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Abstract

The aim of this PhD project was to develop a fast and reliabé¢hod for the calculation of ex-
change coupling constants which are used in the descripfitte coupling of unpaired electrons in
di-, tri- and oligonuclear transition metal complexes. hder to achieve both accurate results and
low computational costs, a combination of quantum chegn{&IC) and molecular mechanics (MM)
calculations has been employed.

The exchange coupling describes the energy gap betweetatls of ferro- and antiferromagneti-
cally coupled transition metal centers in a molecule andhedymto gain insight into the electronic and
magnetic properties of a compound. The prediction of exge@oupling constants is vital for virtual
screening of magnetic properties as well as to fit experiaigesults, e. g. electron paramagnetic
resonance (EPR) or magnetism measurements. While the exxbaungling between two transition
metal centers can be determined by single point calcusti@sed on X-ray structure geometries,
geometry optimization is the key element for predictapiithen no experimental data is available.
As the method should be usable to not only reproduce expetah@ata, but also to predict exchange
coupling constants ah silico-generated complexes, the computational procedure hawdtveé a
geometry optimization at one point of the process.

A systematic benchmark approach for the deduction of exgda@oupling constants from density
functional theory (DFT) single point calculations is pretsel. Based on benchmark calculations of
a small dinuclear molecule, a suitable functional and bssisombination for the fast and accurate
calculation of coupling constants has been identified astdeon a large series of transition metal
compounds, which include &urFe", Cr'', vV, Mn", Mn"", Mn'Y, Ni"" and Cd' ions. The calcula-
tions were based on X-ray structure geometries obtaineudl literature data and have been compared
to exchange coupling constants calculated from DFT-ogguohistructures. The results based on op-
timized structures were found to have comparable accur&ghwshows, that the optimization of a
structure is a viable approach to exchange coupling congtadiction.

A ligand field term has been implemented in a molecular meckgrogram, employing the pro-
gramming language C++. This allows for the calculation ot®tmic effects with MM methods.
Based on reference information from X-ray structures andW$/spectra the ligand field term has
been automatically parametrized . Since the predictionxoh&nge coupling constants based on
optimized geometries is possible, molecular mechaniazitzlons with an additional electronic ef-
fect present a computationally efficient way for this steph&f process. Parametrizations based on
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simple test molecules and one or more X-ray structures wéthsttion metal compounds showing
electronic effects like Jahn-Teller distortions are pnése and the functional form of the ligand field
term implemented into the software is discussed in detalil.

A possible improvement of the parametrization process whges the information of the first and
second derivatives of the energy with respect to atomicdinates is presented. Also, a parametriza-
tion based on DFT-optimized structures is discussed. If {Opfimized structures are used as the
reference data for a force field, all calculations for theed®ination of exchange coupling constants
are based on the same potential energy surface (PES). Battetrgamptimization and the calculation
of the magnetic properties then only involve structuresh@FT hypersurface. This is an advantage
from the theoretical chemists’ point of view, since the uguacedure for the calculation of exchange
coupling constants involves X-ray structure geometriegcvido not represent a minimum on the
DFT hypersurface.



Kurzfassung

Das Ziel der vorliegenden Doktorarbeit war die Entwickl@nger zuverlassigen und schnellen Meth-
ode, um Austauschkopplungskonstanten, die die Kopplungimgepaarten Elektronen in zwei-, drei-
oder mehrkernigen Ubergangsmetallkomplexen beschrei#teberechnen. Um genaue Ergebnisse
bei geringem Rechenaufwand zu gewahrleisten wurde eine Katidn von quantenchemischenn
Rechenmethoden und Kraftfeldmethoden benutzt.

Die Austauschkopplung beschreibt die Energieliicke zveisotlen antiferro- und ferromagnetisch
gekoppelten Spinzustanden der Ubergangsmetallzentres kiolekiils und kann Hinweise auf dessen
elektronische und magnetische Eigenschaften geben. Drek&age von Austauschkopplungskon-
stanten ist entscheidend fur “Virtual Screening”-Anwengeen und hilft bei der Interpretation von ex-
perimentellen Ergebnissen, die z. B. bei Elektronenspima&sz (ESR)- und magnetischen Messungen
erhalten werden. Wahrend Austauschkopplungskonstantes &flolekils durch “Single Point”-
Rechnungen auf Basis von Rdntgenstrukturdaten berechnetemvéihnen, sind Geometrieopti-
mierungen der Schlisselschritt bei der Vorhersage von atsghen Eigenschaften von bisher nicht
synthetisierten Molekilen. Da die Methode sowohl bei desrjoretation von Daten zu bereits exper-
imentell bestimmten Strukturen helfen, als auch Wertarfigilico-generierte Strukturen bestimmen
sollte, wurde der Schritt der Geometrieoptimierung in des&@ntprozess aufgenommen.

Um Austauschkopplungskonstanten mit Hilfe von Dichtetiorkaltheoriemethoden (DFT-Methoden)
zu berechnen, wurde ein systematischer Benchmark-Teshgkfichrt. Basierend auf einem di-
nuklearen Cli-Komplex wurde eine geeignete Kombination von Funktionad Basissatz fur die
schnelle und akkurate Berechnung der Kopplungskonstadtatifiziert. Die Methode wurde im
AnschluR anhand einer Reihe von Ubergangsmetallkomplexgdiziert, wobei Cl, Fe', Cr!', vV,
Mn", Mn", Mn"', Ni" und Cd" zu den betrachteten Metallionen zahlten. Die Berechnuniggzes
sich auf die Rontgenstrukturen der Komplexe, die der Literanthnommen wurden. Die berech-
neten Kopplungskonstanten wurden mit Ergebnissen, di®B&tifoptimierten Strukturen basierten,
verglichen. Die Ergebnisse beider Berechnungen zeigencahgiite Genauigkeit im Vergleich zu
experimentellen Resultaten. Die Berechnung von Austauggtlkogskonstanten auf Basis von DFT-
optimierten Strukturen erweist sich somit als geeignetesaiz fiir die Vorhersage bei Strukturen, zu
denen noch keine experimentellen Daten vorliegen.
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Um den erforderlichen rechnerischen Aufwand fir die Geoeabtimierung zu reduzieren wurde
ein Ligandenfeldterm in das Kraftfeldprogramm Momec milfélder Programmiersprache C++ im-
plementiert. Zusatzlich wurde eine automatische Parasrerting entwickelt, die sowohl Kraftfeld-
parameter fur klassische Terme als auch fir das Ligandkats Referenzdaten, bestehend aus Ront-
genstrukturinformationen und UV/VIS-Spektren, ableikamn. Durch die Implementierung eines
Ligandenfeldterms kénnen die elektronischen Effekte ethen Einflul3 auf die Koordinationsstruk-
tur der Ubergangsmetallzentren haben, durch Kraftfelirengen erfaRt werden. Der Prozess der
Geometrieoptimierung wird durch den Einsatz von Kraftieédhoden erheblich beschleunigt. Auf
der Basis von Teststrukturen und Rontgenstrukturen von Bibgsmetallkomplexen mit Jahn-Teller-
verzerrten Metallzentren werden Parametrisierungenesdigi funktionelle Form des Ligandenfeld-
potentials diskutiert.

Das letzte Kapitel der vorliegenden Arbeit beschéaftigh siat der weiteren Entwicklung der Methode
zur Vorhersage von Austauschkopplungskonstanten. Eiern&nsatz zur Parametrisierung von
Ligandenfeldkraftfeldern auf der Basis der ersten und 2meAbleitungen der Energie in Bezug
auf die Atomkoordinaten eines Molekuls wird diskutiert. stér Ergebnisse in Hinblick auf eine
Parametrisierung auf Basis von DFT-optimierten Struktweigen aul3erdem, dal’ durch Referenz-
daten aus DFT-Rechnungen das Problem der verschiedenerfldgpen wahrend des Gesamtpro-
zesses der Vorhersage von Austauschkopplungskonstaraieden werden kann. Die Berechnung
von Austauschkopplungskonstanten wird in der Regel auf BamisRontgenstrukturen durchge-
fuhrt, die im Allgemeinen nicht ein Minimum auf einer DFT-plgrflache darstellen. Durch die
Geometrieoptimierung mit Hilfe der DFT bzw. durch die Ogenung durch ein Kraftfeld, welches
mit Hilfe von DFT-Strukturen parametrisiert wurde, laf&ttssicherstellen, dal’ die Austauschkopp-
lungskonstante auf Basis einer Minimumsstruktur der DFpétftache berechnet wird.
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Single molecule magnets (SMM5Y! present an interesting class of compounds with multipleipos
ble applications in fields of modern technology, e. g. higéfficient data storage systems, molecular
freezeré®, switches, quantum comput&sor contrast agent8. Therefore, the interest in the de-
velopment of new compounds, which exhibit single molecuégnet behavior at room temperature
or above is high. While experimentalists have been able tthegize a large number of SMMs with
anisotropy barriers of up to 170, a systematic approach to find compounds which show SMM
behavior is still lacking and new discoveries of SMMs arenfiby pure chance. As the synthesis and
characterization of this class of compounds is tedious ene-tonsuming, the constantly evolving
field of computational chemistry can provide a suitable apph for a more systematic and thorough
investigation in this field of research. While improving camgr hardware is constantly opening up
new possibilities for more and more accurate calculatidnmedium sized molecules, the system-
atic screening of hundreds or thousands of compounds lisnsibssible with high-level quantum
chemistry (QC) calculations. The goal of this PhD projectéfa@e was to develop an approach for
the calculation of exchange coupling constants of tramsitetal complexes, which can yield accu-
rate results while the computational costs remains at @anadie level for large scale calculations.

The exchange coupling describes the energy gap betweeiifégret spin states of coupled transi-
tion metal centers (see Part Il for a detailed descriptiod)@an help to gain insight into the low-lying
electronic states of a molecule. Together with additiomaameters like the zero-field splitting (ZFS)
(see Part I) a qualitative and quantitative understandinigeoexchange coupling is therefore impor-
tant for the rational design of new SMMs. While the calculatd the actual constant based on X-ray
geometries is feasible with density functional theory (DRiethods, the geometry optimization nec-
essary for the creation ah silico-structures is time consuming when QC calculations arelwedd
Since geometry optimizations are necessary when no X-ragtate is available, the process of ge-
ometry optimization with subsequent exchange couplingtaon calculation may be divided, and
QC and molecular mechanics (MM) methods have been empldyedunderlying theory of QC and
MM calculations as well as molecular magnetism is describekbtail in the first Part of this thesis.

MM methods can generate very accurate molecular geometriesh are computed within a couple
of seconds on modern computer hardware. As the moleculesspést contain transition metal ions,
the underlying force fields have to be specifically tailoredhis kind of problem and, in order to be
able to correctly describe electronic effects caused bytipaired electrons on the metal ions, may
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include an additional electronic term. We have chosen tdémpnt a ligand field terf*% into our
own molecular mechanics packagée?, which can correctly reproduce e. g. Jahn-Télfedistorted
coordination sites and thus can yield accurate moleculamegéries when transition metal centers are
present in the molecule (see Part Il for details). As thepuatrization of this ligand field term should
be simple, reliable and also possible within an affordab@ant of time, the implementation of an
automatic parametrization procedure has also been a gahisoPhD project (detailed description
in Part 1V). Parametrization is necessary when a new clasowipounds is investigated or new
functional forms for an energy term are developed, e. g. liamge of the ligand field potential form
presented in Part Il of this thesis.

With the combination of a ligand field augmented moleculachaaics calculation for the geom-

etry optimization of a complex and the subsequent detetinmaf magnetic properties, e.g. the

exchange coupling constant, by DFT based methods, we hieere &afirst step towards a systematic
computational screening of possible candidates for singleecule magnets. For a more complete
description of the single molecular magnet behavior ottiens e. g. the ZFS parameters for axial (D)
or rhombic (E) splitting are necessary. These can also bgutad by QC methods but are usually
smaller by an order of magnitude compared to the exchangelinguconstant J and are therefore
much more difficult to reproduce correctly.
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Part I. Theoretical Background

1 Quantum Chemistry

1.1 Hartree-Fock Theory

Quantum chemical methods have become a major field of rds@athe last century and quantum
chemistry calculations are nowadays an important tooludysteaction mechanisms, structural con-
formations, energy profiles and spectroscopic propert@zdculations are used to explain, but also
to support experimental findings. The major difference t@dofield methods, which will be de-
scribed in Ch. 2 of this Part, is the treatment of electronscivhre explicitly included in quantum
mechanical methods. Therefore, quantum chemistry methiedable to describe electronic effects,
e.g. Jahn-Tellét®! distortions in transition metal complexes or excited stagad can in principle
describe every property of a given molecule.

1.1.1 The Born-Oppenheimer Approximation

The time-independent Schrodinger equalfiinEq. 1.1.1, describes the stationary state of a system
and can be used to derive the energy levels of a molecule.

HU = BV (1.1.1)

whereH is the Hamilton operatorEy the energy eigenvalue anl the wave function, which is a
function of all electron and nuclei coordinates as well &ctebn spins. If this equation (or an ap-
proximation to it) is solved without empirical parametetts&e method is referred to as ab-initio
method, which means, it is based on first principles and tigagsausly derived from quantum me-
chanics.

For anN electron andV/ nuclei system, the Hamiltoni&d! is given in Eq. 1.1.2:

2 ) Zs e ZaZs
Z vz—ZQMA VA — ZZ ZZ §BZ; (1.1.2)

Here, M 4 is the mass of the nucleus, 7, its atomic numbery; 4, the distance between nucleds
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and electron, r;; the distance between electramsnd; and R 45 the distance between nucléiand

B. The first term accounts for the kinetic energy of the elexdnhile the second term represents the
kinetic energy of the nuclei. The third term describes thel@uob attraction between electrons and
nuclei and terms four and five represent the repulsion betwksetrons and nuclei, respectively.

Since nuclei are much heavier than electrons, they move siondy. With the Born-Oppenheimer
approximatio®t®1] one can separate the electronic problem from the motioheohticlei and treat
the electron movement in a field of point charges generatedeoguclei. The electronic Hamiltonian
(Eq. 1.1.3) is therefore reduced from Eq. 1.1.2 to only idelthe terms for the kinetic energy of the
electrons, the Coulomb attraction between electrons anigirared the Coulomb repulsion between
electrons. Since the electrons “feel” the nuclei as poiargés, the electronic energy of a system also
depends parametrically on the Coulomb repulsion of the nuetg 1.1.3:

Helec:—ilv%—iié+§:ii+i§: ZaZp (1.1.3)
T2 . 4 liA . > i A Boa Ras

Solutions to the Schrédinger equation based on the electramiltonian are given by the electronic
wave function, Eq. 1.1.4:

\Ijelec - qjelec(”; RA) (114)

In this form, the electronic Hamilton operator neglectsiiglstic and other additional effedtd. If
those become important, e. g. for fourth or fifth row elemeaotsf other Hamiltonians, for example
for spin-spin or spin-orbit coupling effects, are needkd,dlectronic Hamiltonian has to be extended
to account for these interactions. This will be the case,mihe broken symmetry formalism is
introduced and the Hamiltonian is extended by a term whidtidees the interaction between two
transition metal centers (see Pt. Il, Ch. 2).

1.1.2 Molecular Orbitals
The electronic Schrédinger equation can only be solvedasex form for one-electron systems like
the hydrogen atom. Approximate, iterative solutions forltrelectron systems are based on the

variational principle, which states that the expectatiatug of the Hamiltonian is always equal or
higher than the exact energy (Eq. 1.1.5):

(V|Hetee|V) > Eeracr (1.1.5)

For a correct description of the wave function of a singlecteta in the nonrelativistic case, two

10
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parts are needed. First, a spatial orbwal which describes the spatial distribution of an electron in
dependence of. The atomic wave function®; are defined to be orthonormal, Eq. 1.1.6:

whered;; is the Kronecker-Delta. Second, the electronic spin quartumbers for an electron with
the two possible states% and—%, which correspond to the spin up and spin down states oflphral
or anti-parallel alignment along an external magnetic firelde to be introducead hod®l. The spin
functions are orthonormal as well, Eq. 1.1.7:

(afa) = (518) =1 1)
(a]B) = (Bla) =0
The combination of both elements yields the spin orbijalgq. 1.1.8
U(r)a(w)
x(x) = 9 or (1.1.8)
W(r)B(w)

Given non-interacting electrons, the HamiltoniHR,.. is a sum of one-electron Hamiltonians and
the corresponding wave function gives rise to the eleatrenergyF.,.., which is a product of one-
electron wave functions, the spin orbitals. The productlied the Hartree product (Eq. 1.1.9):

\IjHartree - Xz(ml)Xj(:[:Q) cee Xk(xN) (119)

This represents an uncorrelated ansatz, because the pitglzdiinding electron one at position, is
independent of the probability of finding electron two atifios z,. The total probability of finding
each electron at each position is thus the product of all@deetron probabilitie®. Since electrons
have to be described as fermions obeying the Pauli prinéihlaterchanging the coordinates of two
fermions must result in a change of the sign of the wave fonctirherefore, the quantum numbers
of two electrons cannot be the same, and the wave functiotohaes antisymmetric with respect to
interchanging two electronic coordinates. As the Hartneelpct does not fulfill this principle, the
linear combination of the Hartree product has to be use@aast For two electrons, the simplest
correct description is (Eq. 1.1.10):

W(1,20) = %(Xi(%))(j(l’z) - Xj(l’l)Xi(l’z)) (1.1.10)

11
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where\/i5 is a normalization factor and the minus sign ensures theyantnetry of U (x, 2,) 2%,

This can be written as a determinant, the so-called SlaterBénant’®, given in Eq. 1.1.11 for the
N-electron case:

xi(z1)  x;(1) Xk(21)
Uy, 2o 1) = \/% Xi(72) Xj(ll‘2) Xk (72) (1.1.11)
xi(rn) xj(zn) o xe(zw)

In a Slater Determinant, the electronic coordinates arergalong the rows, while the columns are
made up by single electron wave functions. These are comlimenolecular orbitals when the
electronic Schrodinger equation is solved for a molecule.

1.1.3 The Fock Operator

As the variational principle states, the energy of the bestesfunction obtainable with an approxi-
mate functional form is equal or higher to the exact energihefelectronic problem. The variation
of this problem is induced by the choice of spin orbitals amel &im is to choose the best set of
spin orbitals for a given problem. The equation, which dibéssrthe best set of spin orbitals, is the
Hartree-Fock integro-differential equatiét), given in Eq. 1.1.12 for the case of a single electron
denoted as electron-one, which yields the orbital eneygyf the spin orbitaly,,.

R(1) 4+ J5(1) = Y Ky(1)| Xa(l) = €axa(1) (1.1.12)

b#a b#a

Here,h(1) is the operator for the kinetic energy and the potentialgnéar the attraction of a single
electron to the nuclei. The two sums ovef: a depend on electron-electron interactions, where the
first term is the Coulomb term and the second term is the exehmm. The Coulomb term can be
interpreted as a one-electron potential in Hartree-Foé&R (Reory, since the summation overal¢ a
corresponds to an averaged potential of the N - 1 electramisjwvact on electron, (Eqg. 1.1.13):

vel(1) = Z/dw2|xb(2)|2rf21xa(1) (1.1.13)
b#a

12
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We can therefore define a Coulomb operator, Eq. 1.1.14

3,(1) = /dxzyXb<2>\2r121 (1.1.14)
which defines the average local potentiatatarising from an electron ix,.

The exchange operatir, Eq. 1.1.15, does not have a classical interpretation a&dabh&®mb operator,
but one can defink by its effect when it operates on a spin orbital1):

Ky(1)xa(l) = { / dxzxz@)mlxa@)] WD) (11.15)

The Coulomb operator can be expressed in a similar form, H(L@&:.

3w = | [ dei@ridne)] w) (1.1.16)
The comparison of Egs. 1.1.15 and 1.1.16 shows, that the @dubperator is a local operator, which

acts on the same electrog,(2)) whereas the exchange operator is a non-local operatochvettits
on two different electronsy(,(2) andx,(2)).

With Eq. 1.1.15 and Eq. 1.1.16 it follows, that the differedietween Coulomb and exchange opera-
tor acting on electron-one i, is zero, Eq. 1.1.17:

[Ja(l) - Ka(l)] Xa(l) =0 (1117)

This term, when added to Eq. 1.1.12, eliminates the restnicf the sum, which now runs over all
spin orbitalsh. The HF equation can now be written as (Eq. 1.1.18)

f@)x(z:) = ex(xi) (1.1.18)
with the Fock operatof (i) (Eq. 1.1.19):
) 1_,. Za HF /-
fli) = =5 V¥ - Z > == () (1.1.19)

wherev™¥ (i) represents the combined Coulomb and exchange operatoth wédaces the many-
electron problem of the original Hamiltonian (the electedactron interaction terms) to an effective
one-electron problem. As the field of electrons used in this-electron problem depends on the

13
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spin orbitals of the electrons and thus the Fock operatoem#gpon its eigenfunctions, the equation
systemis nonlinear and must be solved iteratively. Thiaiten procedure is called the self-consistent
field (SCF) method, as the field of electrons has to be varigd awerall self-consistency is achieved.
When a set of initial coefficients for the molecular orbital<hosen, the average field the electrons
induce on each other can be calculated and the HF equatiorl(E4.8) can be solved to arrive at a
new set of orbitals. The new set of orbitals is then again tsedlculate the field, solve the equation,
etc., until the orbitals (and thus the determinant) no loradp@nge and self-consistency is achieved.
The orbitals with their respective eigenvalues now repretiee canonical molecular orbitals (MOs)
with orbital energies of the best solution for the groundestd a given molecule.

