= Sum of ALL Relativistic and Magnetic Field Interactions

M) bS, M|

Insertion of the Explicit Forms and Term-by-Term Comparison yields Explicit Expressions
for the Spin-Hamiltonian Parameters in Terms of Many Electron States and Their Energies

Straightforward but Sometimes Tedious

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr



The g-Tensor

First Order Contributions:

Isotropic Free Electron

g,E;S;/Z) = 5,uvge
g =5, — « 1 ge< 05.:aS,S > Relativistic Mass Correction (Small)
1 .
gLV )= S<aS So Z(E { A }s asS,S > Gauge Correction (Small)

Second Order Contribution:
. 1
gor0 - _— N (E,-E,), kaSoSo\Z,.lw\bSoSoX

- S b(S,=S,)
+< 5. |bS,s ><bS S \Z I

NOTES: « Only Excited States of the Same Total Spin as the Ground State!
* Only Need to Know the ,Principal Components“ with M = S!

* The Often Quoted Equation . =2.-22Y,(E,~ &) (o[L, )3z, o)

AD)

lV iz

as,S > Orbital Zeeman/SOC

aS,S >} Usually Dominant

riA iu zz

Is not Correct and Makes Only Limited Sense!
FN (2001) Int. J. Quant. Chem., 83, 104

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr



The D-Tensor

First Order Contribution: Direct Electron-Electron Magnetic Dipole Interaction

Z Z {U #V—3(r ) (r }{ZSZZSZJ — 88, — 5,8 }(aSOSO>

Complicated!
Assumed Small for Transition Metals

1 o’
D;(f/S) ——
2 5,(25,-1)

<OSO )

Second Order Contribution: Spin-Orbit Coupling
Neese, F.; Solomon, E.l. (1998) /norg. Chem., 37, 6568

D,jgc_(()) = _Lz (Z )A;)]<aSOSO i A 5( zA )lz 7 zz bS S ><bS S zv zz CZS S >
o blS,=S
proc-ti 5(25 ; SZ; 1 A < (r s, o[BS, 15, —1><bS0 18, ~11Y, 0 s, [aS,S >
. 1 )
Do 1>:_(S0+1)(2S0+1)b(S§ 1)Ab1<agoso s Jbs, +15, +1><bS 18,41 0 Ls, oS S>

NOTES: - Excited States S,and S, + 1 Contribute!

* No Proportionality to the g-Tensor!

* Not Traceless!

(Review: FN (2004) Zero-Field Splitting. In: Kaupp, M.; Buhl, M.; Malkin, V.
(Eds) The Quantum Chemical Calculation of NMR and EPR Properties.
Wiley-VCH, in press

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr



The g-Tensor in Ligand Field Theory

Only MOs of Dominantly Metal d-Character Considered: ¥; = ad, + 1—062L,.
Critical! Metal Ligand

,Covalently Diluted” Metal Orbitals with ,Anisotropic Covalency” (a;# o)

Neglect Ligand Part in All Matrix Elements  (w/|dw,) ~ a,a;(d/|old,)
Critical! See Review Article

G %508+ io {;Aigsafajwzf d )| di>@§A;gaa§a§<ds 1|, | ds>}
DOMO—>SOMO SOMO—EMPTY

a

~N

<\PO HSOC \P0a> T

% - o
S

. <‘Po H \Pi0> Intrinsic »-Spin »-Spin

/ % Moment Currents” Currents”

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr




The D-Tensor in Ligand Field Theory

Same Assumption as for the g-Tensor; Also Neglect Spin-Spin First Order Term

D= S St {alaa N E ALt . )

DOMO->SOMO ~ esen
Only IF: a) No Contributions from AS,, + 1 }Dsoc 0) o + 3

ch SOMO—-EMPTY
ange

é/average A
b) Either only DOMO—>SOMO OR SOMO—EMPTY 45, Sm

Contributions from Excited States with S, = 1 not as Simple — Detailed Attention

Convention: Principal Values of D are Ordered Such That D=D. = /i(Dyy +Dyy)

E:%(DXX _DYY)

S35 and 0LE/D<1/3
LI B (5(5@
e e

élzs
% N Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr s
e 3 3

41151



Angular Momentum Matrix Elements

dzz

- 31/2

Xz

XZ
i3

yz
i 31/2

yz

d2 >
X"y Xy
i
-1
do o d
Xy Xy
-
-1
do o d
X1y Xy
21
21

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr

Use of These Tables

Let's You Calculate the Ligand
Field Expressions for g, D and A
as a Function of:

» The Excited State Energies

(Experimental Input or Ligand Field and
Interelectronic Repulsion Parameters)

* The Covalency Parameters

(Result of the Analysis or MO Calculations

but be careful — The Connection is not Clean and
the Accuracy of HF and DFT is Often not High)

* The Free lon SOC Constants

(Usually taken from Tables)