1.2 Basis Sets

As seenin the preceding Chapter, the objective of an SCF adilouls to find a set of MO coefficients
which minimize the energy of the electronic eigenvalue fEwb So far, we have only derived the
operator acting on the MOs; now, the functional form of theveveunction built from the MOs will

be discussed. Since the exact functional form of the MOsksiown, the MOs are expressed as a set
of functions of which the functional form is known. For a ceet description, an infinite amount of
functions would be needed, which is not feasible for a cakooh. Therefore, a finite set of functions
Is used, the so called basis set. Each MO is then expressddricarbitals (AOs) of this basis set
in a linear combination (LCAO).

There are two commonly used types of AOs in quantum chemisthods: Slater type orbitals
(STOs)?Y (Eq. 1.1.20) and Gaussian type orbitals (GTE&5JEq. 1.1.21).

Xcan(,0,0) = NYy 0 (0, p)r" e " (1.1.20)

Xemtm (T, 0,0) = NYi (6, ¢)r2 =2 le ¢ (1.1.21)
¢n,l, ,

Here, N is a normalization constani; ,, (6, ¢) represent the spherical harmonic functions aadds
the radial dependence to form the AOs. While STOs are more &xe a chemical point of view,
since STOs represent the exact description for the hydratgen, GTOs are much easier to calculate,
since the product of two GTOs is again a GTO. To achieve ST@Qracyg with GTOs, roughly three
times as many basis functions are neétféd

The minimum basis set of a given atom consists of the minimumber of AOs to contain all
electrons present on the atom. For a hydrogen atom, thisowsaiply be one s-orbital (1s), for
a carbon a set of two s- (1s, 2s) and three p-orbitalsigp p,). To increase the accuracy of the
MO-description, one can introduce additional basis fuumgi A double zeta (DZ) basis set consists
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of twice the amount of basis functions needed to form the mumn basis set, i. e. two s-functions
for a hydrogen atom, four s- and six p-functions for a carbimma The amount of functions can be
similarly increased to triple zeta (TZ), quadruple zeta YQjintuple zeta (5Z) or higher order basis
set expansions.

Additionally, the description of the electron distributioan be improved by adding polarization func-
tions with a higher angular momenttimPolarizing an s-orbital requires p-functions, polarigim
p-orbital requires d-functions etc. Commonly found are diffase functions, which help to describe
the tail of an atomic orbital far away from the nucleus.

To reduce the amount of basis functions for a given atom, tmyvalence shell orbitals can be
described by an additional set of basis functions. Thisyced a split valence basis set and is justified
by the fact, that core electrons are rarely involved in cleairbonding and behavior of the chemical
environment of an atom.

Another very common approach which goes in the same direcithe basis set contraction. Core
orbitals may be represented by a fixed linear combinatiorasidfunctions and therefore the number
of functions varied during the calculation is reduced. Thetracted Gaussian type orbitals (CGTOSs)
are expressed by a sum of primitive Gaussian type orbit&3 %) (Eq. 1.1.22):

k
X(CGTO) => " a;x;(PGTO) (1.1.22)

Pople style basis sets, for example 6-FGmake use of this contraction. The 6-31G basis set is a
split valence basis, where the core orbitals are descripeddontraction of six, the inner part of the
valence shell by three and the outer part of the valence byP@iEO. Another example is the TZV
basis set by Ahlrichs and cowork&*®!, which for example contracts a 11s6p1d basis for a carbon
atom to a 5s3pld pattetnThe core orbitals are again described as a contractioxafrbitals, and

the degree of contraction decreases when moving towardstéece shell orbitals.

If this approach is taken a step further, effective core pitdés (ECPs) can be introduced. Expanding
the core orbitals of a third or higher row element needs masgysbfunctions, but the electrons are
normally not involved from a chemical point of view. Theredp ECP basis sets model the core
orbitals by a single function and by that reduce the numbezaiired basis functions drasticaf{!.

An example for an ECP basis is the LACVB¥ basis used in Pt. Il of this work.

This is extremely important e. g. when describing bondséangition metal complexes.
2 Taken from an Orca 2.6 output fifé
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1.3 Density Functional Theory

Density functional theory (DFT) has become one of the mogtoitant tools for the theoretical
chemist in the last decades and is nhowadays also widely usedgderimentalists to support their
findingd®-32.  With the ongoing development in computer hard- and softwBFT today allows
the treatment of molecules with 100-200 atoms readily and ttan be used to solve many of the
challenges which arise in modern computational chemistry.

The fundamentals of DFT go back to Hohenberg and K8hrnwho proved that the ground-state
energy of a system can be completely described by the eted&nsityp. The4 /N variable (three
Cartesian coordinates and one spin coordinate for eachra@i¢groblem of the wave function ap-
proach is reduced to a three coordinate problem for the gemsgiich is independent of the number
of electrons. The density is calculated from the square ®fwhve function, integrated over N - 1
electron coordinates. While this approach simplifies theuwation of a ground-state energy sig-
nificantly, the following problem arises: Since the elentoensity is correlated to the ground-state
energy, a different density also produces a different gnefdne functional which connects these
entities is unknown and to find the functional, which coryedescribes the relation between electron
density and the energy of a molecule, is the main problem af.DF

As shown in one of the preceding Chapters, the electroniggrem be divided into four parts, and
we can adapt this approach from HF theory. The total energy mblecule in the HF framework
consists of the kinetic enerd¥/|p|, the nuclei-electron attractiofi,,.[p], and the electron-electron
repulsion consisting of the Coulomb and Exchange p&i] and K[p]. Since we use the Born-
Oppenheimer approximation, the nuclear-nuclear repulsjg, can again be treated as constant (Egs.
1.1.23101.1.26).

Trlp) = 1537)% [ ob(r)ar (11.23)
Eyelp) :;/%dr (1.1.24)
Jlp] = % / / %dmr' (1.1.25)
Kol =50} [ odrar (1.1.26)

In the Thomas-Fernfit+35 approach, the electrons are treated as a non-interactifaymrelectron

3 A functional is a function of a function, where the inner ftino depends on parameters and the outer function
depends on this inner function.
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gas. The total energy, Eq. 1.1.27,

Elp] = Trrlp] + Enelp] + Jp] (1.1.27)

is known as the Thomas-Fermi enel§y°. Including the exchange pak,[p] yields the Thomas-
Fermi-Dirac energyf®®7],

Since the approximation of a non-interacting uniform ef@tgas is not valid for molecules, the ener-
gies calculated in the Thomas-Fermi-Dirac model are urabée with respect to chemical accuracy
(~ 1 kcal/mol or 4 kd/mol). To improve the model, Kohn and Shatrotuced the Kohn-Sham (KS)
orbitalg®®l. Since the kinetic energy is represented poorly in the TtssRermi description, the idea
by Kohn and Sham was to split this functional in a part, whiah be calculated exactly, and another
part, which is a small correction to the exact energy. The Kfftas are used to calculate the exact
part of the kinetic energy for a system of non-interactingcgbns, which are described by a single
Slater determinant of molecular orbitals, which is readuiced to the DFT formalism. Calculating
the electron density of such a determinant, the kineticggné&rg. 1.1.28, is given as

N

Ts = Z<¢z

2

1
il v 2
2

¢i> (1.1.28)

Even with Eg. 1.1.28, the total kinetic energy of a systermoaie calculated, since the approx-
imation of non-interacting electrons is still used. To gethie exact kinetic energy, an exchange-
correlation term has to be included. The total DFT energhgest(Eq. 1.1.29)

Eprrlp) = Tslp] + Enclp] + Jlpl + Exclpl (1.1.29)

whereEx is defined as (Eq. 1.1.36%

Exclp] = (Tlp] = Tslpl) + (Eeelp] — J]p]) (1.1.30)

The exchange-correlation functional can also be sepairatied pure exchange and a pure correlation
part, Eq. 1.1.31:

Exclp] = Ex|p] + Eclp] (1.1.31)
The objective is now similar to HF theory, namely one has td &rset of orbitals, which minimize

the energy of the system. As the exchange and kinetic pgoendeon the density, the orbitals have
to be determined iteratively.
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With the definition of a KS operatdiy g, one can define the KS equations, Eq. 1.1.32

hyst)i(x) = e)i(x)

1 (1.1.32)
hyge = —§V2 + Vesy
which lead to the energy eigenvalues. Héfg, is defined as (Eq. 1.1.33)
_ p(r') .,
Verp(r) = Voe(r) + p— dr' + Vxe(r) (1.1.33)

andVx, the exchange-correlation potential, is the derivativilhefexchange-correlation energy with
respect to the density (Eq. 1.1.34):

Vxc(r) = 9Bxclp] (1.1.34)

Op(r)
The orbitals can again be expressed in a set of basis fusctcmmparable to the HF method. It
should be noted however, that the energy of the orbitalsh&illlifferent compared to the HF result.

Deriving the basics of DFT, it becomes clear, that the théoquite similar to HF theory. The major
difference is, that DFT includes correlation consistentigluding the Coulomb correlation, which
describes the electron-electron interaction of two etexstiwith the same spin, while HF theory does
not. So in principle, if the exact functional would be knowime exact energy of a system within the
given model chemistry could be calculated.

1.3.1 Local Density Methods (LDA)

One approach to define the exchange functional are the lecaltgt approximation (LDA) methods.
Here, it is assumed, that the density can locally be treaedumiform electron gas. The exchange
energy is then given by the Dirac formula (Eq. 1.1.35)

Pl = -5 (0)3 / o4 (r)dr (1.1.35)

oo

Popular examples of LDA methods are thiee method by Slatd#!, the VWN functional by Vosko,
Wilk and Nusaif*® or the PW91 functional by Perdew and Wéily Common to the LDA functionals
Is a general underestimation of the exchange energy andesastimation of the electron correlation
energy. Therefore, bonds are normally too strong (“ovadinig”) when this approach is used, but
the overall accuracy is often comparable to HF metHéds
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1.3.2 Gradient Corrected Methods (GGA)

Gradient corrected methods (or generalized gradient appation (GGA) ) extend LDA methods to
a non-uniform treatment of the electron gas. Gradients @felkectron density are used to improve
exchange and correlation energies. As GGAs still only thkedensity of a given point into account,
GGAs are also local methodd.

Members of the family of GGA methods include the PW86 funciidsy Perdew and Wartf! and
the B88 correction proposed by Be#é& both modifying the LDA approach exchange functional.
For the correlation energy, Lee, Yang and Pdrproposed their LYP functional and Perdéw®!
published the P86 functional, which was later modified bydBerand Wan§” to PW9L1.

1.3.3 Hybrid Methods

Hybrid methods include a fraction of exact exchange catedlay HF methods into the total exchange-
correlation energy. Given the two extremes of non-inténgatlectrons, where the correlation energy
is zero, and fully interacting electrons, where the enegggtascribed by correlation and exchange,
the true system can be described by an average between thote gq. 1.1.36:

1 1
Exc ~ 3 (Vo |Vxe(0)| Wo) + 3 (U |Vxe(1)] Wy) (1.1.36)
The exchange energy at point zero can be described exactifFliyethods, if the KS orbitals are
identical to the HF orbitafs The total exchange-correlation energy of this “half-dnadf’ functional

(Eq. 1.1.37), proposed by Bedkg, then relates to

1 1
E8LH = §E§§F + §(E§DA + ELP4 (1.1.37)
Another very popular example of a hybrid method is the B3LYRctional, which consists of the
Becke three-parameter functional and the Lee, Yang, Pacrigéen of the correlation enerdfy—>1,
Here, the exchange-correlation energy is calculated byr@uowtion of exact HF exchange energy,
LDA exchange energy, an additional correction to the exghanergy and a LDA and GGA part for

the correlation energy (Eq. 1.1.38):

ER = (1 — a)EXPA 4 aBHF + bAEDP® + ELPA + cAESSA (1.1.38)

4 This is generally not the case, but nevertheless repreagied approximation to the problem

19



Part I. Theoretical Background

The coefficients:, b andc are determined empirically. In the original B3LYP functibrma= 0.20,

b = 0.72 andc = 0.81, so 20% of the total exchange-correlation energy is givethbyexact HF
exchange. The amount of exact HF exchange can be increabith nas been done in functionals
like BILYP™? (25% of exact HF exchange), or decreased, e. g. in B3I¥¢P* (15% of exact HF
exchange).
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2 Force Field Methods

Force field methods represent one of the more simplistic éxentheless very popular and powerful
approaches in computational chemistry. Opposed to quaah@mistry calculations, force fields do
not handle electrons explicitly, but are parametrized tduide electronic effects implicitly. Force
fields are generally more applicable to problems relatedladive energies of conformers or isomers,
cavity sizes, conformational searches and molecular digsarall of which are mostly governed by
steric effects, and can be used for large scale calculataanthe computational cost is significantly
lower compared to QC methods.

Force field methods handle molecules as an ensemble of ammeaed by bonds with a given
connectivity. Forces between atoms can either occur aldmgnd, e. g. bond stretching or valence
angle bending, or through space, e.g. van der Waals inienacand electrostatics. Through bond
interactions are usually described by a classical mechébiglls and springs” model. Therefore,
force field methods are also referred to as molecular mecaméthodg8l.

The steric (or strain) energ¥.;.... in a force field is calculated by the deviation of the indiatlu
interactions from their reference values. Reference vdlrelsond distances, valence bond angles,
torsion angles etc. are usually gathered empirically froystal structures, spectroscopic data or
guantum mechanical calculations. The complete stericggnafra molecule can be described as a
sum over all these individual contributions (Eq. 1.2.1):

Esteric = Z Estretch + Z Ebend + Z Etorsion + Z EvdW + Z Eelectrostatic (121)

Additional cross terms, e. g. out of plane interactions dreich-bend term, can also be included in
the force field. As Saunders and Jarret have shSlyinteractions for bond and torsion angles can
also be replaced by distances in a central force field approac

In the force field used by Momé&é-1255-61 the individual contributions from Eq. 1.2.1 are calcutate
as follows, Eqgs. 1.2.2t0 1.2.6:

1

Estretch(r - 7AO) = §k(7,. - TO)Q (122)
1

BEyena(0 — 6o) = Qk(e — o) (1.2.3)
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Eiorsion(w) = Z Vypcos(nw) (1.2.4)
n=1

Eyaw(r) = Ae™P" — = (1.2.5)

Eelec.<r) - QAQB (126)

€r

The stretch energy.;,..cn (EQq. 1.2.2) is treated by Hook’s Law and described by a Tagéores
around an equilibrium bond length, which in the simpleshias gives a harmonic oscillatof is
the force constant ang the equilibrium bond length, both of which are parametetfieforce field.
The harmonic approximation fails to reproduce the corrésdatiation behavior for a bond, as the
energy tends to infinity with larger bond lengths. For a odrdescription, a Morse potential, EQ.
1.2.7, or a Taylor expansion around the equilibrium bondtlemas to be used instead:

EMorse<r - TO) = D[l - 6a(rfr0)]2 (127)

D is the dissociation energy amdthe curvature, which is related to the force constant by E2;81

2
o= ,/ﬁ (1.2.8)

However, for small deviations from the equilibrium bonddém a harmonic description of the stretch
interaction is sufficient.

Thebending energy,..« (Eq. 1.2.3) is treated similarly to the stretch energy by k®taw and a
Taylor expansion around the equilibrium angle, usuallynieated at second order. Agaih,is the
force constant ané, the equilibrium bond angle parametrized in the force field.

Thetorsional energy;,,i. (EQ. 1.2.4) for atorsion around a bond B-C in a sequence oftfonded
atoms A-B-C-D has to account for the periodicity of the torsidherefore, the energy is given as a
Fourier series where describes the periodicity of the torsion alg gives the appropriate rotation
barrier around B-C.

Thevan der Waals energf,.qiv (EQ. 1.2.5) describes the repulsion at very short, atactt medium
and no interaction at very large distances of non-bondedstd he “Buckingham” or “Hill” poten-
tial® is one approach to describe van der Waals interactions wheie and C are interaction
specific constants parametrized in the force field. The Lehdanes potenti&f!, Eq. 1.2.9, is also
commonly used:

V(r) = 4D { (%)12 - (%)6} (1.2.9)
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whereD is the depth of the potential well andthe equilibrium distance.

The electrostatic energy=,.... (Eq. 1.2.6) describes the interaction between chargedsatorhe
classical interaction between point charges is given byCitielomb potential wher®* andQ? are
the atomic charges of atoms A and B anslthe vacuum permittivity, which is defined as (Eqg. 1.2.10):

€= —s (1.2.10)

whereyp is the vacuum permeability ang the speed of light.

In addition to the functional form of a force field, which has{ been described, one also has to
define a suitable set of parameters. To account for différentling situations, e.g. of a carbon atom,
atom types are introduced. In the MomelB8#!! force field (see Appendix C for details) currently
14 different carbon atom types are defined, which range frg@neral tetrahedral 3jybridization
(Atom type CT) to very specific bonding situations like a cartaom in an imine bound to a Cu
center (Atom type CI). Atom types are based on the generahgssan that a molecule is built from
functional units and that the general behavior of thesesusitransferable between molecules. As an
example, a bond between two carbor afpms has a bond length of about 1.54 A in every molecule
and thus can be parametrized with an equilibrium bond leagibind that value.

In contrast to the definition of multiple atom types per elam&appé et al. proposed a universal
force field (UFF) approadff-5¢, where the force field parameters are automatically caied!éor
every atom type of the periodic table. The parameters aieedkefrom literature values, e.g. atom-
type specific single bond order radii.

Force field methods are inexpensive when it comes to compnédtcost. Geometry optimizations
can normally be performed within a few seconds, even witheanolecules like proteins. Given a
well parametrized force field, molecular mechanics metlvatismake accurate predictions of geome-
tries and relative energies for a large number of compoundkky and are often the only method to
investigate the full potential energy surface (PES) of aanwle.
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3 Molecular Magnetism

Molecular magnetism represents one of the emerging fieladsadern chemistry. First transition
metal complexes which exhibit cooperative magnetic prigenf magnetic centers were discovered
as early as in the 195694, while interest in the field heightened just at the end of éise¢entur{f®-70L
Following shortly was the discovery of a new class of computsyrthe so called single molecule
magnets (SMMs}-3. SMMs contain unpaired electron spins, usually in form ahsition metal
centers, and show a slow relaxation of the magnetizatioovatémperatures. They therefore retain
their magnetic information, which makes these compountlactive e. g. for highly efficient data
storage systems, molecular freeZets switches and quantum computérs

To understand the theory behind SMMs, some fundamentatspémagnetism have to be intro-
duced. When a material enters a magnetic field, the field lineslistorted. One can distinguish
between diamagnetic materials, where the magnetic fielddriee material is smaller than the outer
field, or paramagnetic materials, where unpaired electatige along the outer field and thus gen-
erate a larger total field inside the compound. The diffeeelmetween inner and outer field is the
magnetizationV/, Eqg. 1.3.1:

M = (B — Hy) /4w (1.3.1)

Here, B is the inner field and{, the outer field.

If multiple magnetic centers, e. g. atoms or moleculesyauewith each other, three different situa-
tions may occur: ferromagnetic, anti-ferromagnetic orifieagnetic behavior. One can observe these
properties for example in the well-known Weiss dom&isParallel alignment of all spins in one do-
main induces ferromagnetism, anti-parallel alignmentiges$ anti-ferromagnetism. Ferrimagnetism
is similar to anti-ferromagnetism, but in this case the nemdd spins pointing in opposite directions
differ, which leads to an overall reduced magnetization.

Given the derivative of the magnetizatidih with respect to the outer fielef, one can define a new

quantity, the molar magnetic susceptibilid}, Eq. 1.3.2

oM
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which is defined as a molar quantity. It is important to nok&t the cgsemu unit system is often
used in the field of molecular magnetism, since importanstats, like the permeability in vacuum,
which is equal to one, are easier to handle in this systemrefdre, the magnetizatiof/ is often
given in units of Gauss.

If only a weak magnetic field is present, the magnetizafidis linearly dependent on the outer field
H and Eq. 1.3.2 simplifies to Eq. 1.3.3

M= yH (1.3.3)

The susceptibility consists of a negative diamagnetic)(@nd a positive paramagnetig’() part. If
P is much larger thany”, the material shows diamagnetic behavior, whereas the aongpshows
paramagnetic behavior, if” is larger than”.

Sincex” is independent of the outer field and the temperature, it eaapproximated by a simple
formula, Eq. 1.3.4:

P = kM x 10~ %mol™? (1.3.4)

wherek is a molecule-specific constant between 0.4 and 0.5Mnd the molecular weight of the
molecule. PascHF! also introduced an additive method to estimate the diamugsiesceptibility.

With the definition of the molar magnetic susceptibility &g interaction between the outer field

and the total spin of the molecule, this relation can be feared to classical mechanics, where the
magnetization depends on the change in enétgyf the system with respect to the outer magnetic
field H (Eq. 1.3.5):

0E

M=-3q

(1.3.5)
Quantum mechanics introduces the description of the toglgy of a molecule by discrete energy
levels E,,. Thus, the microscopic magnetizatipn is defined as the change of these energy levels
with respect to the change of the outer field (Eq. 1.3.6):

0B,
Ho = ""5H

(1.3.6)

If the Boltzmann distribution is used over all energy leveld a summation is done over all possible
statesq, one can define the macroscopic magnetizatib(Eq. 1.3.7) as:
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> —Ghreap(— i)

M=N="
En
2 erp(—5)

(1.3.7)

Eq. 1.3.7 is the “fundamental expression in molecular magmea!’?l, since the formula relies solely
on constants and observables and does not contain any apptmns.

3.1 The van Vleck Equation

While Eg. 1.3.7, derived in the previous section, is able sxdbe the exact magnetization of a given
molecule, this would only be possible if all statés which depend on the applied magnetic field are
known. Since this is not the case, van Vleck proposed an appation in 1932’4, based on a few
simplifications.

He stated, that the energy of one of the microscopic stéigscan be expressed as a Taylor series
expansion of the outer field given in Eg. 1.3.8

E,=E9 +EVH + EPH? (1.3.8)
whereE” stands for the energy of the system in zero field and, 9, ... represent the Zeeman
coefficients of first, second and higher order. This expansam be used together with the definition
of the microscopic magnetization (Eg. 1.3.6) and the folhmrexpression can be derived (Eq. 1.3.9):

fin = —EW —2EPH 4 (1.3.9)

In addition, van Vleck assumed, that the raligkT" is small compared to unity, if the outer field is
small compared to the temperature. This approximationas tsgether with the series expansion in
Eq. 1.3.7 and the magnetizatidih can be expressed as (Eg. 1.3.10)

(0)
S (=B = 2B H)(1 — B f)eap(—55)

M=N= — o (1.3.10)
Y (1= By 7 )exp(—75)

n

Since the magnetization vanishes in zero field, it follovat {Eqg. 1.3.11):

EY
}:Eﬁkmﬂ—kT)ZO (1.3.11)
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If Eg. 1.3.11 is used in conjunction with Eq. 1.3.10 and omgnts linear inH are retained, the
magnetization is then defined as given in Eq. 1.3.12

M=N (1.3.12)

and the magnetic susceptibility as

(B2 — 2B )eap(— i)

xX=N=" S i (1.3.13)

Eq. 1.3.13 is called the van Vleck-formula, which allows #icalate the susceptibility from the
energiest', ESY andE. If E{” and the eigenfunctions) of the Hamilton operator in zero field
are know,ES"” and E{¥ can be determined by perturbation theory (Eq. 1.3.14 and4).3

E{ = (n|Hgzg|n) (1.3.14)
n|Hyg|n)?
= 3 S —(|0> zE| (O>) (1.3.15)

Hx is the Zeeman operator which describes the interactiondstvthe magnetic field and the
electronic angular momenta (Eq. 1.3.16)

Hyp = 52 i gesi) (1.3.16)

I; stands for the orbital momentum asdor the spin momentum of electrang, is the gyromagnetic
factor of the free electron (2.0023) anids the Bohr magnetont(669 - 10 °cm~1G™1).

3.2 Curie’s Law

In its simplest form, molecular magnetism is represented $iyngle magnetic center, e. g. a transition
metal with unpaired electrons. If the electronic grouratesdoes not have an angular momentum,
I. e. the total spin is not larger thag) and the excited energy levels are much higher in energy, the
spin states are degenerate in zero magnetic field.
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When the external field is applied, the energy levels are isplitthe Zeeman levels, Eqg. 1.3.17:

E, = MggBH (1.3.17)

where M, varies from—S to +5 andg represents the isotropic gyromagnetic factor. This spdjtt
can be assumed, since the excited states are much highegrgyeand thus cannot couple with the
ground state.

With the approximations of van Vleck (Eq. 1.3.13), the eyeegms of zeroth (Eq. 1.3.18) and first
order (Eqg. 1.3.19) are

E® =0 (1.3.18)

n

E" = Mggp3 (1.3.19)

The magnetic susceptibility then equals to (Eq. 1.3.20)

_Ng? N M2

5 (1.3.20)
3kT s (25 +1)
which can be expressed as
B Ng262
X= g7 S(S+1) (2.3.21)

As all factors other than the temperature are constantsnthar magnetic susceptibility can also be
expressed ag = C/T', whereC'is the Curie constant which depends on the total spin of thengio
state. Eq. 1.3.21 is known as Curies law, postulated in 18%idaye Curi&’>l.

3.3 Zero-Field Splitting

When introducing Curie’s law, we assumed, that only a singdetsdn with spin% is present on the
magnetic center of interest. If the number of spins is largeg. in transition metal centers with
multiple unpaired electrons and thus a multiplicity largean 2, a splitting of the Zeeman levels in
zero field due to spin-orbit coupling is observed. The soedadero-field splitting (ZFS) leads to
magnetic anisotropy even without an external magnetic.field
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+ distortion + s.0. coupling octahedron + distortion + s.0. coupling
D (o) D

3 h 3

Figure1.3.1: ZFSin a NI' ion in a trigonally distorted octahedral coordination geométty

Given a NI' ion in octahedral symmetry (Qpoint group) one can explain the ZFS in a qualitative
way! (see also Fig. 1.3.1). Nihas a 1°¢? ground-state with 3A,4 term and ae® excited state with

a 3T,y and aT,4 term. Since théT,, term is lower in energy, we will use it during the following
illustration. Splitting of the energetic levels may be asieid by two effects: symmetry reduction and
spin-orbit coupling. Lowering of the symmetry from, @ e. g. B; splits the®T,4 term of the excited
state into arfA; term and a doubly degener&ite term while the ground-state terfA., is retained.
Applying spin-orbit coupling leaves the molecular symmeitnchanged, but applies agloperation

to both ground and excited states. The direct product gk Tog is Axg+E+Tig+Tog, Splitting the
excited state into a singly, doubly and two triply degenetatms. For the ground state,gkAyg is
T4, SO the ground state retains its degeneracy. Applying bstbrtions, the degeneracy of the ground
state is lifted. If spin-orbit coupling is applied first, thalowing reduction of the symmetry to D
splits the T4 ground state into Aand E. If the symmetry is reduced first, the spin-orbit openat
transforms as Aand E and thus also splitting the ground state intoaAd E. The ZFS is usually
characterized by two constants, the axial ZFS paranietnd the rhombic ZFS parameteér Given

a low symmetry, degeneracies may not be lifted totally. éstathich retain their double degeneracy
are called Kramers doublets and may occur in systems with gw@& multiplicity.

3.4 Single Molecule Magnets

When a magnetic field is applied to a magnetic material unéilnttaximum magnetization has been
reached, the relaxation of the magnetization after switghif the field can be measured. The relax-
ation timer defines the rate at which the magnetization decays. Assuamrexponential behavior
of the relaxation, Eq. 1.3.22 can be formuldtéd

1 For a detailed introduction to the term symbols used her@seé Ch. 1
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M(t) = Meo(H) + 6 Moexp(—t/T) (1.3.22)

Here,M.,(H) is the equilibrium magnetization andthe relaxation time. I is measured in depen-
dence of the temperatui@ an Arrhenius correlation can be derived, Eq. 1.3.23

T = Toexp(T/Th) (1.3.23)

whereTj is the calculated maximum energy barrier in Kelvin at whicl magnetization is retained

(see below). At very low temperatures however, the Arrhefaw is not observed in measurements

of SMMs such as Mpad? ([Mn1,0:,(CH;COO)¢(H,0).]). The magnetization is retained, even

when the magnetic field is switched off. This behavior canXpagned if a potential barrie’ which

separates the S from the—+S states (Fig. 1.3.2) is assumed, wh#rs the total spin of the molecule.
E $S=0

N

N

S=-10 S$=10
Figure 1.3.2: Potential barrier between the S=-10 and S=10 states ip&dn

The barrier between the two states of maximum magnetizatidascribed by the Hamiltonian given
in Eq. 1.3.24

H = DS> (1.3.24)

whereD is the axial ZFS and, the total spin of the system along the magnetization axig Sign

of D has to be negative in order for the states with maxintuta be the low lying states. Relaxation
of the magnetization can occur via thermal relaxation on¢wa tunneling between the lowest lying
or excited states. The potential barriérand thus the effectiveness of an SMM directly depends on
D andS. For integer spin systems, the barrier is calculated by E3j2% (a) whereas for half-integer
systems the barrier is given by Eq. 1.3.25 (b)

(a) U =|DS?|

(1.3.25)
(b) U=|D(5*~1/4)]
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Part Il. DFT Benchmarks for the Calculation of Exchange Cogplimnstants

1 Introduction

As explained in greater detail in the general introductibrthis thesis, a thorough understanding
of the electronic structure of transition metal centers tinedquantitative estimate of the exchange
coupling are of great interest in the field of molecular maigne In order to be able to design and
prepare new efficient SMMs, an accurate prediction of théamrge coupling constant is of impor-
tance, as the exchange coupling can give insights aboubtiying electronic states of transition
metal complexd$’. After initial calculations based on th&a method™!, the broken symmetry
approachk® was developed, which will be described in greater detathefollowing Chapter. More
involved quantum-chemical calculations such as completteeaspace SCF (CASSCH or config-
uration interaction (CH® methods have been applied to calculate exchange intemg€ipbut are

to date only rarely used because of the computational desné@eimi-empirical methods have been
used for a qualitative description of magnetic interactidout DFT methods have been established as
the method of choice for quantitative calculati6ts

As a systematic benchmark for different DFT functionalsi®aets and software packages was not
available in the literature, a simple dinuclear complex wlagsen and used to benchmark the bro-
ken symmetry method. The well-characterized bisphendidtiged dicopper(ll) compld%®-83 (Fig.
2.1.1) with two antiferromagnetically coupled €aenters shows an exchange coupling constaint

J =-298 cm'. Since the system is relatively small, it is attractive f@yatematic study, because the
computational cost for calculations is low and an efficiamd ghorough testing of different methods
and software packages is possible.

1 Based on Eq. 2.2.1; the derivation of the exchange coupbngtant and the Heisenberg-Dirac-van-Vleck Hamilto-

nian will be presented in detail in Ch. 2 of this Part.
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The information obtained from the benchmark procedure Wwas used to calculate the exchange
coupling constant for a wide range of oligonuclear compsuambdich contained Cy Fe'", Cr!', vV,

o

P {

Figure 2.1.1: Bisphenolato-bridged dicopper(ll) complex

Mn'", Mn'"", Mn'V, Ni"" and Cd' transition metal ions.

Since the aim of this project was to predict exchange cogptionstants, geometry optimizations
have also been done where possible and the exchange coaphatants have been calculated from
the optimized structures. The geometry optimization ofacstire represents the only way to obtain
magnetic properties for novel complexes, where X-ray stinecdata is not available as a starting

geometry for the calculation.
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2 The Broken Symmetry Approach

If unpaired electrons are present on the metal centers dfgonaclear transition metal complex, the
spins of these electrons can couple either ferro- or antifeagnetically, Figs. 2.2.1 and 2.2.2:

M M

Figure 2.2.1: Ferromagnetic coupling of two metal centers widonding

M M'

Figure 2.2.2: Anti-ferromagnetic coupling of two metal centers vidbonding

Given the interaction between the two centers, atomic spantym numbers are no longer valid to
describe the coupled spin system. A total spin quantum nu@pe&hich in the simplest case of one
unpaired electron at each of the metal centers (e. i;)@sieither S = 0 for the antiferromagnetically
coupled or S = 1 for the ferromagnetically coupled state sedufor a proper description of the sys-
tem. The energy difference between the two states is deskthip the exchange coupling constant J.
A negative value of J denotes an anti-ferromagnetic grotaie svhile a positive J indicates a fer-
romagnetic ground statél. The energy and the magnetic properties of dinuclear tiansinetal
systems can be described by the Heisenberg-Dirac-van VAaakiltoniari’#84+-86}

Hypyy = —2J12515, (2.2.1)

Here,J;, is the exchange coupling constant between the two metadrerinds; andsS, are the spin
operators for the magnetic centers. At this point it is int@ot to note, that several definitions of the

37



Part Il. DFT Benchmarks for the Calculation of Exchange Cogplimnstants

Heisenberg-Dirac-van Vleck Hamiltonian are used in thedituré®l. While results in this thesis are
consistently based on Eq. 2.2.1 if not noted otherwise, oag emcounter the following definitions
elsewhere (Egs. 2.2.2t0 2.2.4):

HHDVVQ = 2J125,55 (2.2.2)
Hypvv, = J125:5 (2.2.3)
Hypvy, = —J1255 (2.2.4)

The calculation of the exchange coupling constant J caysesdéem with the underlying DFT theory.
While the high spin state for a dinuclear systei) (s easily described in the density functional theory
framework, the low spin staté [ — | 1) can only be described by multiple determinants, which ts no
possible in DFT3Y,

An approach for this problem is the so called broken symmmayhod which was first proposed by
Noodlema/®l. Starting from a single determinant wave functidn 6r |T) as a guess for the true
low spin state, the variational principle to re-optimize trbitals is applied”. The relaxed wave
function then represents the broken symmetry solutionégtioblem. As an artifact of this method,
the result will yield the correct charge density of the malecbut an incorrect spin density. The true
spin density of the low spin state should be zero throughmmhole molecule, which is not the case
for the broken symmetry solution (see Fig. 2.2.3).

Figure 2.2.3: Spin densities of the broken symmetry solution for thé Ssenchmark system. Clearly visible
are the two uncoupled spins in the ¢ orbitals of the two metal centers. Some spin density is
also delocalized over the bridging atoms.

With the spin Hamiltonian (Eqg. 2.2.1) and the correct chatgesity and thus the correct energy of
the high- and low-spin state of the dinuclear complex one cawcompute the exchange coupling
constant between metal centers 1 and 2. Given the relatifinin2.2.5, wherés is the total spin
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operator and;, S, are the spin operators for the individual magnetic centers,

5% =524 5824255, (2.2.5)

the Heisenberg-Dirac-van Vleck Hamiltonian (Eq. 2.2.6)dmaes

]:IHDVV(spm) = —J(S”2 — S’f — 5”3) (2.2.6)

If one assumes, that the wave functions of the high- and jow-states are eigenfunctionsﬁﬁ and
5*3, the expectation values are, Eqgs. 2.2.7 and 2.2.8

Eps = —J((5%) s — S1(Sy + 1) — S2(S2 + 1)) (2.2.7)

Eps = —J((S*ps — S1(S1 + 1) — So(Ss + 1)) (2.2.8)

Where<32>HS and(S‘Q)BS are the spin expectation values of the high- and low-spte staspectively.
When Eqg. 2.2.7 and Eq. 2.2.8 are subtracted from each otheéhamdsult is solved foy, Eq. 2.2.9
can be derived:

Eys—F
j_ __ bwus— Bps (2.2.9)

(S2) s — (S2)gs

Eg. 2.2.9 has been proposed by Yamaguchi 4! and represents an “interpolativé? broken
symmetry solution. In the extreme cases of an uncouple@msyst a “true” coupled low-spin con-
figuration, Eq. 2.2.9 reduces to the so called spin-projeetpiation (Eq. 2.2.10) for the former, or
spin-unprojected equation (Eq. 2.2.11) for the latter case

Eys — E

J = —w (2.2.10)
Eys — E

J— __tbms—=Pps (2.2.11)

The spin-projected formalism is directly implied by Noaulend™! treatment of the broken symme-
try problem while the spin-unprojected approach was d@esldy Ruiz et al®®
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3 Computational Methods

In order to benchmark available DFT methods, corresponbagis sets and software packages, a
large number of calculations on the bisphenolato-bridgedpgper(ll) complex were performed (Fig.
2.1.1 and Table 2.4.1). Gaussian 03 (G%8) Jaguar 6.5% and Orca 2.6.04% were chosen as
software packages, since the majority of all calculationthis field of research are done with one
of these packages. As DFT functionals, a number of hybrid ¥@#3t>-51 B3P86*!, B3PW91%3),
GGA (BLYPU34494 Bpg@+3-45.94 Bpw91*3l PBE®I) and LDA (SVWNE349) functionals were
compared. For the basis sets, the small basis 3°91&! was compared to the triple zeta basis
TZV 12425 the polarized triple zeta TZVIP?° and basis set combinations of TZVP for metal atoms
and DZP2-1% for the remaining atoms as well as TZVP for metal atoms plist Gioordination
sphere and 6-31G*:1%5-113lfor the remaining atoms (see Fig. 2.3.1)

Figure 2.3.1: Split basis set approach shown on thé' @enchmark system; orange atoms are described by a
high basis (TZVP or LACV3P++**) while blue atoms are described with tH#l6&* basis set.

As the goal for this benchmark was to identify an accuratg,dad reliable method for the calculation
of exchange coupling constants, a performance criteriaalg the amount of time needed to obtain
the result as well as accuracy compared to experimentdtsesu

1 Fortechnical reasons concerning calculations on moredhamprocessor, TZVP was substituted by the qualitatively
similar basis set LACV3P++*29:30in parallel calculations done with the Jaguar program.
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Initial guesses for the electronic structure of the higmspate are trivial to get in all three software
packages, and Jaguar was used to get the broken symmeldoiss for GO3 While the genera-
tion of broken symmetry states was already possible withnab@mation of Gaussview and G03 (but
included a tedious identification of the magnetic orbitallsg fragment approach of the new release
Gaussian 09 (GO introduced a similar functionality to Jaguars’ atomic sattand thus makes
the generation of the initial guess with Jaguar obsolete. (foa, the “BrokenSym” keyword of the
%scf section has been used.

All calculations were converged to a threshold of®ltartree (= 2.628.02 kJ/mol) for the change
in energy and a root mean square deviation in the density &f FOr geometry optimizations, the
high-spin state was used as a reference for the multipléity default options were used for Jaguar
as well as for Orca Geometries were checked for PES minima by frequency @tlonk and single
points were calculated to yield the exchange coupling const

Since calculated values are compared to experimentalsjgheroot mean square deviation (RMSD)
was calculated according to the following formula:

N
z_:l(Jn(calc) - Jn(ref))z

RMSD(J) = ¥

(2.3.1)

2 keyword ip160 =4
3 Theiascf=4 flag was set in Jaguar to achieve faster conveggen

42



Part Il. DFT Benchmarks for the Calculation of Exchange Cogplimnstants

4 Results and Discussion

In order to establish a reliable and fast method to computkamnge coupling constants, the first step
was to benchmark the software packages, functionals amsld®s mentioned in the preceding Chap-
ter on the dinuclear copper(ll) system (see Fig. 2.1.1). rEsalts of these benchmark calculations

are given in Table 2.4.1.

Table 2.4.1: Exchange coupling constant J calculated for the benchmark complex
(Fig. 2.1.1, &y = -298 cm?) with different basis sets, software packages and functionals.

method dos [cm]? Jorca[cm™] JJaguar[Cm-l] CPU timeaguarlh]
B3LYP/TZV -229 -231 -231 4.60
B3P86/TZV -238 =227 -241 3.71
B3PW91/TZV -228 -230 =227 3.44
BLYP/TZV -838 -838 -854 4.00
BP86/TZV -861 -834 -880 4.26
BPW91/TZV -831 -832 -848 4.20
PBE/TZV -841 -841 -854 4.31
SVWN/TZV -1156 -1178 -1181 5.07
B3LYP/3-21G -103 -99 -114 0.56
B3LYP/TZVP -215 -214 -231 4.60
B3LYP/DZP/TZVP -218 -246 4.12
B3LYP/6-31G*/TZVP -237 -216 -239 2.38

& Initial guess obtained with Jaguar 6.5, see Pt. Il Ch. 3
b TZVP for Cd', DZP for the remaining atoms
¢ TzVP for CU' and the donor atoms, 6-31G* for the remaining atoms

As not only the accuracy but also the time needed to get taut reas of interest, Figure 2.4.1 shows
a comparison of speed and accuracy of the Jaguar calcidation

43



Part Il. DFT Benchmarks for the Calculation of Exchange Cogplimnstants

CPU time
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Figure 2.4.1: CPU time required for the computation of J [Quad-Core Q9450 (one poe8GB RAM,; light
gray] and accuracy compared with the experimental value of J (dasleed En-298 ciit) of the
bisphenolato-bridged dicopper(ll) complex shown in Fig. 2.1.1, asetifumof the method used
(see Table 2.4.1; calculations performed with Jaguar).

B3LYP/TZV
B3P86/TZV
B3PW91/TZV
BLYP/TZV
BP86/TZV
BPW91/TZV
PBE/TZV —
SVWN/TZV A
B3LYP/3-21G
B3LYP/TZV S
B3LYP/TZVP -

B3LYP/DZP&TZVP —
B3LYP/6-31G*&TZVP

From a qualitative point of view, the three software paclkagsed in the benchmark study perform
equally well. There are differences in the amount of timedeeeto prepare the input files and to
perform the actual calculation, but no significant advaathgs been found for one of the software
packages and therefore only Jaguar timings are presented Heaving a closer look at the func-
tionals, the hybrid functionals are superior to the GGA amlfunctionals, which supports earlier
findingd*'%l. The reason is the poor description of the broken symmaedtg 1 case of the functionals
BLYP, BP86, BPW91, PBE and SVWN which leads to an overestimatioheg&kchange coupling
constant J. Adjusting the amount of exact HF exchange in ybedhfunctionals did not lead to an
improvement in the accuracy compared to experimentaltefdlues not shown here).

As expected, very small basis sets like 3-21G are not suffi¢e describe the energy difference
between the high- and low-spin state. Employing basis seget than DZP for the whole molecule
however does not further improve the results. To accounthisrobservation, a combination of the
TZVP basis on the metal centers and the DZP basis on the remdigand has been widely used in
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the literaturé*6117l Based on these findings we decided to not only describe thal cestters but
also the first coordination sphere with a large basis, to avpithe quality of the calculations (see
Figs. 2.3.1 and 2.4.1). To save computer time, the remaiaioms were described by the smaller
6-31G* basis set. As seen in Table 2.4.1 and Fig. 2.4.1, teeic@omputational time could be cut
in half while the accuracy was practically unaffected. T$p#it basis method was therefore used in
the successive studies. By this approach, it was possibledy targer spin clusters in a reasonable
amount of time.