Two Additional Parameters Arise for Hyperfine
Interactions
° gegNBeBN<r_3>d from Tables

* A, from Fit to Experiment




The g-Tensor of d° Complexes (S=1/2)

322 d T ¢ T # Ay » dyz
S A A
—H— I v Geyzr Gy

2 2
6,

Xz,yz

gxx:gyy:ge+ — . N * A
sz,yz—)xz—y2 .......... J )cz,yz—>)c2—y2
oA
Key Message:

g-Values React
,,,,,,,, Sensitively to

2700 2800 2900 3000 3100 3200 3300 3400 3500 3600 Geometry
Magnetic Field (Gauss)

Taay,
"aa
Tua,
ey
L
.......
Tua,
"uy
Taa,
"ay
ua,
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ZFS of Tetrahedral d°> Complexes (S=5/2)

T, A At
2 )
4T1C —_— 4_ (v
Td D2d
4 b
4Tlb — A 4 — b L TT_ Xy . ~Bd, +WLW
T, ——— 4 +
- N B
I'-CT L 5
manifOId A \szfyz z(Xd’ + 1—(X Lx27y2
4E N | N TZ |2 o + _1_22’X2_y2 Xy
4 —_— ) Y L x=yT oz v, ~ad, +Vl-a’L
A !
1 © ases increases
D(T ):CF 4 increases
sza & > t, decreases
L 4 A e

Key Messages:

. 1) Anisotropic Covalency can be a

A — 4 4 Key Determinant of the ZFS

2) Spin-Flip Contributions can be
Dominant

&y Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr Neese, F.; Solomon, E.I. (1998) Inorg. Chem., 37, 6568



d-d versus CT States in FeCl,

T T T T T T T T T T T T T T T T 0.15 I T T I T I T I I T I T I T I T
02l —O—total | ®I-CT-states *I-LF-states
Q
- Q\O Vo 4F LF states 0.10- \O —0— Fe-SOC+CI-SOC 7
g —A=—"°T CT states T\ —v— CI-SOC only :
01} A\A\O\ 0.05- NN —Ar=— Fe-SOC only i
\VZ A\O N @ _
—_— | \v \ | k \ N |
. \V\A\ = & N nt
E v\@&_{ ' Ve _ASQ (:)\ A L
S 00 :§§\ 5 000 S . _
\v\ ~ B§A\ V=v O\
O I --------———————\K ————EV\-V- O 1 O\A\K o\o\
D_=-0.042 cm’ A 005 0L AL o
01} oxp O B N
DN A | 0 |
D\ \
G 0.10- A\ |
0.2+t ©
1 L 1 N | . 1 . 1 . N 1 M 1 N | . 1 . 1 '0.15 ‘ . ‘ . ‘ . ‘ i ‘ ‘ i ‘ i ‘ . : . :
-0 8 6 4 2 0 2 4 6 8 10 -0 5 0 5 1010 -5 0 5 10
AO® (degrees) A® (degrees)
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g- and D-Values in Octahedral d® (S=1)

0, Lower Symmetry
3T1g .........................
3'|'29 — 3E
3A 44—
3A29 "
£5,e° Contributions from Triplets

2 2 2 2
gifm {40(xy05x2y2 1 a..,.Ga. +ax2_y2)
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g- and D-Values in d* (S=2)

Weak Octahedral Strong
Axial Axial Usually the Complete D is Attributed to
' > % o } > the Lowest Spin Quintet:
................. —z However, the Triplets are at Least Equally
XY AT Ay Important:
................. xy? 7
Zz# ,,,,,,,,,,,,,,, @
......... xz++yz
ey Ny W - Ay
xz+ +yz ............. Xy Xz yz
5B 5E, 5A4q
Epeyereyn 2l . Dr. Thorsten Glaser, Miinster
5Bzg()(y4>X2-y2> g S = SBZQ(XY_)ZZ)
ng ................ = sEg(xz,yZ L22) M n Cr
w. g, 1.994 1.984
ey S0 e Ey0e-y2xzy2)
Azg I e E— 5 3Agg(x2-y2axy) gz 2.001 1 -988
Eg (ZZAXZ'yZ)T .............. '['29
g, 2.001 1.992
T —— B peyoz) D (cm?) -2.0 -0.4
e - : E/D 0.03 0.33
D<0 D>0 Contr. to D (S=2; 3/2) -0.3 -0.2
9:< 9xy= e 9xy<9:"9e Contr.to D (S=1; 1/2)  -1.7 0.2
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Quantum Chemistry

Problem:
* Theory is Formulated in Terms of an Infinite Number of Many Electron
States

» General but Intellectually Very Inefficient Way to Deal with Small Perturbations

* Most Succesful Quantum Chemical Methods (MPn, CC, DFT, ...) Only
Apply to the Ground State

(Generally: Lowest State of a Given Symmetry)

» Alternative to Sum-Over-States is Needed
» Response Theory

Study the Total Energy of the Ground State in the Presence of Multiple Small
Perturbations ,h, , A,h,,, A;h,5,... (Any of the Operators Listed Before)

EO — EO(}\‘la}\‘29}\‘3a"')

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr




Response Theory (ctd.)