Table 2.4.2: Comparison of experimental and computed exchange coupling constdrasdraes of transition
metal complexes with &, Mn", Mn'"", Fe!' and Clf centers (¢ is obtained with Eq. 2.2.9 and
is derived from the experimental structure (Jaguar, 6-31G*/LACVE3P1 see Appendix A for
structures of the complexes)

compound chic [cm™]  Jexp [cm™] notet Figure references
TPP[HO-Cr(cyclam)-NC-Cr(CN])® —331° —-298 Cr-Cr 6.2.1a 118
Na[HO-Cr(cyclam)-NC-Cr(CN)® —41.4° —355 Cr—Cr 6.2.1b 119
—125°¢ —-128 Mn—Cr
1. cd
transCr[MnL-],Cl 5 0c 0.9 M — Mn 6.2.1c 120
9.6° 8.0 Mn—Fe
1 b,d
transFe[MnL"],Cl 77 05 M — Mn 6.2.1d 120
6.8°¢ 4.2 Mn-—Fe
1 b,d
trans-Fe[MnL"],PFs _g83c 03 Mn— Mn 6.2.1e 120
9.1 85 Cu-—Fé
[Tp2(MestacnCusFe,(CN)g]** —8.8 - Cu-C4§ 6.2.1f 121
9.9 - Fe—Fé

@ Denotes the pairs of magnetic centers for which the exchange couplistpobhas been calculated

b Counterions are given for reference and have not been include@ icathulations. However, the slight
distortions in crystal packing induced by the counterions have a meé#sefdrt on the exchange coupling
constant, which can be seen from the calculated values.

¢ The spin-unprojected formula = % has been used to calculate the exchange coupling constant of
this complex for better agreement with experimental results.

d L1 = 3-methyl-9-ox0-2,4-di-(2-pyridyl)-7-(2-pyridylmethyl)-3,7-diadeyclo[3.3.1]-nonane-1,5-
dicarboxylic acid dimethylester

€ In this pentanuclear complex (trigonal bipyramidal, see Appendix A; simglkeecular magnetic material)
three of the five paramagnetic centers were substituted by diamagnétimAs for an efficient calculation
of the coupling constant between the remaining two paramagnetic ions. ifBepéal values for the ex-
change coupling constants between Cu-Cu and Fe-Fe are not avdiltdese the coupling was neglected
in the original publicatiof21].

Table 2.4.2 shows some results for the calculation of J fgelaspin clusters. The overall agreement
with experiment is very good, since not only the sign of thehange coupling constant but also the
magnitude is correctly predicted from the calculation. @é@al interest in this series of compounds
is the pentanuclear complex [F{MestacnyCusFe(CN)g]** (see Appendix A, Fig. 6.2.1f). The ex-
perimental data has been fitted only with the Cu-Fe couplingevihe Cu-Cu and Fe-Fe interactions
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have been neglectéd. Our calculations show that there is a significant exchantgaction be-
tween all three different pairs of metal centers. To obthis tesult, we have substituted three of
the five transition metal centers by diamagneti¢ Zons to reduce the overall number of possible
interactions. To explicitly consider all possible coupglipathways, 11 spin states which lead to 10
different J values would have to be considered. Table 2b®&'s, that the C/CU' pairs are coupled
antiferromagnetically while the CitFe€" and Fé'/F" pairs are coupled ferromagnetically. The total
magnetic behavior measured experimentally may then beaxbsas ferromagnetic.

In addition to the oligonuclear complexes shown in Table2adseries of dinuclear complexes which
contain various transition metals have been calculateleT2.4.4 shows the comparison of the
calculated values generated with Jaguar and Orca with theriexental values. Also shown is the
effect of the basis set reduction from TZVP or LACV3P++** fdl @toms to the split basis method
described in the preceding Chapter. As can be seen from thardtte table, the overall RMSD(J)
and thus the overall accuracy compared to experiment isstlomaffected by the basis set reduction.

Table 2.4.3 compares calculated and experimental valudsvwaiues obtained after optimizing the
structures for the same series of compounds. As discuspéthizing a structure is of critical im-
portance for the design of new SMMs. Optimizing a molecula feotential minimum of the cor-
responding method gives the “right” answer consideringathergy, but may induce large structural
changes. As the exchange coupling constant is very sensitithe structure around the metal cen-
terd!20.138-142] this may lead to significant discrepancies compared toxperénental values.

As the values in Table 2.4.3 show, the overall agreementgeraxent gets slightly better when pre-
optimizing the structures. However, the sign of the J vatueaiculated incorrect in three of the 25
cases. In two complexes, [u-OH),(bipym),]?* and [HB(pz}VO(OH),],, this may be due to a
wrong starting geometry, whereas in the third case, [(V@{Hega))], the absolute value of J is very
small and certainly below the accuracy of the method. Onemgdly has to assume that agreement
with the experiment is by pure chance in cases with very sinalues.

So far we have studied molecules in the “gas phase” and tpgatking effects have not been included
in the calculations. To efficiently model exchange coupbhgew SMMs one would have to include
these effects. In the series of compounds studied herdatpacking distortions seem to be of minor
importance or structures are enforced in specific confaomateven during the optimization step.

Using a geometry optimization to generate a structure fercéiculation of the exchange coupling
between two transition metal centers seems to be a viabl®agqip for compounds which have not
yet been synthesized. However, since the optimizationwtdgpDFT involves much computational
effort, reducing the time for the initial optimization is lgrpossible by using MM methods. The
procedure towards a MM approach will be described in thefalg Parts of this work.
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Table 2.4.3: Comparison of B3LYP-calculated and experimental J values of a serisumflear complexes {lc and Jp: are obtained with Eq. 2.2.9ak is derived
from the experimental structure (Jaguar, 6-31G*/LACV3P++**) apd ffom the DFT-refined structure (high-spin state, Orca, 6-31G*/TZ\$Eg
Appendix A for structures of the complexes, the numbers in parenthefigs tiable refer to the corresponding Figures)

compound Jearc [cm] Jopt [cM™] Jexp [CMTY] Figure references
[Cu,(MeC(OH)(PQ),).]* —1030 -1182 —309 6.2.2a 77,122
[(Etsdien)Cuy(p-C204)]?* —990 —1122 —374 6.2.2b 77,123
[Mn(Meg-[14]ane-N,)Cu(oxpn)F* —40.8 —-37.0 —157 6.2.2c 77,124
[(i-OCHs)VO(maltolato)} 843 —834 —107.0 6.2.2d 77,125
[Fe,OClg]* —1480 —1095 —1120 6.2.2e 77,126
[MnMn(:-O),(-OAC)DTNEJ* —1563 -1179 —1100 6.2.2f 77,116
[Cu,(11-OH),(bipym),]2* 95.8 —985 570 6.2.29 77,127
[(Dopn)Cu(OR)Cr(OCHs;)Mestacnf* 128 315 185 6.2.2h 77,128
[(Dopn)Cu(-CH;COO)Mn(Mestacn)f* 54.2 549 544 6.2.2i 77,128
[V 20,(1-OH)y([9]aneNs),] % —2418 —525 —1770 6.2.2] 129, 130
[EtsNH]2[(VO)2(BBAC),] —1609 —816 —167.9 6.2.2k 129,131
[HB(pz)sVO(OH),] 14.3 292 —388 6.2.2l 129, 132
[(VO),(cit)(Hcit)]*> —267.8 -290 —2120 6.2.2m 129, 133
[V 20,(1-OH)(tpen)F? —4617 -191 —1500 6.2.2n 129, 134
[(VO),L(u-SOy)] —1326 —1219 —1280 6.2.28 129, 135
[V 202(OH)(C404)2(H20)s] —2457 —2112 —1170 6.2.2p 129, 136
[(VO(Hsabhea)) 8.9 —-25 15 6.2.2q 129, 137
[(VO(Hsabhea))(VO(acac)(HOMe))§-OMe)] 186 154 53 6.2.2r 129, 137
[Cuy(tren),CN](CIOy)5P —986 -983 —790 6.2.2s 138
[Cu,(tren,CN](BF)s° —1191 ~719 —80.0 6.2.2t 138
[Cu,(tren,CN](CIO,)(PF),° —770 —792 —915 6.2.2u 138
[Cuy(tmpa)CN](CIOy)sP —701 —57.8 —-520 6.2.2v 138
[Cu,(tmpa)CN](BF,)s° —69.8 -579 -500 6.2.2w 138
[Cu,(tmpa)CN](BF,)s-(CH3CN),” —76.9 -579 —495 6.2.2Xx 138
[Ni,(tetrenCN][Cr(CN)g] —15.4 -93 —125 6.2.2y 138
RMSD(J) (see Eq. 2.3.1) [5) 712

a see refll3%] and references therein for detailed structural information

b Counterions are given for reference and have not been included atbulations.
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1 Introduction to Ligand Field Theory

1.1 Crystal Field Theory

ligand field theory (LFT) represents a theoretical appraaaescribe the d-orbital splitting of transi-
tion metal compounds and can be used to interpret electemrionagnetic properties, like UV/VIS,
circular dichroism (CD) or magnetic circular dichroism (MCByectra or the zero-field splitting
(ZFS). Based on a symmetry treatment, LFT can predict the rymdnge and intensity of transitions
and can quantify parameters in Hamiltonians which desc¢hbse interactions. Since the coordina-
tion geometry and its underlying symmetry is mainly resjmiedor the splitting of the d-orbitals in a
transition metal ion, LFT allows for a semi-quantitativgoemach to describe the energetics involved
in these splittings.

The origins of LFT go back to Betfé®! and van Vieck*4, who derived the underlying crystal field
theory (CFT). Treating ions in a crystal lattice as point glear they described the potential acting on
the central ion, e. g. a Bg by the sum of all individual potentials generated by themumding ions,
e.g. Ci. They explained the coordination geometry solely by theraxttion of these point charges,
that is, a pure electrostatic treatment of the metal to tigateraction. Since Bethe’s research was
based on lattices, which in his assumption could only ocoua trystal, he referred to the theory
as CFT“]. The expansion of this idea to a more general form of a ceidrain a field of the
surrounding ligands (treating not only their electrostantribution and not necessarily assuming
alignment in a crystal lattice) lead to the concept of IlE¥. CFT can be seen as a special case of
LFT, where the influence of the ligands on the central ion igwkly electrostatic nature, that is, the
electrons of the ligands do not mix with the electrons of teetal metal iof*%l. LFT introduces
covalency and treats cases, where the interaction betweeligand and the metal electrons is not
zero.

LFT is mainly concerned with the elements of the three dditaon series. Here, the ligand field
effects are stronger than the other effects responsiblpdidurbation of the d-orbital energies, e. g.
spin-orbit coupling. As mentioned above, the coordinati@ometry is mainly responsible for the
splitting of the d-orbitals, and LFT connects the positiofshe ligands with the energetics of the
d-orbitals and thus with the physical properties seen irspeetra of the moleculg®.

With the underlying aspects of CFT, the general splittinghef d-orbitals e. g. in an octahedral field
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can be deduced. As the central metal ion enters the field digitueds, the energy of the degenerate
set of orbitals is raised, as the interaction between therggi field of point charges leads to a general
destabilization of the d-orbitals. Since the real liganttifis not of spherical symmetry, the five-fold
degenerate set is split into two sets of orbitals. Theset consist of thel,,, d,. andd,. orbitals,
which have their lobes pointing between the ligands, ancegheet consists of the,._,» andd.-
orbitals pointing directly at the ligands. The coordinatstem for the description of the molecule is
chosen to match these assumptions. Lpeet is thus stabilized, thg set destabilized compared to
the five-fold degenerate set of orbitals in the spherical féligands. The energy difference between
the two sets is 10 Dq oh,.; (see Figure 3.1.1). In a tetrahedral coordination geomtteyorder of
the sets is reversed and the splitting is oguyoct.

Figure 3.1.1: d-Orbital splitting in an octahedral crystal field.

1.2 The Inter-Electronic Repulsion

While CFT is sufficient to explain e. g. the transition aroungd®0 cm! in the one-electron system
Ti%*, which can be associated with the transition of the singtetebn from the set of orbitals corre-
sponding to &, term to thee, term orbital set, it fails to interpret more complex speotra. that of
the ¢ system \#*. The two transitions at 17,800 and 25,700 coannot be assigned to a single and
double excitation from the lower lying, term to the orbitals corresponding te aterm. Even if the
first transition could be assigned to the single excitatibe,double excitation should appear at much
higher energies.

In order to be able to describe the spectra of theydtem correctly, the simple term picture is not
sufficient, but a more complex approach has to be used insteadhs describe a group of energy
equivalent multi-electron wave functions and are charad by the term symbols, consisting of
the total spin angular momentum S and the total orbital argmomentum L. The spin quantum
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number M;, the multiplicity, runs from -S to +S in half-integer stepise quantum number Mruns
from -L to +L in integer steps. The total degeneracy of thentés thus (2S+1)(2L+1). The term
symbol is labele®S*1X, where X stands for a capital letter, which representsdted brbital angular
momentum. X equalsto SforL=0, PforL=1, Dfor L =2, F for L = 3dacontinues alphabetically
afterwards.

Given the electron configuration of dhe corresponding terms can be derived as follows: Arrangi
two electrons with either spin up or spin down in five d-orsigives rise to 45 different possibilities,
called micro-states. The different micro-states can beggd according to their Mand Ms values.
This leads to 2 micro-states with M- = 4, 8 micro-states with M= + 3, 10 micro-states with M

= 4+ 2, 16 micro-states with M= 4+ 1 and 9 micro-states with M= 0. The micro-states can also
be grouped according to their multiplicity, which then giv20 micro-states with M=+ 1 and 25
micro-states with M = 0.

To arrive at the terms for the?@onfiguration, the table of micro-states has to be reducstsati-
cally, starting with the highest orbital angular momentwmber M = 4. M, =4 equals to a G term
and since two electrons cannot have the same spin in the sduita (Pauli principlé'®), the term
has to be a singlé term. Subtracting &G term from the list of micro-states results in a maximum
M_ = 3, which corresponds to an F-term. The reduction of the orstates is done systematically,
until all micro-states are assigned to terms. The final tésuthat the d configuration splits into a
1G,°F, 1D, °P and &S term.

Given Hund'’s ruleB47-14% which describe how electrons tend to minimize the repulsiith each
other, we can define the energetic order of the tern¥&d®, 3P, G and'S (from lowest to highest

energy).

1.3 The Ligand Field Splitting

In the last section, the terms for a free transition metalhawe been derived. If the ion is brought
into a field of ligands, the terms split according to groupotlye The angular momentum of a term
acts analogously to one-electron wave functions. Jféerm, which is the ground state of thé d
configuration, is seven-fold degenerate. In an octahedadl the term splits intéAzg, 3Tlg and3ng
terms, where théT,4 term represents the new ground state.

When both the inter-electronic repulsion and the ligand fieddtment are taken into account, the two
bands visible in the ¥ spectrum can now be explained. The two bands belong to thsitins
between the 7; ground term and the two termsgland Ay, which are higher in energy. If the sym-
metry of the coordination sphere is lowered a further ligield splitting can be induced. Correlation
tables, from which this splitting can be derived, are foumthie literaturé“®!,
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So far, we have used the “weak field” approach to describeglittirsg of the energy levels in tran-
sition metal complexes, assuming, that the magnitude ointiee-electronic repulsion is larger than
the ligand field. In the “weak field” approach, the free iommerare deduced first and the ligand field
acts as a perturbation on these terms. If the ligand fieldlergér magnitude than the inter-electronic
repulsion, the “strong field” approach has to be used for #sedption of the orbital splitting.

In the strong field approach, the energy levels are solelgriesd by electron configurations, which
are then again split into terms by the inter-electronic I&pa which acts as a perturbation. The
configurations for thedcase would include afe,*° ground state, i. e. two electrons would be in the
tog Set, a first excited statgste,** with one electron in each of the orbital sets and a secondeskci
state 1,°e,*2. To arrive at the according terms, the direct product of énms which describe the two
electrons has to be taken. For the ground state, the diredtiptis (Eq. 3.1.1):

ng X TQQ = Tlg + ng + Eg + Alg (311)

If the direct product for the first and second excited configjons is calculated, the derived terms are
the same as the ones, which have been derived with the wedlafiptoach, but the energetic order is
different. The qualitative correlation between the tworagghes can be visualized with correlation
diagram$#® whereas a quantitative visualization has been proposedbgte and SugaHe® 152
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2 The Angular Overlap Model

In the preceding Chapter, the splitting of the d-orbitals basn described by perturbations of the
inter-electronic repulsion and the field generated by thands surrounding the central metal ion.
Another approach for the description of the energetic keélthe d-orbitals is the angular overlap
model (AOM)*%3l which is based on a simple MO approach and describes thé tméiand bonds

in terms of covalentr, 7 and ¢ interaction§#®l, The AOM is a parametrized model, where the
parameters directly correlate with experimental findirgjace the parameters do not refer to a certain
complex geometry or coordination but to a single metalrdypair, the parameters are not transferable
among different structuré€§*-*5"1 However, calculations have shott1%8 that parameters can be
used approximatively for a wider range of complexes withsaeme structural motif.

In order to derive the parameters for a specific metal-ligatetaction, the AOM makes use of basic
guantum mechanics. As seenin Pt. | Ch. 1, the enékgyf a molecular orbitad; is obtained by the
Schrédinger equation, Eq. 3.2.1

Ho¢; = Ei¢; (3.2.1)

If the multi-orbital problem is simplified to the case of onetad d-orbital and one ligand orbital, the
wave functiong; becomes (Eq. 3.2.2)

¢i = CimPm + GLOL (3.2.2)

with the orbital coefficients; for the atomic orbitalg,, and¢;. The energies of the metal and ligand
orbital can be derived from the secular determinant, Eq33.2

Hy — FE Hyp — SurE _

0 (3.2.3)
Hyp — Surl Hp - F

whereH,, andH;, are the orbital energies of the metal and ligand, respégtivB, ; is the exchange
integral andS),;, is the overlap integral between metal and ligand orbitalacé&the d-orbitals are
higher in energy than the ligand orbitald,, is large compared td7;. If the overlap integral is
assumed to be small, the energieswhich destabilize the resulting anti-bonding MO relativetie
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level of the d-orbitals, and, which stabilize the bonding MO relative to the ligand orbi&vel are
(Eq. 3.2.4):

Ea — H]W +
Hyr = Hy (3.2.4)
Eb H (HML - HLSML>
_Hy,
H]V[ - HL

H),; and H, are known as the valence state ionization energies of thal med ligand orbitals and
the overlap integrab,,;, can be calculated numerical§?l. With the Wolfsberg-Helmholtz approxi-
matiorf*®, the exchange integral,;; can be expressed as (Eq. 3.2.5)

(Hyv + Hy)

. (3.2.5)

Hyp ~ Sur
With this approximation, Eq. 3.2.4 then becomes (Eq. 3.2.6)

HESi
Hy — Hy,
HiShs
Hy — Hp,

Ea:HM‘f‘
(3.2.6)
Eb’iH]V[—

The energy raise of the anti-bonding M), and thus the perturbation of the metal d-orbitals when
the metal is coordinated by the ligands, can be further aqomietted as seen in Eq. 3.2.7, since the
energyE, is mainly defined by the metal orbital energy,:

e~ KSy,
H?2 (3.2.7)

K~ —"—
Hy — Hyp,

The newly introduced parameterwhich describes the energy raise of the anti-bonding M@ras
portional to the square of the overlap integral and the fagiacan be directly calculated from the
valence state ionization energies of the metal and ligamgiarids normally bind either via- or =-
bonding, so three e-parameters are needed for a completepdies of the shift in orbital energy
of the anti-bonding MO.e, describes the-interaction and because of its anti-bonding nature with
respect to the metal d-orbitals, usually has a positive value. The, ande,, parametersa andy
denoting the cartesian axes orthonormal tozllggand metal) bond axis) can be positive or negative,
depending on a destabilizing (donor) or stabilizing (ategpeffect of ther-bonding to the metal
d-orbital, respectively. An additional parametey,, which accounts for the d-s-mixing between the
d.» and the 4 orbital and effectively lowers the energy of the orbital, can also be assigned to a
metal-ligand pair. A good approximation is to assume a vafiabout 1/4 ofe,, for ey, 169
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As stated above, the overlap integfal;, can be calculated numerically. Since the local coordinate
system around the ligand defines thee,, ande,, parameters, the global coordinate system, which
is centered on the metal, is used to express the positioredigands in space in polar coordinates.
If d is the vector between the metal and the ligahdefines the angle between the global z-axjs z
andd while ¢ is the angle between the projectiondbnto the global yu plane (the vectod’) and

the global ¥, axis. The ligands,zaxis is always treated as being collineardtovhile a third angle)
defines the final rotation of the ligands’-xand y -axis along the zaxis (see Figure 3.2.1, the insert
shows the view along the ligand metal axis).

A%y

<Y

Figure 3.2.1: Ligand coordinate system (3 ,z. ) in the global metal coordinate systemu(¥m,zw) 14!

With these polar coordinates, the angular overlap facttisiwdefine the overlap integral between a
metal d-orbital and a ligand orbital can be derived as gineFable 3.2.153.161}
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Table 3.2.1: Angular overlap factors fos and interactions between metal d-orbitals and ligand orbitals pro-

posed by Schéffer and JargenB8eh161]

Fold, L(0, ¢, 9)]

Frald, L(0, ¢, 9)]

Fryld, L(0, ¢, 9)]

dy2_yp (v/3/4) cos 26(1 — cos 2¢)

d2 (14 3cos26)/4
dyy (V/3/4) sin26(1 — cos 2¢)
dy (V/3/2) cos ¢ sin 20
dy. (v/3/2) sin ¢ sin 260

— sin 2¢ sin 0 sin ¥+

1
5 c08 2¢ sin 26 cos Y

(—/3/2) sin 26 cos 1

cos 2¢ sin 6 sin P+

1
3 sin 2¢ sin 26 cos ¥

— sin ¢ cos 6 sin Y+

coS ¢ cos 20 cos 1

cos ¢ cos 0 sin Y+
sin ¢ cos 260 cos

— sin 2¢ sin 0 cos 1 —

1
5 €08 2¢ sin 20 sin ¢

(v/3/2) sin 20 sin ¢

cos 2¢ sin # cos 1) —

1
5 sin 2¢ sin 26 sin ¢

— sin ¢ cos 6 cosp—

cos ¢ cos 26 sin

cos ¢ cos 6 cos p—

sin ¢ cos 260 sin v

The perturbation from the ligands acting on the metal dtalbican be summed up over all individual
metal-ligand contributions. The matrix elements of thatid field matrix are given in Eq. 3.2:&

(i |Vir| d;) ZZ% (di, L) F(d;, Ly,) (3.2.8)

Aw n=1

Here, d; is the respective d-orbitalw the interaction typed or = interaction) andr'(d;, L,,) the
overlap integral given in Table 3.2.1. Given the matrix et@ts, the symmetrical x 5 ligand field
matrix can be formed. The eigenvectors of the matrix coordpo the wave function which describes
the d-orbitals. Their respective orbital energies arerglve the eigenvalues. Since the off-diagonal
elements of the ligand field matrix are generally not zere ADM wave function is a mixture of the
five d-function$'#l. Given the trigonometric basis of the AOM overlap integréte following sum
rule can be deriveé®316? Eq. 3.2.9

N 5
>N F(diL,)* =N (3.2.9)

n =1

stating that the sum over all angular overlap factors is eguaie number of coordinating ligands.
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3 Implementation of a Ligand Field Term
In Momec

3.1 Ligand Field Molecular Mechanics

The eigenvalues of thex 5 ligand field matrix derived in Chapter 2 of Part 1l can be useddlculate
the total ligand field stabilization energy (LFSEYy®163164(Eq. 3.3.1):

Errse = Z NaCq (3.3.2)

Here,n, is the occupation number of the respective d-orbital (0, 2,awvhich corresponds to the
number of electrons in the orbital) arg is the d-orbital energy, given by the eigenvalues of the
ligand field matrix.

As the LFSE implicitly depends on the coordination geomatrgt coordination number of a transition
metal in a molecule, it can be used to include electroniactdfe. g. Jahn-Teller distortiod or the
spin-orbit coupling in a standard MM force field. This methoas been proposed by Deeth and
coworker$10.165186lgnd has been termed ligand field molecular mechanics (LFMMhas been
used with great success to calculate structures of vanaasition metal complex&§”168l different
spin states of a transition mef&?! and dinuclear compouné”.

The LFSE can be included in a classical force field as an aadititerm to the total strain energy,
Eqg. 3.3.2:

Esteric - Z Estv'etch + Z Ebend + Z Etov‘sion + Z EvdW + Z Eelectrostatic + Z ELFSE (332)

Because the d-orbital energies calculated from the symeaédrix 5 ligand field matrix are barycen-
tered to zero, the energy added by fhg-s term is intrinsically negative and thus always stabilizes
the calculated structure. Since the original implemeoitatif the ligand field potential by Deeth et al.
(see below) is monotonically decreasing with increasingdolengths, the interaction has to be bal-
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anced with an additional classical bond stretch term whiemadds up to the correct bond distances
when compared to experimental results. Deeth et al. use aéMoction (see Pt. | Ch. 2) to describe
the classical part of the total metal ligand stretch. The iL.-ldend energy implicitly contained in the
LFSE is balanced with additional ligand-ligand repulsierms, which are of the van der Waals type.

As the overlap integrals between metal d-orbitals and tjenlil orbitals are calculated by trigono-
metric functions, the only parameters which have to be patared in the force field are the ligand
exo-parameters (see Pt. Il Ch. 2, Egs. 3.2.51t0 3.2.7). In thedpproaches to LFMM, Deeth et al.
parametrized a single, parameter with a linear dependence of the metal-ligand bemgth and
used numerical first derivatives to calculate displacemduting geometry optimizatioHs In more
recent publications, a series expansion around the bogthlers used for the parametrization of the
AOM parameter8™ Eq. 3.3.3, which allows for a greater flexibility of the ferfield.

erw = Qo+ a17 + aor 2 + asr > + agr™t + asr ™ + agr° (3.3.3)

a, are parameters of the force field and are the resulting AOM parameters. Terms#feinteractions
and d-s-mixing as well as analytical first derivatives hage deen implementét?.

The first LFMM code was implemented in the program package IMDND ¥, and has later become
a part of the Molecular Operating Environment (MOE) softevaackagg’! under the name of Dom-
miMOE as a plug-in written in C and controlled by MOE’s intat®cientific Vector Language (SVL).

Other implementations of an additional LFSE term to thelteteergy have been done by Woodley
et al. in the GULP prograf’¥l and Giessner-Prettre et al. in SIBERL. A different approach to
the modeling of the transition metal coordination geombtiy been used by Comba and Stréiifg
who implemented an additional harmonic sine function, Wlacts as an electronic perturbation. The
sine function has minima at 90 and t8&nhd the electronic effect of the interaction between the d-
orbitals of the metal and the ligand orbitals is thereforedelled by this additional potential. The
drawback of this method comes with the introduction of thdigmhal parameters in the force field.
The force constants of the since function are only valid fracsfic coordination geometries whereas
the ligand field parameters used in the LFMM approach by Desthmodel several geometries with
a single set of parameters.

3.2 Comparison between DommiMOE and Momec

The original code was donated to us by R. Deeth to whom we exiendratitude at this point. In
order to implement the ligand field code in the software pgekdomec, of which a new version is
currently in developmeR£1’7] it has been adopted and rewritten in C++ to make it compatible
the Momec source code. In contrast to the original impleateort in MOE, the ligand field code is
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not added to Momec as an external plug-in, but has becometegrah part of the program, which
has some significant advantages shown below. In order tatamaime functionality of the code, high
priority was set on the correct output and verification otcaldted values during the implementa-
tion process. Several tests including sample ligand fielcLiGtions with different types of ligands
were implemented and the results of the calculated eigémngeand eigenvalues as well as the first
derivatives were carefully checked against results geeeraith MOE.

Here, we encountered several problems regarding numstaaility. Due to the origin of the code,
which is based on a FORTRAN source, its first application wa8hit machines where the data
type “double” represented the 32-bit floating point premsiwhich corresponds to seven significant
digits. Therefore, this data type was used throughout tlte ¢o assure the maximum accuracy
possible at that time. However today, modern computers &&4 bit architecture and therefore the
type “double” has an increased accuracy of at least 15 stgnifidigits. Since the calculation of the
AOM overlap integrals is very sensitive to precision, tmduced some numerical instabilities and
lead to a slight change in the energetic order of the d-dsbéad eigenvectors calculated from the
5 x 5 ligand field matrix compared to the original implementatibmsome cases we have observed
degenerate orbitals, which has not been the case in thealrigiplementation of the code because
of the differences in precision. However, since the forrautave all been verified, the increased
precision is a wanted effect and the data type has even b@amé@sd to “long double” (at least 31
bits precision). No efforts have therefore been made totgxaaproduce the original eigenvalues and
vectors and their respective order by arbitrarily lowetting precision of the calculated values.

For comparison of the original implementation in MOE witle tturrent implementation in Momec,
the work flow during a single point or geometry optimizatiam both implementations is shown in
Fig. 3.3.1.

In both programs the usage of a graphical user interface \@Ugither draw or import a molecu-
lar structure is straightforward. Common to both implemgaite is also the atom type assignment
done during the import procedure. Here additions had to lsertmthe force fields present in MOE,
since support for transition metals is missing in the forekl originally build into the program (e. g.
the MMFF94 force fielét"8-184) Additional typing rules for coordinating ligands suchsagurated
amines are also needed, since standard type rules are net afV@and to metal coordinatidtf.

In Momec, which contains a force field tailored explicitlyttansition metals and their coordination
chemistry, such atom types and type rules are implementeitayl'’7-18% Setting up the calcula-
tion is again very similar in both implementations. Settinmthe force field and executing the actual
calculation, however, is quite different in both programs.
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Molecular geometry - Atom type
(draw or import) assignment
Calculation Force field
parameters modifications
Calculation of E
tat(MM )
] Molecular geometry - Atom type
Calculation of EM(LF) (draw or import) assignment
Calculation of EM(MM) {
Calculation
v parameters
Preparation of energies
and derivatives
tot(LFIMM) = !
Eiomy ~ B + Bury Calculationof E_ _
(a) MOE/LFMM (b) Momec

Figure 3.3.1: Work flow during a MOE/LFMM calculation compared to a Momec calculation

In the MOE/LFMM scheme, the molecule is divided into two panta QM/MM-like approach. The
ligand field code only treats the metal center and the sudiogrigand atoms, whereas the standard
force field present in MOE computes the steric energy of tineaneing atoms. The ligand field
part contains a metal-ligand bond length component, whashtb be counterbalanced with a Morse
stretch, and a ligand-metal-ligand angle bend componemithahas to be balanced with a van der
Waals interaction. The part treated by the standard forteedantains all steric energy contributions
from the remaining atoms as well as angle bends and torsiglesuconnecting the coordination
region, namely the metal and the surrounding ligand atongs tlae ligand region, which is the rest
of the molecule. To calculate only the coordination regithe respective atoms are identified by
SVL routines and passed to the external ligand field code c@lwilated energies and derivatives are
then again passed back to the main program via SVL code. \pthint, one of the drawbacks of the
MOE/LFMM implementation becomes clear. Since the calooitain the main MOE program is done
on the entire molecule, the interactions treated excliysive the ligand field code, that is the M-L
bond stretches and L-M-L bend angles, have to be zeroed. ©atlier hand, any solvation effects
which act on the coordination region have to be retainedgesiney are not treated by the ligand field
calculation. Since MOE automatically assigns missing ip@tars in the force field, simple deleting
the metal ligand interactions is not possible. Additiopalhe SVL code does not allow to delete
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specific interactions from the calculatiéft!. Therefore, the additional contribution to the total strai
energy by the coordination region has to be calculated asggrand subtracted from the final result.
This has to be done both for the energy and for the derivatimesnvolves an additional calculation.
Egs. 3.3.4 to 3.3.6 summarize the process:

Eiosvny = Enrunny + Evounry + Exinounn + Esorw (3.3.4)

Eiory = Evwr (3.3.5)

Eioiwrvnry = Exviry + Evounry + Exinounn + Esorw (3.3.6)

= Eioyumy — Erounny + Evrr)

Eq. 3.3.4 gives the total enerdy,.1/ar) Calculated with the conventional force field in MOE, which
consist of the coordination regiali,; /1), the ligand regionZ; /1), the cross terms connecting
the two regionst,, () @nd the solvation energy for the whole molecilg;,. The total ligand
field energy given in Eq. 3.3.5 is calculated by the liganddf@de and consists of the LFSE, the
Morse contributions for the M-L bond stretches and the ldzgand van der Waals interactions, all
of which are parts of the total ligand field energy for the cideation region®,,.r). Eq. 3.3.6 then
gives the total energy consisting of the ligand field eneamytlie coordination part, the conventional
energy for the cross-terms and the remaining ligand anddivatson energy.

Compared to this tedious approach in the MOE/LFMM implemigona the implementation in Mo-
mec is straightforward. Since the ligand field code is angiratepart of the whole Momec program,
the treatment of the ligand field between the metal centett@durrounding ligands is just an addi-
tional interaction, which has to be accounted for duringlawation. Since Momec uses a harmonic
description for a bond stretch by default, switching to a 8&odescription is still required, but can be
done without additional effort. As Momec uses a points onreespmodel for the L-M-L interactions
by default, no additional interactions have to be modifiedréat the bending terms involving the
metal center correctly.

To summarize, the ligand field implementation in Momec i pusnatter of adding an additional
interaction to the total list of interactions accounteddaring a calculation, where with MOE/LFMM

it involves multiple calculations. Additionally, the imgshentation in C++ allows for transferability to
other molecular mechanics packages, since the code naldegends on the MOE SVL architecture.
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3.3 Implementation in Momec

Since the source code of Momec and thus of the ligand field isool@en source, no detailed descrip-
tion will be given here and the reader is referred to the Momebsitd'’”l. However, an overview
of the routines involved in the ligand field calculation wilé given with a short description. As
mentioned before, the code was adopted to C++ but the ovaredtibnality has not been changed to
retain maximum compatibility and consistency with resgedhe resulting values. Apart from the
different programming language, the routines are verylaimm the implementation of the plug-in to
MOE.

The actual ligand field calculation starts with the idendifion of the transition metal centers and their
coordination regions. If a metal is found, the charge andiplidity given in the input file are used
to calculate the number of electrons and the spin state omé#tal. With the help of a connection
table, the ligand atoms connected to the metal as well asttimsaconnected to the ligand atoms
are identified. This is necessary in order to define the lagaht coordinate system with respect
to therx and 7y AOM parameters. Since the ligand field part only treats a pathe molecule,
the information about the relevant atoms is copied to a formach is different from the remaining
Momec prograrh In order to be able to add the ligand field derivatives to #spective atoms later,
atom numbers between Momec and the ligand field code are magdpeaddition to the relevant
atoms, the ligand field parameters given in the force fields®@ passed to the ligand field code. This
process is done for every transition metal center and eartecs’ ligand field is calculated separately.
Deeth et al. have shown, that this is a valid approach andaictiens between the individual centers
can be neglected in specific caBé8in a first order approximation.

When the atoms relevant to the ligand field calculation andpdm@meters in the force field are
identified, the actual,,, values along with their first derivatives are generated iatog to Eq. 3.3.3.
This is followed by the calculation of the overlap integramishe Schéaffer-Jargensen formalism (see
Pt. 1l Ch. 2 Table 3.2.1) and the calculation of thex 5 ligand field matrix elements. The matrix
is then diagonalized. After the matrix is solved, the LFSEakulated according to Eq. 3.3.1 and
the first and second derivatives are prepared. Here, theléirstatives are calculated analyticatit!
whereas the second derivatives are computed numericdle/s@cond derivatives are not used in the
DommiMOE implementation and therefore no reference valuere available. However, in Momec
the numerical second derivatives are used in the geometirpiaptior?.

When the LFSE, the d-orbital energies and the first and seceriebtives have been calculated, the
results are passed back into the main Momec calculatiomeuthe energy is treated as a part of the
total strain energy, the d-orbital energies are plottethéodutput file and the derivatives are added to
the respective atoms in the Jacobian and Hessian duringnagggooptimization.

This is due to the implementation process, since formats haen kept untouched where possible
Future plans include a complete overhaul of this part of tlegmm as well as the implementation of analytical
second derivatives.

2
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3.4 Input File Structure

As mentioned, the ligand field code calculates the numbenp@ued electrons present on a transition
metal center with the charge and the multiplicity of the awgimen in the input file. Since the input
file format used in the 1997 version of Mon&€!, the Hyperchem input filé*®l, only supports the
declaration of a charge of an atom, a new and more flexibleditedt was needed for the new Momec
release and the ligand field code. The decision was takeretthesSD file formdt®” in the current

version 3. The most important features of this format wilidpesented here.

The SD file consist of two blocks, where the first block is in di¥ermat and describes the atom
coordinates, while the second block is in free format andaios user-defined tags which can be
created without restrictions. An example for the fixed forivlack is shown in listing 3.3.1:

DUSJACO1

0O 0 O 0 O
M V30 BEGIN CTAB
M V30
M V30 BEGIN ATOM
M V30 1 Cu
M V30 2 N
M V30
M V30
M V30 .
M V30 49 H
M V30 END ATOM
M V30 BEGIN BOND
M V30 1 1
M V30 2 1
M V30
M V30
M V30 .
M V30 54 1
M V30 END BOND
M V30 END CTAB
M END
$$$%

999 V3000

COUNTS 49 54 0 0 O

3.2295 3.0724-0.0405 O
1.7115 1.3752 0.2577 O

4.5678 6.4336-1.3823 0

1 2
1 3
19 49

Listing 3.3.1: Fixed format block of a version 3 SD file used in Momec

The fixed format block begins with a single line which usuabntains the name of the molecule.
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The following line can contain some information about theruthe name of the program €té7],
but can also be replaced by a blank line. The third line costabmments whereas the fourth line
is fixed format as written in Listing 3.3.1. Line six includdése number of atoms, followed by the
number of bonds and some additional information about thlity '8, "BEGIN ATOM" marks
the beginning of the atom coordinates whereas "BEGIN BOND'tstae section about the bond
information. Here, the number following the index speciffesbond order (1 = single, 2 = double, 3
= triple, 4 = aromatic) whereas numbers three and four gigeotind partners. The fixed block ends
with four dollar signs. Note that each line of the connectiabble ("BEGIN CTAB") starts with an
"M" followed by two spaces, "V30" for the version and anothesisp

An example for the free format block adopted during the impatation of the ligand field codén
Momec is given in listing 3.3.2.

The free format block in the SD file consists of different sat$, where each section starts with a tag
in the format “> <Description>". Everything except the amdirackets which define the beginning
of a tag is free format. For Momec, we decided to implemens talgich contain a version number
in the tag itself for easier future versioning. Since the 3&sfare either parsed by Perl scripts or by
C++ routines, including the version in the tags assures tat dile formats can still be parsed cor-
rectly, even if the tag format changes. The tags used in Mararde divided into three categories:
reference tags, calculation tags and general tags. Reéetags contain information about reference
structures used in the parametrization of a force fieddg. stretches, bends and torsions of the ref-
erence geometry or spectroscopic data like UV/VIS trams#ti Calculation tags contain information
generated during a calculation done in Momec, e. g. stretdbends and torsions of the optimized
structure, calculated charges etc. General tags are deohecthe molecule or to the file format and
include information about the atom types used by the forde, filee units used in the SD fil@nd the
charge and multiplicity used by the ligand field code. The fimmat supported by the SD tags also
allows an implementation of a hierarchy in the informatiareg in the file. In the example above, the
calculated energies of the molecule consist of a bond deftbom energy, a non-bonded interaction
energy etc. and this can be directly imported into a tree-dita structure in the program and depicts
this structure in the output files.

3 The design of the ligand field tags of the free format block @l s numerous sets of test molecules have been
prepared together with Tobias Lauterbach during his rekdaternship.

4 see Pt. IV for a detailed description of the parametrizagimtess

5 Future plans include the implementation of a unit system amdc to support the input of e. g. energies in multiple
units and the automatic conversion to another unit in thgnam.
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> <MOMEC_ATOM_TYPES V1>
1 Cu2

49 H
> <MOMEC_REF_STRETCHES V2>
1 R[U1]=2.29646@1.0 C=1,2

54 R[U1]=0.90522@0.0 C=19,49
> <MOMEC_REF_COMMENTS V1>
Refcode: DUSJACO1
> <MOMEC_MULTIPLICITY_V1>
12
> <MOMEC_CHARGES V1>
12
> <MOMEC_UNITS V1>
Ul Angstrom
U4 kJ/mol
> <MOMEC_CALC_RESULTS V1>
Status=not converged
Steps=1
RMS=0.00000
Energies[U4]=>Bond deformation energy=433.42326
>Non-bonded interaction energy=34.83976
>Valence angle deformation energy=29.55635
>Torsion angle deformation energy=35.96001
>Electrostatic interaction energy=0.00000
>0ut of plane deformation energy=0.00000
>Hydrogen bond interaction energy=0.00000
>Twist angle energy=0.00000
>Ligand field interaction=0.00000
>Total strain energy=533.77939

Listing 3.3.2: Free format block of a SD file version 3 used in Momec
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3.5 Changes to the Functional Form of the Ligand Field
Term

The functional form of the ligand field term has been invedtd and modified in order to enable
automatic parametrization. In the original implementatiy Deeth et al., the AOM parameters,
are derived from a series expansion around the metal-lipand length-, Eq. 3.3.7:

exw = Ao + a1 + asr 2 4 asr 2 + agr~t + asr 0 + agr° (3.3.7)

The energy of a metal-ligand bond which results from thewat®on of the LFSE with the AOM
parameters based on this equation can be plotted vs. theldogith. Figure 3.3.2 shows the energy
plot for different values ofi; which corresponds to an® dependence of the overlap integral on the
metal-ligand bond length. This can be assumed for a simpéhedral cagé?® 189
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Figure 3.3.2: Metal-ligand bond energy in dependencerdbr the original implementation-(° dependence
only) of the ligand field potential

As already mentioned in Pt. 1l Ch. 3, the negative contrilnutio the total strain energy of the
LFSE has to be balanced with the positive contribution of @diteonal Morse stretch term in order
to generate reasonable bond lengths. As can be seen in Bg, 8epending on the choice of
the ligand field potential is very steep in the region of iagetween 1.5 and 3.5 Angstroms, and
the complexity of the form of the function is increased ferthvhen additional terms (e.g-* or
r~% dependence) or interactions-bonding and d-s-mixing) are included. Balancing both ldjan
field and Morse terms during an automatic parametrizaticomplicated, since multiple parameters
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have a drastic effect on only one interaction, namely thal toeetal-ligand bond stretch energy and
its derivatives with respect ta The problems that arise from two unbalanced potentialslaoa/n
graphically in Fig. 3.3.3:

400 -
200 -
S o .
m, 4 5 6
L r[A]
a =500
-200 4
00 a=1000
a=2500
a =5000
-400 - a=10000
a = 25000
a = 50000

Figure 3.3.3: Summation of the bond energies calculated for the “classical” Morse potéhtal300,a = 1,
ro = 2.0) and the original description of the ligand field potential (parametergigen in the

plot)

The summation of the ligand field part and the Morse potestimiuld result in a shifted Morse
potential, which still has a defined local minimum. Depegdon the overlap integral calculated
in the ligand field part of the code, the minimum will be shdfte® longer or shorter bond lengths,
which reflects a destabilization or stabilization, respetf. However, such a minimum on the PES
is only achieved in a number of cases, where the two potsrdi@ balanced (black and blue lines).
Unbalanced potentials will either result in no significaigahd field effects Ky;orsc » Err), NOt
shown in Fig. 3.3.3, or a strong stabilization of the boad,(,.. « Err). In addition, the limiting
behavior of the total potential in the case of very short Isoilsdhon-physical. Even if this issue is
not encountered in the parametrizations, since bond lengwolving transition metals are normally
not found to be within this range, a Monte Carlo parametemaigttion trial step can in principle
generate parameters which reflect this situation.