Series Expansion:

OE
EO(A,/IZ,...):EO(O,O,...)+Z/1,18—/1°

1 O°E
+=> A1 A )
2Z """ OA0A,

A=0 n

A=0

Define Properties: 7

n

First Order

A=

OE, | Second Order ‘4 = Electric Field
04,04,
Examples: 4, = Electric Field Dipole Moment
A, = A, = Electric Field Polarizability

A, = Magnetic Field A, = Electron Spin  EPR g-Tensor
A, = Magnetic Field A, = Nuclear Spin  NMR Chemical Shielding Tensor

ﬂl = Electron Spin /12 = Nuclear Spin Hyperfine Coupling

Elegant and General but Derivatives May be Very Hard to Calculate! I

Max Planck Institute for Bioinorganic Chemistry, Milheim an der Ruhr




g-Tensor: DFT and HF

)
* g-Values can be Defined by: & =75 =¢
- Four Contributions Arise: g, =g.0, +Ag"6, +Ag. +Ag”>¢

* In the CPKS Approach the Kohn-Sham Molecular Orbitals are Calculated
in the Presence of a Magnetic Field B

vy =y +iBy iV 4=y O By Uy +

beo

* The UKS-CPKS Equations Become:
A 0 JyU")  (V° o i
o am T v with: V7 =(y,

. Gives: AgOZ/SOC _ % 1)55,3 Z Im( iz;r )Im(<wia(0)‘ZAé:(rA )Z’A’S W5(0)>)
o=a,p i,aeo

1

t//f}

FN. (2001) J. Chem. Phys., 115, 11080
Hyperfine Treatment see:

FN (2003) J. Chem. Phys. 3939
' Max Planck Institute for Bioinorganic Chemistry, Mulheim an der Ruhr FN (2001) J. Phys. Chem. A, 105, 4290




DFT Results: g-Values

Small Radicals I Transition Metals I

400004 ' — T ] | — —— 7]
O BP-Functional o 1 250 ~ Z BP Functiona.l B ' 7
A B3LYP-Functional L 1 B3LYP Functional
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g .- S 150 o o7 -
= 20000 : 12 P . PO S
£ N £ - o o O.
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2 10000- 4 1 5 Aor
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-10000 0 10000 20000 30000 40000 -1 I()0 _5|0 0 5|0 1(|)0 1t|')0 2(|)0 2é0
Experimental g-shift (ppm) Experimental g-shift (ppt)

* Reasonable but Still Some Problems Especially for Metals

« Zero-Field Splittings Maybe Approached Similarly but there are
Even Some Conceptual Problems

&7 Max Planck Institute for Bioinorganic Chemistry, Mulheim an der Ruhr FN (2001) J. Chem. Phys., 115, 11080



Spectroscopy ORiented Configuration Interaction

General ab Initio Method For Calculating Excited States and SOS
Based Properties. Designed for Energy Differences

70+ A T, E @ + + h |' -1-
doye d, —p doyp d,
1 e,
T] ‘e,

60} *l ﬂ ﬂ ﬂ ’

Ig T, .."u

50 @ dXV d, dvz dxy d, dyz

| .. T T T T T
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g
.
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0
.
.
.
g
‘e
o

L, e
30} / @ ...... ,

3 1 3 6 2 0 T T T r
F m 2'0 3'0 @ 30000 25000 20000 15000 10000
Ao/B Wavenumber (cm™)

|:> Accurate Description of d-d Multiplets Should give Good EPR Parameter Predictions I

, FN (2003) J. Chem. Phys., 119, 9428
' Max Planck Institute for Bioinorganic Chemistry, Mulheim an der Ruhr FN (2003) Chem. Phys. Lett., 380/5-6, 721




7

SORCI: [Cu(NH,),J2*

Toer  mes [ L EPR
A 1A " Exp SORCI B3LYP
= I el ) (ﬂ _
= | | g g-Shifts  0.241  0.248 0.142
s | 0.047  0.058 0.040
| s/ \ ] | “Cu-HFCs -506  -591  -611
1. T - (MHz) -71? 1 -34
Waverlu‘rl’lbjar (10°em™) Magnetic Field (mT) 14N_H FC‘S 39 37 49
WEE—m e 4y (MHz) 31 26 34
M AE(d-d)  2.03  2.09  2.69
A e, 4—T—H— e (eV) 2.08 2.37 2.55
P o . 2.18 2.55  2.72
I S AE((S)T) 558 538  5.22
e
o
= By
. LMCT || FN (2004) submitted
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