To avoid the difficulties in the summation presented heréndguthe automatic parametrization, the
functional form of the ligand field parameters has been cédngs the original ligand field potential
does not have a defined minimum, which in turn is a difficultgbeen for the parametrization algo-
rithm, the potential has been replaced by potentials whechale such a defined minimum. While
the actual results will be presented in Pt. IV Ch. 3, the th&aliybe discussed in the following.
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As stated above, the ligand field effect can be seen as a Ipatitun to a classical Morse bond stretch,
which shifts the minimum to either longer or shorter bondjtés. As the superposition of two Morse
functions gives again a Morse function, our first approach teanimic the ligand field potential by
an additional Morse function of the following form, Eq. 383.

erxo = —D(1 — e 7N2 4 D (3.3.8)
whereD is the depth of the potential,the curvature ang, the equilibrium bond length. The negative

sign of the firstD and the addition of the secord result in a maximum o€, atr,. Figure 3.3.4
shows the energy plot with respectitof the Morse ligand field function.
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Figure 3.3.4: Metal-ligand bond energy in dependencerdbr the Morse implementation of the ligand field
potential

As can be seen from Fig. 3.3.5, when a second Morse interawtich describes the “classical” part
of the bond stretch is added, the minimum of the potentiadigined. Compared to the equilibrium
value of 2.0 Angstroms for the “classical” Morse potentihik equilibrium bond length is shifted to
higher values by the addition of the ligand field potential.
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Figure 3.3.5: Summation of the bond energies calculated for the “classical’” Morse potéhtml300,a = 1,
ro = 2.0) and the Morse description of the ligand field potential (parametega givthe plot)

While this Morse function does have a local minimum and sifigdithe overall complexity of the
problem (parameter reduction from potentially 7 paransetethe original potential to 3 parameters
in the Morse potential), the ® dependence of the LFSE with respect to the bond length knovn f
experiments and theory is no longer present in this appro@dso, the limiting behavior is only
correct in the case of very long bonds, whereas very shoddare still stabilized by the ligand field
and, depending on the parameters chosen by the parametriaigorithm, will dominate the Morse
potential for the “classical” part of the metal-ligand bastcetch.

For a more realistic description of the ligand field intei@cta potential featuring an inverse quadratic
and sixth degree function has been used, Eq. 3.3.9 and R, 3vhich resembles an asymmetric
Gauss distribution:

D
T (A Y s | (3.3.9)

whereD, a, b andc are parameters of the force field ant the bond length.

71



Part Ill. Development of a Molecular Mechanics Force Fielthva Ligand Field Term
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Figure 3.3.6: Metal-ligand bond energy in dependence-dbr the “Gauss-type” implementation of the ligand
field potential

When this potential form for the ligand field effect is used #nergy for both very short and very
longs bonds is zero, and the additional Morse stretch withidate the total effect on the stretch.
Also, the choice of a quadratic and sixth degree polynomidl different equilibrium bond lengthis
andc ensures an asymmetry in the potential form and adds moréifigxto describe the PES around
the equilibrium bond length. As in the Morse descriptionhad tigand field, this potential also has a
local minimum, which improves convergence during the aatibtrparametrization process.

The summation of the “Gauss-type” potential for the ligaedtifiand a Morse potential for the “clas-
sical” bond stretch results in a shifted Morse potentiatierfull description of a bond stretch, which
includes the ligand field perturbation (as shown in Fig. 3.3.
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Figure 3.3.7: Summation of the bond energies calculated for the “classical” Morse potéhtml300,a = 1,
ro = 2.0) and the “Gauss-type” description of the ligand field potential (paemsgiven in the

plot)

The problem of balancing the “classical” contribution te stretch interaction with the ligand field
contribution results in a shifted Morse description for doenbined potential. Our third attempt to
solve this problem was to include the classical contribbuiiothe ligand field contribution and there-
fore describe the whole interaction with just one potengahce the contribution of every bond to the
ligand field matrix is unique, because the overlap integetvieen the metal and each ligand is dif-
ferent, the combined effect of classical and ligand fieldrgynean be represented with one potential
which describes the AOM parameters, and such, the LFSE. We have implemented this approach
both with the Morse and the “Gauss-type” description givieove (Eqgs. 3.3.8 and 3.3.9). The draw-
back of this approach is, that properties correlated to dtiegotentials (either “classical” or ligand
field) can no longer be directly derived from the combinedeptal, e. g. the UV/VIS transitions ob-
tainable from the ligand field code are no longer connectededigand field parameters used in the
parametrization. However, since the primary goal of thiskweas to generate meaningful molecular
structures with a ligand field molecular mechanics approtes drawback has been tolerated at this
point.
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1 Introduction to Parametrization
Methods

As discussed previously in Pt. | Ch. 2, a molecular force fieldsists of a set of functions, prede-
fined atom types and parameters. The accuracy of a force digéhe:iefore directly correlated to the
quality of the parameters and thus, the parametrizationfofce field is of crucial importance. The
parametrization process includes: a) selection of reterelata, on which the force field parameters
are based, b) the definition of a parametrization method;wtherives the force field parameters from
the reference data and c) the optimization and validatiagheforce field. The data considered for the
parametrization process should be adopted to the problémanat, e. g. a general force field should
include a wide selection of reference structures which cavarge chemical variety of a certain in-
teraction. On the other hand, a force field tailored to a $iggmioblem may be parametrized with a
small but representative number of reference structures.s€lection of the parametrization method
mostly influences the performance of the parametrizatioogss and should, in principle, not affect
the resulting force field. However, certain algorithms aeétdr suited for specific parametrization
problems than others. The optimization and validation adrad field includes leave-one-out tests,
where parts of the training set are left out for the paramnation and the resulting force field is then
used to calculate the geometry or a molecular property fioenléft out data. If the force field is
stable, the removal of one structure from the training setighstill produce a valid force field. With
this procedure structures, which are critical for the paaization, can be identified and additional
data exhibiting a comparable geometry can be added to thengaet in order to make the force field
more robust.

1.1 Selection of Reference Data

Reference data can include a variety of molecular properigsely structural information, relative
energies of conformers, spectroscopic data or informadlmout atomic charges. Structural data is
included in most force field parametrizatidi¥dl, since molecular properties almost always depend
on the molecular structure. Sources for structural infdiomaare geometries measured by X-ray
crystallography or calculated by QC methods or a mixtureath*°2 Since crystals will often
contain some sort of crystal lattice effects, flexible iat#ions like torsions will easily be distorted
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with respect to their equilibrium value, whereas stretcaed bends are more robust with regard
to these distortions, as these interactions contain moeeggn Therefore, individual interactions
should be compared against the reference set opposed tbatoraloverlay*®®. If interactions are
compared in a pairwise fashion, individual weighting anttaotion of relevant data from the entire
structure is possible , e. g. the interactions involvingrbgeén atoms can be omitted, since they are
often not resolved accurately in X-ray structures. An agpnation commonly made during force
field parametrizations is to neglect condensed phase gff@bich are assumed to average out, if the
data set taken for the parametrization is large en88gh

Apart from structural information, energies, spectroscagata and charges can also be used to
parametrize a molecular force field. Relative energies ofaramers or rotational energy profiles
can be derived from QC calculations, which has been usedretlie OPLS all-atom force fielt?4l,
Reference data concerning atomic charges are also derwed@C calculations and rarely from
experiments, since atomic charges are no observables asddh only be indirectly obtained from
experimental result®°. An example for a charge parametrization is the implemantatf a fluctu-
ating charge model, which allows to study polarization&#ean proteins in a liquid solution, in the
CHARMM %] force field. The reference charges are based on DFT calondadif small molecules
in the vicinity of a small dipolar probe, which mimics a wateoleculé'®®l. Rappé®’l proposed a
charge equilibration method (QEQq) which can predict theghdistribution in a molecule and can be
used e. g. in molecular dynamics simulations. The modelsedhan experimental atomic ionization
potentials, electron affinities and atomic radii. Speaopsc data such as IR or Raman vibrations
can be included in a parametrization to estimate force eoist Since assignment of experimental
results to specific interactions becomes non-trivial wettgér structures, vibrational frequencies are
often generated by QC methods and the data is directly defieen first and second derivatives of
the energy with respect to atomic coordindtés°1%8] A detailed description of this approach will
be given below.

The definition of the reference data is an important stepeérfdince field development, as the refer-
ence data will determine the final accuracy and performahtigedorce field. In principle, any data
from experiments or QC calculations can be used, but shaulchkefully validated, as errors in the
reference data set will directly influence the obtainedddreld parameters.

1.2 Parametrization Algorithms

After the definition of a reference data set, on which theddield is based, the actual parametrization
algorithm has to be selected. The general parametrizatinoept involves a set of starting parame-
ters, which are used to generate the molecular structureopepy. The calculated values are then
compared to the data contained in the reference set and@rf@nction, such as the weighted root

mean square deviation (RMSD) (Eq. 4.1.1), is used to caletife quality of the parameter set with

respect to the reference data.
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N
1
RMSD = N Z wn(vn(calc) - Un(?"ef))Q (411)

n=1

Here,w, is the weighting factor for interactiom, andv,,,.s) anduv, .., are the reference and calcu-
lated values of the interaction, respectively. The forclel foiarameters are then varied in an iterative
scheme, until the optimum set of parameters is found andrtbe leetween reference and calculated
data is minimized. The parametrization procedure theeg®ra minimization problem and can also
be seen as a constrained minimization, if some of the forde fi@rameters are restricted to min-
imum and/or maximum values. For problems which involve g \Vienited number of interactions,
this parametrization procedure can be done by hand. Hoywetaen the number of interactions, atom
types and reference structures involved in the problemrbesdarger, automatic algorithms based
on the simple general scheme outlined above may be pregerabl

The general approach to automatic parameter estimatiobecdivided into techniques with or with-

out the usage of first and second derivatives of the errottifmmuwith respect to the individual param-
eterd!®. Methods, which do not use gradient information, includstessatic searches, Monte Carlo
approaches, the downhill simplex meth§82°?land genetic algorithnkd1-204]

The systematic search over all individual parameters ig applicable to problems which involve a
limited number of parametrization variables. Also, if thergmeter surface is very diverse, the step
size between individual points (i. e. points on the params&teface) has to be small, which makes
systematic searches computationally expensive. How#wemnethod is intrinsically parallelizable
and thus can benefit from modern computer architectureswgretcmputers.

Monte Carlo methods involve random variations of parametedscan be used to scan large param-
eter surfaces. Heeffner et 8%l have applied a Monte Carlo parametrization scheme to derive Cu
parameters for the AMBER®! force field. Monte Carlo methods can also be used to gain itsah

the parameter surface and restrict a second parametrizaticeme to a certain area of interest.

The downhill simplex methdéP®2%Iconstructs a N+1 polyhedron of points on the surface of tre er
function, where N is the number of parameters varied duhiegpirametrization. The minimum of the
error function is found by systematically eliminating thighest point of the simplex, until all points
are within a predefined convergence range. The simplex rdasheery robust and converges fast for
a limited number of variables, but shows slow convergencenathe dimension of N is increased.
Norrby et al. showed, that the overall convergence can beave by including the error function in
the simplex algorithrit%,

Genetic algorithmd®1-2%4lrepresent another approach, which does not take any infammabout the
first and second derivatives of the error function into aotoHuttner et al?°”-2%lused this technique
on a set of tripodal metal complexes and defined a binarygstrased on the parameters and their
respective variation range and resolution. The result efeiror function was used in conjunction

79



Part IV. Automatic Parametrization

with the binary strings to generate a starting populaticertsPof the binary string were then varied
by “single bit’- or “crossing over’-mutation to spawn a geaigon of offspring. During this process,
binary strings with a low error function value had an incezhsffect on the next generation and were
preferred during mutations. The process was repeated,comirergence was achieved. Tafipolsky
and Schmid also used genetic algorithms to parametrize [ {@eganic Frameworks (MOFs) from
a set of QC reference calculatidt?®! and Strassner et &%2 presented an automated tool for
the generation of MM3 force fields, which uses genetic atgors for the parametrization process.
Cukrowski and Marqué¥? used artificial neural networks to derive a set of force fieddameters
for modelling metalloporphyrins of M Mn"', Mn'Y, MnV, Conl, Cd', Cd", Ni" and CU!. Artificial
neural networks consists of interconnected neurons aretb@s the information, that comes in and
out of the network, the structure and information flow is aeshand optimized in the course of the
parametrization.

Algorithms which involve gradient information make uselué first (and possibly second) derivatives
of the error function with respect to the parameters. Withwéctor information of the gradient, the
optimal direction for the next set of parameters can be ifledtand so even parametrizations which
involve many parameters can be converged. As the curvatowad a minimum of the parameter sur-
face tends to zero, gradient based methods generally gestawly when close to the minimuti’.
Examples for gradient based methods are the Broyden-Fle@bidfarb-Shanno (BFG8Y*-?'%land
the Fletcher-Reeves-Polak-Ribiere (FRPRY® algorithm. The BFGS method belongs to the fam-
ily of Quasi-Newton methods and makes use of first derivatared an approximation to the Hessian
matrix of second derivatives. The FRPR algorithm only useslignt information and is a represen-
tative of the Conjugate Gradient methods.

The information present in the Jacobian and Hessian matot®C calculations can also be used to

parametrize force fields. The Jacobian (Eq. 4.1.2) is thdigmna of the energy with respect to the
atomic coordinates whereas the Hessian (Eq. 4.1.3) is axoéall second derivatives of the energy.

OE O OF
le BIQ amn
- 9E  0E OF
Jp = oy1 Oy Oyn (412)
OE  9OE O
0z1 0zo Ozn
9%E 9%E 9%E
axlwl 6$1y1 811211
9%E 9%E 9’E
Hp= [ O o ovizn (4.1.3)
9°E 0’E 9°E
Oznx1  O02nY1 Oznzn

The potential energy surface described by the Hessianxmatused as the reference data set and
a functional form, namely the force field, is used to repradtids surface. Maple et &'° used
this approach and probed the surface of the formiate ionigit} distorting the molecule from its
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equilibrium configuration. The changes in first and seconiatves were weighted and summed in
an error function, which then was minimized with respectiforce field parameters, Eq. 4.1.4:

S=wi ¥ (Goi— 90" +wn > (Haij — He ;) (4.1.4)

oyl a,t)

Here,w;, andwy are the weighting factors angl ; andH, ;; the first and second derivatives, respec-
tively, where the superscriptdenotes the reference values obtained from QC calculati®imsilar
approaches have been used by Palmo Bt%) Leonard and Ashmaft*l, Hagler and coworkeFs®!,
Seminarid???l, Dasgupt&?3-2?5land Norrby et al!®3l. We have implemented a strategy which in-
volves a maximum force field, where the resulting Jacobiah ldessian matrices are used as the
reference data set for a parametrization. This approadtbgvdiscussed in detail in Pt. V Ch. 2.

As the simplex and BFGS methods were used extensively inttidy,she methods will be explained
in more detail at this point. In the simplex method, amongNké points spanning the polyhedron
on the surface of the error function, the one with the higkesir is identified and reflected through
the barycenter of all points (excluding the one with the bigherror). If the reflected point does not
yield a lower error function value, the simplex is contractexpanded or the parameter function of
the lowest point is mixed with all the other points to genehew simplex matrix. Fig. 4.1.1 depicts
the possible simplex steps. The N+1 dimensional simpleawits” along the parameter surface, until
the difference between the matrix elements of the simpléelisw a certain threshold.

Phigh (a) Pm-

new_1

new_2 low

(d) (e)

Figure4.1.1: Possible simplex operations on the N+1 polyhedron on the parameteresyenoriginal sim-
plex (b) reflection of Rign (c) reflection and expansion ok (d) contraction of Righ (€) con-
traction of all points except &y. (Phigh denotes the point with the highest value of the error
function, Ry the lowest point and Ry the new point of the simplex. The star represents the
barycenter of the simplex)
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In the BFGS algorithm, the search direction is evaluated hy4ED5:

Bipr = =V f(x) (4.1.5)

where B,, is the Hessian matrix approximated from gradient inforovatp,, is the search direction
and f(zy) is the value of the error function at point After the search direction has been found, a
line search is done along the vecjgrto identify the step sizey, and set a new point for the next
BFGS iteration (Eg. 4.1.6), which starts with the calculatal the new gradient and updates the
approximated Hessian matrix.

Tp+1 = Tk + QxDk (4.1.6)

A graphical representation of the BFGS algorithm is showresgdtically in Fig. 4.1.2. Here the
perpendicular orientation of the gradient of one step tat can be seen.

Figure4.1.2: Schematic representation of the BFGS algorithm
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2 Implementation

Automatic parametrization of the ligand field term in Momestbeen implemented with a combina-
tion of Perl scripts for the initialization of the parametiion and the actual parametrization code in
the C++ programming language. The use of Perl scripts alldeeithcreased flexibility during the
development of the input format (see Pt. Il Ch. 3) and dued@giinple syntax, changes to the code
could be implemented quickly.

2.1 Implementation of a Parametrization Setup Routine
with Perl

As discussed, a force field parametrization involves séwtepas. a set of reference data has to be
selected, the parameters and their functional form havestméntified, a suitable parametrization

algorithm has to be chosen and the resulting force field has t@lidated against data which is not

part of the training set (cross-validation). The Perl dsripsed during the parametrization of the

ligand field term in Momec primarily deal with the first two elojives, namely the reference data and
the parameters for the parametrization.

As the ligand field term adds an additional energy for tramsitmetal ions, X-ray geometries of
transition metal compounds with different degrees of digin from the regular octahedral geometry
were used for the reference data set. Detailed informabonthe different training sets used during
the parametrization will be given in Ch. 3 of this Part. As dssed in Pt. Il Ch. 3, the reference
information is incorporated in the SD file format, which al@ows for different weighting factors
for every interaction. Listing 4.2.1 recalls the format kped previously and shows an excerpt of
the stretches section of a reference SD file.
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> <MOMEC_REF_STRETCHES_V2>
1 R[U1]=2.29646@1.0 C=1,2

2 R[U1]=2.04872@1.0 C=1,3
3 R[U1]=2.08575@1.0 C=1,4
4 R[U1]=2.06225@1.0 C=1,5
5 R[U1]=2.04997@1.0 C=1,6
6 R[U1]=2.34478@1.0 C=1,7
7 R[U1]=1.46898@0.0 C=2,8
8 R[U1]=1.47210@0.0 C=2,10

9 R[U1]=0.74690@0.0 C=2,20

Listing 4.2.1: Excerpt of the stretches reference information in a SD file

Tags which specify reference information begin with the “MBC_REF” keyword. In the listing
above, one line represents a single stretch interactidnitgirespective unit (U1 = Angstroms in the
example) given in brackets. The actual value (= bond lengtfollowed by the “@” symbol and the
weight for this interactioh The weight is followed by the connectivity of the interactj which is
printed mainly due to technical reasons to ease interautittmthe Perl scripts, but also as a reference
for the user. In the example above, the atom with number Jeisrémsition metal whereas atoms 2—7
are the coordinating ligand atoms, bonded to atom 1.

Preparation of the reference data set has been mainly ddmenloly since extracting the data from the
CSD databad®l, checking for errors in the structure, removing the couates, generating the SD
files needed for the parametrization and setting the werglgisires chemical intuition and can only
be automated in parts of the process. Future plans includsetthe experimental errors given in the
files from the CSD database and to derive an automatic wegktheme for stretches, bends and
torsions from these values.

The actual setup of the parametrization with Perl scripssidegen implemented in a two step process.
In the first step, the user calls a setup script, which intés the directory structure, scans the ref-
erence files and creates a control file. The user is then alglditéhe control file and thus specifies
which parameters to optimize. The actual parametrizai@tarted with a second script and does not
need any user interaction.

2.1.1 The Parametrization Setup

The setup script accepts a single command line parameteahwathe location of a setup command
file. The command file structure is given in Listing 4.2.2:

1 In the ligand field parametrization, weights were set to avieen one of the bonding partners of a stretch or the
central atom of a bend is a metal. This is due to the fact theatigand field code only affects the positions of the
metal and its coordinating ligand atoms.
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sdfiles=/path/to/reference/sd/files
workdir=/path/to/working/directory
forcefield =/path/to/initial/force/field/files
multi=10

rms=0.0001

popt=simplex

weight=const

mc_steps=500

unscaled_history=0

calc=opt

chunks=1

jac_hess=0

If=1

debug=0

Listing 4.2.2: Command file structure for the parametrization setup script

The individual options are:

e sdfilespoints to the path where the reference SD files used duringdhemetrization will be
copied from.

e workdir sets the working directory for the parametrization, whélréles generated during the
process are stored.

e forcefieldpoints to a folder containing a Momec force field which is thesed as a starting
point for the parametrization.

e multi specifies the maximum number of parallel Momec instancesglarsingle parametriza-
tion step (integer value).

e rmsspecifies the convergence criterion for a Momec geometiynigation in Angstroms. The
RMS shift in Momec is the root mean square of all elements ofldmbian matrix (floating-
point value).

e popt specifies, which parametrization algorithm to use during parametrization (possible
values: “simplex”, “bfgs” or “frpr”, see Ch. 1 of this Part).

e weightspecifies the weighting scheme (possible values: “constafecaling of weights with

Wstretches = Whends > Wtorsions = Wyv /v IS—transitions or “uni” for no Scaling)-

e mc_stepsactivates an initial Monte Carlo search with the given nuntfesteps prior to the
actual parametrization specified pppt The parameter set yielding the lowest error is then
used as a starting point for the actual parametrizatioedetvalue).
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e unscaled_historywhen set the parameters printed in the history file are née#dcd@he progress
of a parametrization including all parameter sets and thpea®tive error values is printed in a
history file in table form. Since parameters used during Hrametrization are scaled to a value
between 0 and 1 (which will be explained in detail below), thkies in the history file can be
printed unscaled for improved readability (boolean value)

e calcsets the calculation mode for Momec during a parametrizgpossible values: “opt” for
geometry optimization or “sp” for single point).

e chunkssets the number of chunks used during a parametrizatior@tieept of chunks will be
explained later) (integer value).

e jac_hesswitches to the Jacobian/Hessian parametrization metemlt. V Ch. 2) (boolean
value).

e |f turns on the ligand field calculation for a parametrizatiooglean value).

e debugturns on debug messages (boolean value).

Running the setup script creates a new directory, where akssary executables of the Momec
program, needed library files, Perl scripts, the referer2dil8s and the force field files are copied
to. After loading the initial force field, the SD files are pagisone at a time and all interactions
with a weight greater than zero are collected in a list. Bgtd weight greater than zero enables
the interaction and the corresponding parameters in toe fioeld. A list of all possible force field
parameters is written to the control file (see 4.2.3). In @aldito the weighted interactions the setup
script also scans for missing parameters in the force fielsingle point calculation is performed on
every reference structure and if stretch or bend parametarsssary for a complete description of
the molecule are missing in the force field, the parametersaltected in a second list, which is then
written to the control file. Missing force constants are se4 default value of 1.0 mdyn/Angstrom
for stretch interactions and 0.1 mdyn/rad for bend intésastand missing equilibrium values are set
to the average of all the values present in the referencesdata
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An example for the control file produced by the setup scrigiven in Listing 4.2.3:

> <MOMEC_PARAMETRIZATION_VARIABLES>

chunkl STR CT CT k=5.000 ro=1.500
chunk?2 STR CT NT k=6.000 ro=1.490
chunk3 BEN CT CT H k=0.360 a0=1.909
chunk4 NBD CT r vdw=1.900 epsi=0.044 const

> </MOMEC_PARAMETRIZATION_VARIABLES>
> <MOMEC_FORCEFIELD_AUTO_CONSTANTS>
STR H ND k=1.000 r0=0.8011250
BEN OW CT OW k=0.100 a0=2.2613500
> </MOMEC_FORCEFIELD_AUTO_CONSTANTS>
> <MOMEC_PARAMETRIZATION_COMMANDS>
debug=0
multi=1
mc_steps=1
chunks=4
weight=const
popt=simplex
unscaled_history=1
calc=opt
[f=0
> </MOMEC_PARAMETRIZATION_COMMANDS>

Listing 4.2.3: Control file generated after the execution of the setup script

The control file consists of three sections, which are mabietdgs as in the SD file format, allowing
for an easy incorporation of the parametrization contmoicttire in a combined SD file in the future.
The first section contains all parameters which should benaed during the parametrization. A
line consists of the chunk, in which the parameter should drarpetrized, the interaction type
the corresponding atom types and the force field parametéosved by the starting values. If a
value is followed by “_const”, the parameter is fixed and texsluded from the parametrization. A
chunked parametrization proceeds as follows: As force fiatdmeters are independent of each other
to first order, each parameter can be parametrized indeptiydéall other parametetsDividing the
parameter set into smaller chunks reduces the time needsxhterge to a force field and increases
the overall performance of a parametrization. Also, onky teference data for the parameters in
the chunk are included which may reduce the number of strestio calculate in each step, e.g. in
the example above only structures which have a CT-CT bond willded to parametrize the CT-CT

2 STR for stretch, MSTR for Morse stretch, BEN for bend, TORtfsion, NBD for non-bonded, CHG for charge,
LF for ligand field

3 This is true e.g. for stretch parameters, which affect dhffié regions of a molecule. Coupled parameters, e.g.
non-bonded interactions, have to be parametrized at the sara.
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stretch interaction in chunk 1. Even if the resulting foreddiof a chunked parametrization may not
be as good as the result of a full parametrization from a qjadire point of view, iterating multiple
times will improve the overall result and may still be fadteasn a complete parametrization over all
parameters (see Chapter 3 of this Part for detailed results).

The second section of the control file gives the list of miggparameters in the force field and the
respective parameter values, which will be added autoalbtidout which will not be included in
the parametrization process. Completing a force field invitagt helps to generate meaningful struc-
tures and avoids convergence problems. Parameters adtted way have to be parametrized with
additional reference data afterwards to generate optialabsg.

The third section repeats the settings given in the commamaufid is given mainly for reference.
Since the control file does not change during the paramatiizarocess, it can be archived together
with the actual parametrization results and all infornmratiegarding the setup of the parametrization
is therefore kept in one place for review purposes.
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2.2 The Implementation of the Parametrization Algorithm
in C++

When the parametrization is set up, a second Perl scriptutheaript, starts the actual process. Af-
ter the additional force field parameters (“MOMEC_FORCEFIERADTO_CONSTANTS” of the
control file) are written to the force field files used during lmrametrization, the actual parametriza-
tion algorithm implemented in C++ is called. The code is basedn earlier implementation by
Martin[??’l, The general parametrization procedure is given in Figuzel4

Setup script

Control file
\J

Run script

Initial
Monte Carlo

v L] v
Simplex BFGS FRPR
Convergence?
Y
Result &
Graphs

Figure4.2.1: General parametrization work flow

When the “mc_steps” option is given in the command file, anahMonte Carlo parametrization
will be done before calling the actual algorithm. The Montel@aoutine returns the parameter set
with the minimum error value compared to the reference daiad during the random search. This

89



Part IV. Automatic Parametrization

set is then used as a starting point for the subsequent paizatien. As the parameters are scaled,
each Monte Carlo step generates a random number between Of@nelath parameter. The scaling

of the parameters is done in order to ensure consistent igepfer all parameters for the different

parametrization algorithms. The maximum value for eachip&ter is chosen according to its nature,
e. g. the maximum value for an equilibrium bond length issdtAngstroms, which equals to a scaled
value of 1 in the parametrization.

After the Monte Carlo steps, the parametrization algoriterstarted (for references see Ch. 1 of
this Part). For each data point, the force field is adjusteéflect the parameters of the current step
and Momec is called to generate the new structures or piepdrom the reference data, either via
a geometry optimization or single point. The resulting eslare passed back to the parametrization
algorithm, the error function is evaluated for each intececand the total error calculated according
to Eq. 4.1.1 is used to generate the next step of the paraeusin. For a single point, this pro-
cedure is straightforward and repeated until convergentteraspect to the parameters is achieved.
For a geometry optimization however, problems concerrtiegconvergence of the individual geom-
etry optimizations may arise. Since the parametrizatigorghm varies the parameters only with
respect to the minimization of the error function, non-pbgksparameters may occur and this may
lead to non-converging structures during the Momec gegnugitimizations. In order to make the
parametrization “aware” of this problem, several appreadiave been tested.

A first approach was to add a penalty function, which adds atitiadal value for each uncon-
verged structure to the error function after calculating difference between reference and calcu-
lated structure. The aim was to make data points involvingpawerged structures unfavorable for
the parametrization algorithm. However, adding a largeafigrvalue to the total RMS error “dis-
oriented” the algorithm and often resulted in non-convaggdarametrizations. On the other hand,
adding small penalty values had almost no effect on the patrazation process.

A more successful approach was to add penalties to individteaactions. Lower and upper bound-
ary values for an interaction were defined and if e.g. a stretas found to be outside of these
boundaries after a geometry optimization, a penalty valae added to the total RMS value. The
penalty function used is given in Eq. 4.2.1 for the lower kabany case:

Pabs = ‘pcalc - pmm|

Prnorm = Pabs — 5.0 (421)

Lscale

I+ 61’]?(—10 * pnorm)

Ppenalty =

The absolute values,,; were normalized to the lower end of the exponential funcéiba value of
—5.0 and the penalty function was scaled according to the parmrnygte byz,.,.. (100 in the case of

a bond stretch). To include the force constant in this apgroan additional boundary condition for
the strain energy in one interaction was defined, compartéettenergy calculated from the parameter
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set, and a penalty was added to the total RMSD value using tregieq 4.2.1. While this approach
helped to keep the individual interactions in a reasonasatarpeter range, the convergence problems
were only resolved to some extent.

Another approach to the problem was attempted by using thst™lgeometry of a non-converged
optimization. Since the geometry optimization in molecuteechanics minimizes the strain energy
of a given molecule, the “best” geometry in a non-convergatihtzation should be the one with the
lowest energy. This approach was tested and whenever a ggaspémization failed, the structure
with the lowest energy was returned to the parametrizatborines in favor of the geometry of the
last step, after which the optimization was aborted. Howesiace the geometry optimizations were
always started from the crystal structure of the moleculeéchvalso represents the reference structure
for the parametrization, the lowest energy structure wamamy cases the structure after the first
optimization step. While the structure is changed after dep, st is still very close to the crystal
structure and therefore, the value of the error functiovs IThe overall parametrization therefore
favors non-converged structures, and this approach didote¢ the convergence problems.

The convergence problems were finally solved by modifyirggattual algorithm of the parametriza-
tion, which is described in detail using the example of timegéex algorithm.

Phigh (a) Plo-

new_2 new_2 low

(o)

Figure4.2.2: Possible simplex operations for the modified version of the simplex algorithm, vavicids
convergence failures in Momec. The new paint,, (depicted in red, no geometry convergence)
is shifted back along the vector towanglg,; until a converging poinp,.., (green) is found.

The starting simplex polyhedron shown in Fig. 4.2.2 cossiéta pointpy,, with the highest error
value, a pointp,,,, with the lowest error value anty — 1 points in between. All of these points
represent parameter sets and all of these sets are assumeditce converging structures for the

91



Part IV. Automatic Parametrization

full reference data sét The reflection ofy,;,, through the barycenter of the polyhedron generates
a new pointp,..,, where convergence of a Momec geometry optimization is natanteed. At this
point, the algorithm is modified as follows: the convergent¢éhe parameter set,.,, is checked:

if all structures converge, the point is valid and the algpon continues in its regular fashion; if the
parameter set leads to unconverged structures, the skjsatd is shifted along the reflection vector
towardspy;,,, at which the convergence is guaranteed. The calculatiestarted at point/,.,, and
convergence is checked again. This procedure is repeatiégnatiucing the size of the shift towards
Phign, €VEry time, until a point for which all structures convergefound. In the worst case, this
point is almost identical t@;,,,, but the simplex continues with a different simplex openatand
still contains valid parameter values. The same procedaeimplemented for the other simplex
operations, namely the reflection + expansion, the comtraeind the mixing of a fraction gf,,,,
into all other points. Figure 4.2.2 shows the modified simplperations.

The BFGS algorithm can in principle be modified in a similar widgwever, since the calculation of
one point involves deriving the gradient for every parameézalculation of the gradient at a different
point drastically increases the computational efforttdad of a calculation of all structures for one
parameter set (simplex algorithm), the derivatives for Mapeeters would have to be calculated,
which involves N calculations for all structures. As theidatives are calculated numericadf§/], the
number of calculations is even higher. Therefore, the chéaokunconverged structures were only
implemented in the line search part of the BFGS algorithm|enthie calculation of the gradients was
not modified.

4 This can be ensured by a Monte Carlo parametrization pritire@ctual simplex parametrization. The Monte Carlo

results are also checked for unconverged structures ity step and the parameter set producing only converged
structures and giving the lowest error is passed to the sxrgdgorithm.
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3 Results and Discussion

The algorithms and the options to define the general proeediithe automatic parametrization
evolved in the course of this thesis which allowed for aneéase in the complexity of the parametriza-
tion tasks. The initial parametrizations did not take aggiid field effect into account, but simply
tested the parametrization algorithms on standard fortebgerameters like a carbon-carbon stretch
interaction. The incremental parametrization approactadly mentioned in Ch. 2 of this Part was
tested and the proper functioning of the ligand field codesoagirmed with a number of hypothetical
test structures. The procedure was tested on a single Xuastwe and UV/VIS data was included
as reference data for the parametrization. Finally, a tdrgand field reference data set was used in
the automatic parametrization and leave-one-out tests @aried out for verification of the obtained
force field. Timings for the individual parametrizationg aot presented at this point, since run times
are highly dependent on the computer hardware and the wesbtbe code. Since both the hardware
and the code changed during the course of this project,ichgavtimings are not comparable to each
other and can not be seen as significant.

3.1 Parametrization without a Ligand Field Term

The parametrization algorithms were initially tested watleries of 17 transition metal compounds
coordinated by cyclam-based ligands (see appendix B for @&Pance codes, literature and struc-
tures}. The weights in these structures were set only for streteastions which involve the CT-CT
(sp® carbon-sp carbon) and CT-NT (Spcarbon-sp nitrogen) atom types, both of which are already
well defined in the original Momec force figtd5% (see Appendix C for details). However, the start-
ing parameters of the parametrization were also modifiad treeir optimal positions in order to test
the parametrization algorithm. The overall parametraratherefore included only four parameters,
since both stretch interactions were described by a haowmtential. Additional parameters were
added as constants to the force field in order to increasevi@lbaccuracy of the parameter set
and avoid convergence problems (see Table 4.3.1). Theaenptars were not changed during the
parametrization process. Four parametrizations havedsgerd out with this reference data set. The
results are shown in Table 4.3.2.

1 Most of the parametrizations presented in this Chapter wene together with Markus Rossler during his research

internship.

93



Part IV. Automatic Parametrization

Table 4.3.1: Additions to the starting force field for the parametrization of the set of 1%itian metal com-
plexes coordinated by cyclam-based ligands. All parameters showmbradded to the force
field and not modified in the course of the parametrization.

interaction type atom 1 atom 2 atom 3 [nkdyn/(A or rad)] Io [(A or rad)]
stretch NT NT 1.000 1.169
stretch H ND 1.000 0.801
stretch CON oC 1.000 1.289
stretch NI2 ow 1.000 2.155
stretch CO2 CT 1.000 1.910
stretch CO2 ow 1.000 2.208
stretch CR3 ow 1.000 1.970
bend Co3 NT NT 0.100 2.173
bend NT NT NT 0.100 3.061
bend NT CR3 ocC 0.100 1571
bend oC CR3 oC 0.100 3.142
bend CON ocC CR3 0.100 2.298
bend CON ND H 0.100 2.068
bend ND CON oC 0.100 2.018
bend H ND H 0.100 2.078
bend ocC CON 0oCco 0.100 2.163
bend CT ow Cuz2 0.100 2.239
bend ow CT ow 0.100 2.261
bend OR CT ow 0.100 2.011
bend NT NI2 ow 0.100 1.750
bend ow NI2 ow 0.100 2.331
bend H ow NI2 0.100 1.973
bend CT CO2 NT 0.100 1.615
bend NT CO2 ow 0.100 1.527
bend CT CO2 ow 0.100 3.106
bend CO2 CT ow 0.100 2.090
bend CO2 CT CT 0.100 2.166
bend CO2 ow H 0.100 2.210
bend ow CR3 ow 0.100 2.354
bend NT CR3 ow 0.100 1.767
bend CR3 ow H 0.100 2.015
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Table 4.3.2; Results of the automatic parametrization with the simplex or BFGS algorithm on & &&t o
transition metal compounds coordinated by cyclam-based ligands. Startireg \far the initial
force field are given in parentheses.

algorithm  k(CT-CT)imdyn/A]  1o(CT-CT)[A]  K(CT-NT) [mdyn/A]  ro(CT-CT)[A] RMSD

simolex 9.800 1.505 5.351 1.479 0.109
P (5.000) (1.500) (6.000) (1.490) (0.175)
BEGS 4.989 1.496 5.989 1.482 0.109
(5.000) (1.500) (6.000) (1.490)  (0.175)

simolox 2.825 1.495 1.670 1.461 0.109
P (1.000) (2.000) (2.000) (2.000)  (1.401)
BEGS 0.447 1.373 0.568 1.363 0.141
(1.000) (2.000) (2.000) (2.000)  (1.401)

The RMSD (see Ch. 1 of this Part) was calculated with the reéeremformation of 119 CT-CT
stretches and 150 CT-NT stretches with a relative weight 6f Bends and torsions which involve
the CT-CT and CT-NT motif were also included with a relative virtigf 5 and 1, respectively. How-
ever, since the parametrization did not include any degrefreedom for the bends and torsions, the
effects on these interactions during the parametrizatiemanor and will not be discussed here.

As can be seen from Table 4.3.2, both simplex and BFGS algop#rform equally well when start-
ing from the already well defined parameters of the Momecefdield. The overall RMSD value
improves slightly and the,ivalues do not deviate much from the starting values. Howéherforce
constants derived by the automatic parametrization diffeen comparing the two algorithms. The
BFGS algorithm returns force constants which are near thigjmal values, whereas the simplex al-
gorithm returns force constants which differ notably frdmait starting values. Since the parametriza-
tion space is small and no reference energy criterion, wéiilgitts the value of the force constant was
included, both sets of parameters perform almost equally we

If the starting parameters are modified from the values obtigghal Momec force field, the situation
changes notably. While the simplex algorithm still converge a set of parameters, which gives a
RMSD value in the same region as before, the BFGS algorithns givesult which is slightly worse.
This can be explained by the fact, that multiple minima eristthe parameter surface and since
the starting values are far from the minimum of the origirales, the BFGS converged to another
minimum. Prepending an additional Monte Carlo simulatiofoleethe actual BFGS parametrization
can increase the chance of finding a minimum, which is neagliblgal minimum of the parameter
surface from a qualitative point of view.

To compare the parametrized interactions with a refereata d graph showing the calculated values
vs. the reference values is plotted after every paramétizéy the automatic parametrization run
script. The graphs for the stretches in the cyclam parapagions are shown in Fig. 4.3.1.
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Figure 4.3.1: Comparison between final geometries of an automatic parametrization arehoefgeometries

of a set of 17 transition metal complexes coordinated by cyclam-baseddigand

As the force constants for both the CT-CT and CT-NT stretches havigh value in the case of the
two parametrizations starting from the original force fiékigs. 4.3.1a and 4.3.1Db), the resulting
distribution of the calculated bond lengths is narrow. t8tgrfrom the modified version of the force
field converges the parametrization to a set of parametehssmaller force constants (Figs. 4.3.1c
and 4.3.1d), which broadens the distribution and incretisedlexibility of the stretch interactions.
As stated above, including an energy criterion in the pataration may have had an effect on the

optimization of the force constant and may have produced@war distribution of the calculated
bond lengths.
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3.1.1 Incremental Parametrization

In order to test the concept of chunks, explained earlier inZ3#f this part, the same set of transition
metal complexes coordinated by cyclam-based ligands wed insa chunked parametrization. The
final values of the parametrization variables are shown mgarison to the results of a parametriza-
tion with all variables optimized at the same time in Tablg.d. Bend interactions which involve
CT and NT atom types have been included in this parametrizédioncrease the number of possible
chunks.

Table 4.3.3: Final values of the parametrization variables during the chunked paraatieiniof a set of 17
transition metal compounds coordinated by cyclam-based ligands (vatuesfparametrization
with all variables at the same time are given in parentheses).

chun interaction soml  atom?  atom 3 k [mdyn/(A orrad)] g oré, [(A or rad)]
type
1 stretch  CT CT 5.999 (5.118) 1.500 (1.502)
2 stretch  CT NT 4.631 (6.303) 1.476 (1.480)
3 bend cT cT H 0.360 (0.488) 1.909 (1.920)
4 bend H cT NT 0.360 (0.377) 1.909 (1.894)
5 bend cT cT NT 0.450 (0.466) 1.911 (1.891)
6 bend CT cT cT 0.450 (0.448) 1.911 (1.908)
7 bend CT NT CT 0.450 (0.462) 1.911 (1.893)
8 bend cT NT H 0.397 (0.428) 1.883 (1.880)

The constants automatically added to the force field wenetick to the parametrization shown in
Section 3.1 of this Part. The original Momec force field (sg@péndix C) was used for all other
interactions in the molecule. The weights were again oniyadnteractions which involve the CT

and NT atom types and stretches were scaled by a factor ofbb&b@ds by a factor of 5 and torsions
by a factor of 1.

As can be seen from Table 4.3.3, the final values from bothnpetrézations are within the same
region, which proves that the force field interactions agependent from each other and therefore
can be parametrized individually in this case.

The overall accuracy of the resulting force fields is showRigure 4.3.2.
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Figure 4.3.2: Comparison between final geometries of chunked and complete paramatszaitia set of 17
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As can be seen from the plots, the resulting geometries fiaimarametrizations are practically the
same. Since both parametrizations start from the originaiiglc force field, where all interactions
involved in the parametrization already have highly optied parameters, this test can certainly not
be seen as proof that this method will always lead to acceptabults. However, taking this result
as a proof of concept justifies the implementation of thishodt Parametrizing variables, which are
highly sensitive to changes and easily lead to convergailteds can be effectively treated with this
method. The advantage of the chunked parametrizationriidsei automatic process, since the user
has to specify the course of the parametrization only onpesgd to optimizing one parametrization
after the other by hand.

3.2 Ligand Field Model Structure Parametrization

In order to test the functionality of the ligand field code ipaametrization, a set of highly sym-
metric model structures was used as reference data. Thsttestures consist of a Cutransition
metal center (atom type CU2) coordinated to six nitrogemlitga(atom type NT) in an octahedral
coordination geometry. One of the three NT-CU2-NT axes iagdted (CU2-NT distance: 2.5 A)
whereas the other two axes are left at a shorter value (CU2idtante: 2.0 A) in order to mimic a
tetragonal distortion.

During the test parametrization the following parameti@avariables were used (the final values
after the parametrization are tabulated), Table 4.3.4:

Table 4.3.4: Parametrization variables with final values for the test parametrization of2eNT ligand field
interaction of a highly symmetrical Guransition metal complex surrounded by six nitrogen lig-

ands.
interaction type atom 1 atom 2 o [1/A] D [kd/mol] ro [A]
Morse stretch Cu2 NT 0.544 561.228 2.115
interaction type atom 1 Fvaw [A] €
non-bonded Cu2 0.023 0.001
non-bonded NT 2.221 0.079
interaction type atom 1 atom 2 4 EmtAY] 3 [cm A9 36 [cm1Af)
ligand fielde, Cu2 NT 97754 108302 98562
ligand fieldegy; Cu2 NT 27997 10736 24972
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The parametrization used the simplex algorithm and weiglet® set for the six CU2-NT stretches
and the NT-CU2-NT bend interactions. The weights were sdaledvalue of 110 for the stretches
and 5 for the bends during the parametrization. The parametdourth, fifth and sixth order for
the o-interaction and d-s-mixing of the original implementatiof the ligand field potential were
used (see Eqg. 3.3.7) together with an additional Morse piateior the CU2-NT bond. Although
the original ligand field potential allows for a total of seveariables per AOM parameter, only
three variables were chosen at this point, because of aafierlly suggested #/° dependence for
octahedral complex&§8189 (see also Ch. 2 of this part).

Table 4.3.5 shows the comparison of the reference and etdclgeometries:

Table 4.3.5: Comparison between reference geometry and calculated geometry whidts feom the final
force field of the automatic parametrization shown in Table 4.3.4.

interaction type atom 1 atom 2 atom 3 ref M or rad] Nearc [A or rad]
stretch (short) Cuz NT 2.000 2.000
stretch (long) Cuz NT 2.500 2.499
bend (90) NT Cuz2 NT 1.571 1.571
bend (180) NT Cuz NT 3.142 3.142

The structure is a perfect match to the reference strucioethis model compound, the automatic
parametrization found a set of parameters which can modeditorted geometry.

The test was extended to a set of three structures with Klidifferent geometries. The long CU2-NT

bond in the two additional structures was elongated or ehed, respectively, by 0.02 A, so that the
parametrization should be able to find a minimum which mod#lghree structures with a median

value of 2.50 A for the long CU2-NT bond. Table 4.3.6 shows #mlting parametrization values
and Table 4.3.7 the corresponding geometries.
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Table 4.3.6: Parametrization variables with final values for the test parametrization of2eNT ligand field
interaction of three highly symmetrical €transition metal complexes surrounded by six nitrogen

ligands.
interaction type atom 1 atom 2 o [1/A] D [kJ/mol] ro [A]
Morse stretch Cu2 NT 0.537 566.599 2.166
interaction type atom 1 Fvaw [A] €
non-bonded Cu2 0.003 0.001
non-bonded NT 2.228 0.064
interaction type atom 1 atom 2 4 BmMtAY as [cm1A9] 36 [cm1A]
ligand fielde,, Cu2 NT 97714 105385 96677
ligand fieldegy; Cu2 NT 31538 29653 12923

Table 4.3.7: Comparison between reference geometry and calculated geometry whidts feom the final
force field of the automatic parametrization shown in Table 4.3.6. Only stretaladtitens are
shown, as the bend interactions were reproduced with exactly the sares galin the reference
structure (see also Table 4.3.5).

interaction type atom 1 atom 2 ref[A or rad] Nealc [A or rad]
stretch (short) moll Cu2 NT 2.000 2.000
stretch (long) moll Cuz2 NT 2.500 2.500
stretch (short) mol2 Cu2 NT 2.000 2.000
stretch (long) mol2 Ccu2 NT 2.520 2.500
stretch (short) mol3 Cuz NT 2.000 2.000
stretch (long) mol3 Cu2 NT 2.480 2.500

As can be seen from Table 4.3.7, the automatic parametnizatjain yielded a force field which
reproduces the tetragonal distortion in this set of modehmaunds with a combined effect of a
Morse stretch function and a ligand field interaction. Weehtaken this result as a proof of concept
that an automatic parametrization of the ligand field inteaa is feasible.

101



Part IV. Automatic Parametrization

3.3 Ligand Field Single Molecule Parametrization

The insights on the parametrization gained during the eéxgaats described in the preceding sec-
tions were used to parametrize a force field based on a “real”dBystal structure. The molecule
[Cu([9]aneN),]?* 2?8 (refcode DUSJACO1, see Appendix B Fig. 6.3.2h) shows a JatierTdis-
torted geometry with one long axis (CU2-NT distances: 2.286 2.345 A) and two short axes
(CU2-NT distances: 2.049 and 2.062 Aand 2.086 and 2.050 Aentisely) and therefore has the
same general coordination geometry as the model struaitseskin the preceding section.

In the first parametrization done with the geometry of thiseoole as reference data, the same
parametrization conditions as described in the precediotjos, namely the original implementation
of the ligand field potential with parameters tgrande,, of fourth, fifth and sixth order, an additional
Morse stretch and the non-bonded interactions as paraakdn variables, were used. The weights
were also scaled with a factor of 110 for the stretches and S&bends and were only set of the
CU2-NT bonds and NT-CU2-NT bend interactions. Table 4.3.8vstbe final force field parameters
when a simplex algorithm is used during the parametrization

Table 4.3.8: Parametrization variables with final values for the test parametrization of2eNT ligand field
interaction of the DUSJACO1 reference structure (see Appendix B BRI6).

interaction type atom 1 atom 2 o [1/A] D [kd/mol] ro [A]
Morse stretch Cu2 NT 0.695 557.265 2.205
interaction type atom 1 Fvaw [A] €
non-bonded Cu2 1.120 0.032
non-bonded NT 2.086 0.041
interaction type atom 1 atom 2 2 Bm1AY 3 [cm A9 36 [cm1Af)
ligand fielde,, Cu2 NT 81587 113187 97858
ligand fieldegy;, Cu2 NT 82711 31748 40148

Comparing the final parameters to the ones obtained duringatemetrization of the model struc-
tures, the overall range is quite similar. The resultingrgetry produced by the force field is com-
pared to the reference geometry in Figure 4.3.3.
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Figure4.3.3: Calculated vs. reference data plots for the parametrization of DUSJA@QXhe original im-
plementation of the ligand field potential.

As can be seen from the figures, the overall agreement withefieeence structure is good and both
short and long bonds are reproduced by the calculationmwébceptable error.

As the parametrization only involved the ligand field partare of fourth, fifth and sixth order,
the parametrization was repeated and parametets ag were allowed to vary for the automatic
parametrizer in order to enhance the flexibility of the ligdield potential. The parametrization re-
sults and the comparison of the structural data to the neéergeometry are shown in Table 4.3.9 and
Figure 4.3.4, respectively.
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Table 4.3.9: Parametrization variables with final values for the test parametrization of2eNT ligand field
interaction of the DUSJACOL1 reference structure (see Appendix B F&32t9). The ligand field
potential is expanded to include parametersg.

interaction type atom 1 atom 2 a [1/A] D [kJ/mol] ro [A]
Morse stretch Ccu2 NT 1.556 589.389 2.187
interaction type atom 1 Fvaw [A] €
non-bonded Cu2 0.049 0.000
non-bonded NT 2.040 0.066
interaction type atom 1 atom 2 > Em1A?] ag [cm1A3)] ay [cm1A4]
ligand fielde, Cu2 NT 91540 100641 100765
ligand fieldegy; Cu2 NT 21896 18996 20670
interaction type atom 1 atom 2 5 Em A9 36 [cm1Af)
ligand fielde, Cu2 NT 105382 93251
ligand fieldeg; Cu2 NT 28659 27858
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Figure4.3.4: Calculated vs. reference data plots for the parametrization of DUSJA@BXhe original im-
plementation of the ligand field potential with parametrization variatjesg.

Figure 4.3.4 shows that increasing the flexibility of theahg field potential does not have a positive
effect on the overall accuracy of the parametrization. &, filne optimized structure calculated by the
force field does not reproduce the crystal structure andebeltris worse compared to the restricted
version of the ligand field. Instead of an elongated geom#teycomplex is modeled as a compressed
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octahedral structure, showing four long and two short borifigpanding the flexibility leads to an
over-parametrization of the problem and the two potentiaand field and Morse stretch, are no
longer balanced in the resulting force field. This is a gdrmmablem of the form of the potential, as
already discussed in Ch. 2 of this part.

In order to make the ligand field parametrization more rglh&t original form of the potential was
substituted by a Morse and “Gauss-like” descriptions (see Zfor details). As these potentials
already have a minimum at an equilibrium bond length, thatexhdl Morse stretch describing the
classical steric interaction between the metal and theatiga no longer needed and the total en-
ergy (steric + LFSE) can be described with just one potenliak parametrization described in the
following paragraph therefore only included the liganddieariables in the parametrization and an
additional Morse stretch was only added after the ligand fags already parametrized to verify, that
all effects have been accurately described with the ligaeid fiotential.

The parameters and resulting geometry information of theskl¢see Eq. 3.3.8) parametrization of
the molecule are shown in Table 4.3.10 and Figure 4.3.5. ahenpetrization used the Monte Carlo
routines to find a suitable set of starting paramétinsthe ligand field terms (500 steps each). The
weights were again set for CU2-NT stretches and NT-CU2-NT &emdl were not scaled in this
parametrization, therefore having the value of one in aksa

Table 4.3.10: Parametrization variables with final values for the test parametrization of tfi&eNOT ligand
field interaction of the DUSJACOL1 reference structure (see Appendig.Bok3.2h) with a Morse

ligand field approach.
interaction type atom 1 atom 2 o [1/A] D [em? ro [A]
1) ligand fielde, Ccuz NT 13.368 6501 2.060
(Morse description)
2) ligand fielde; Ccuz NT 8.032 12902 2.314
(Morse description)
interaction type atom 1 atom 2 o [1/A] D [kJ/mol] ro [A]
3) Morse stretch cu2 NT 1.078 76.543 2.446

2 As the implementation of the Morse potential changed thetfanal form of the ligand field, the choice of starting

parameters was difficult and therefore, the Monte Carldmestwere used in order to generate converging structures
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Figure 4.3.5: Calculated vs. reference data plots for the parametrization of DUSJA@R1he Morse imple-
mentation of the ligand field potential.

As can be seen from Fig. 4.3.5, the accuracy of the pararagtnizis as good as with the original
implementation of the ligand field potential when only paedens of fourth, fifth and sixth power
(see Fig. 4.3.3) are used. The parametrization has beenmtmee steps, parametrizing only the
interaction first, adding a#y,, term in the second step and adding an additional Morse Bttetm in
the third step. The RMSD values obtained after these indaligarametrizations are 0.026 after,
0.022 aftere,, and 0.022 after the additional Morse stretch. The overalliexy is therefore already
good with a single Morse description of the ligand fieldnteraction and does not improve much by
adding terms for,, and the classical Morse stretch.

The same parametrization has been done with the “Gausshiifementation of the ligand field.
Parametrization variables and resulting geometry inféionaare shown in Table 4.3.11 and Figure
4.3.6:
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Table 4.3.11: Parametrization variables with final values for the test parametrization ofd2eND ligand field
interaction of the DUSJACO1 reference structure (see Appendix B F&21§ with a “Gauss-
like” ligand field approach.

interaction type atom 1 atom 2 P ] a? b? @

1) ligand fielde,, Cu2 NT 5923 1.092 1.967 2.154
(“Gauss-like” description)

2) ligand fielde Ccu2 NT 3633 4.524 2.080 2.893
(“Gauss-like” description)

interaction type atom 1 atom 2 o [1/A] D [kJ/mol] ro [A]

3) Morse stretch Cu2 NT 0.297 34.815 2.162

@ Please note, that no unit is given for parametersandc, as the “Gauss-like” potential (Eq. 3.3.9) does
not allow an easy deduction of the units of the individual parameters. A8QMé parameters represent
an energyD is assumed to have the unitz—! whereas the remaining variables includingre treated as

unitless.
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Figure 4.3.6: Calculated vs. reference data plots for the parametrization of DUSJA@R1he “Gauss-like”
implementation of the ligand field potential.

As with the Morse description of the ligand field potentidle treference structure is reproduced
within acceptable error. The “Gauss-like” descriptionlgoaa bit more flexible, as the short bonds do
not all have the same bond length (see Fig. 4.3.5), but thdl diffarences in bond length are also
reproduced with the “Gauss-like” form of the potential. Agahe parametrization involved a three
step procedure with a preceding Monte Carlo simulation ferigrand field parameters. The RMSD
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values found after each individual step were 0.0285 afterprametrization of,, 0.026 aftere,;
and 0.026 after the additional Morse stretch.

Parametrization of a single reference molecule with aéi¢hatescriptions of the ligand field potential
implemented so far show that the original implementatiorD&geth et al. can only give accurate
results if both ligand field potential and an additional Mos$retch are precisely balanced. As soon
as this balance is no longer given or the system has too mayrgeeof freedom, the description of
the distorted coordination geometry breaks down. On thé&raon the ligand field description with a
Morse or a “Gauss-like” potential has the advantage of a défininimum on the parameter surface,
which makes automatic parametrization easier and doesewut an additional term for balance.
This is a significant advantage during the automatic panamaéibn procedure and therefore, these
approaches have been used during the parametrizationgef teference data sets shown below.

3.3.1 Ligand Field Single Molecule Parametrization with UV/VIS Data

As discussed in greater detail in Ch. 2 of Pt. lll, the eigemssalof the symmetrical x 5 ligand
field matrix correspond to the d-orbital energy levels. Whil@utine, which derives the point group
of the molecule and the corresponding splitting of the dtal® into terms is still missing in the
current implementation of the ligand field code, the spiiitin a simple Cli case is analogous to the
levels of the d-orbitals and thus, the energies can be cadparexperimental findings. Therefore, a
parametrization with geometry and UV/VIS reference data single transition metal complex has
been done.

The molecule [Cu(dien)?*??°! (refcode ETACUB, see Appendix B Fig. 6.3.2i) shows a JahreTell
distorted geometry and four transitions to the singly otedig,- - orbitall?®”! (see Table 4.3.13).
The parametrization was carried out with the original impéatation of the ligand field potential with
variablesa,_¢ for the e, andey, parameters, an additional Morse stretch term and the nodibg
parameters for CU2 and NT. In addition to the weights set ferstinetches and bends which involve
the transition metal atom, weights were also set for the US/MVansitions. The weights were scaled
internally to a ratio of 115 (stretches) to 5 (bends) td {Bansitions) during the parametrization to
account for the different scales of the data.

Tables 4.3.12 and 4.3.13 and Figure 4.3.7 show the resutte gfarametrization.
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Table 4.3.12: Parametrization variables with final values for the test parametrization ofdBeND ligand field
interaction of the ETACUB reference structure (see Appendix B Fig. §.®igh the original
implementation of the ligand field term and geometry plus UV/VIS @&thfor reference.

interaction type atom 1 atom 2 o [1/A] D [kJ/mol] ro [A]
Morse stretch Cu2 NT 0.572 548.586 2.027
interaction type atom 1 Fvaw [A] €
non-bonded Cu2 1.125 0.062
non-bonded NT 2.215 0.063
interaction type atom 1 atom 2 4 BmMtAY as [cm1A9] 36 [cm1A]
ligand fielde,, Cu2 NT 29289 76228 88560
ligand fieldegy; Cu2 NT 100264 44297 45717
180
25 RMSD: 0.047 A RMSD: 3.939° +
°§2.4 3 i + E160 3
‘_E 237 %140 —
3 3120
821 A S
5| 4 100 | 4
‘ ‘ CL‘JZ—NT‘ + ‘ ‘ ‘ NT—QUZ—NT‘ + ‘
2 21 22 23 24 25 100 120 140 160 180

Reference values [A]

(a) Stretch interactions
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(b) Bend interactions
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RMSD: 2459.531 cit
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(c) UVIVIS transitions

Figure4.3.7: Calculated vs. reference data plots for the parametrization of ETACUB waétbrilyinal imple-
mentation of the ligand field potential with geometry and UV/VIS as referenize da
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Table 4.3.13: Comparison between reference and calculated bond lengths and UVAfASitions for the
parametrization of ETACUB.

bond Fef [A] lcalc [A] from to Net [cm™?] Nealc [cm™]
Cu-N1 2.350 2.380 d, A2y 8800 7763
Cu-N2 2.040 2.131 oy dy2_y2 9900 13977
Cu-N3 2.459 2.407 dys dy2_y2 15400 14121
Cu—N4 2.131 2.101 dy. dy2_ 2 15900 13694
Cu-N5 2.027 2.005
Cu-N6 2.065 2.051

While the Morse stretch and non-bonded parameters do nogehanch when including UV/VIS
data compared to previous parametrizations (see Tab®)4tl3e ligand field parameters show a large
variation. The overall accuracy concerning the geometiydsse compared to the parametrization
of DUSJACO1 (Fig. 4.3.3), but both calculated geometry and\WJS transitions show a definite
trend towards the reference data. Subsequent tests wggr leeference data sets including UV/VIS
data not shown here did not give acceptable results comzetine modelling of the geometry and the
calculation of the d-d-transitions. To model both promesrtof the molecule accurately at the same
time, the form of the ligand field potential would have to béeexied and/or, two sets of parameters
would be needed, one describing the geometry and one mgdbaenUV/VIS transitions. Both sets
should be independent from each other, i. e. the paramdtérdbe geometry should not influence
the calculation of the d-d-transitions and vice versa. this be achieved when different force fields
are used for the geometry optimization and a subsequeriegogt to calculate the d-d-transitions.
Further attempts to correctly predict the d-orbital tréioss, also including systems with different
transition metals than CGuwill be carried out in the future.

3.4 Ligand Field Parametrization of Multiple Molecules

The set of Cli complexes used by Deeth et al. in the first LFMM publicaflbwas used as a larger
training set for the automatic parametrization. The sdtohes 13 tetra-, penta- and hexacoordinate
complexes, where the &dransition metal ion is coordinated by aliphatic nitrogemadr ligands (for
detailed structures see Appendix B). As a tetragonal distodf the molecule is only seen in the
penta- and hexacoordinate cases of the training set, tlang#nization is a good test case for the
automatic algorithms, since both distorted and non-distbgeometries have to be reproduced by a
single set of ligand field parameters.

The initial parametrization was carried out with the oraimplementation of the ligand field poten-
tial. However, even with 1000 Monte Carlo steps and a subsgguaplex optimization, a suitable set

110



Part IV. Automatic Parametrization

of parameters describing all 13 structures with acceptatderracy could not be found. The RMSD
values of the original publication by Deéthare therefore used as a reference for the original form
of the ligand field potential. Deeth used a linear approxiomafor the o interaction of the ligand
field. The structures were optimized to an RMSD of 0.071 A ferltbnd stretches and 3.04br the
valence angles. The results of our own parametrizationstwinvolve the Morse and “Gauss-like”
description of the ligand field potential are shown in thistia.

Table 4.3.14 shows the final force field parameters of thenpairgzation with a Morse description
of the ligand field potential and Figure 4.3.8 shows the apoading plots for the CU2-NT stretches
and NT-CU2-NT bends.

Table 4.3.14: Parametrization variables with final values for the test parametrization of ti&=NJ ligand
field interaction of a set of 13 reference structures (see Appendix8 bi§.2a to 6.3.2m) with
a Morse ligand field approach.

interaction type atom 1 atom 2 o [1/A] D [em?] ro [A]
1) ligand fielde, Ccu2 NT 7.796 8413 2.037
(Morse description)
2) ligand fielde, Cu2 NT 7.072 38909 3.845
(Morse description)
interaction type atom 1 atom 2 o [1/A] D [kd/mol] ro [A]
3) Morse stretch Cu2 NT 0.023 5.177 2.450
T T T T T T T 180 [ T T T T ++ T
26 RMSD: 0.060 A + 1 RMSD: 5.494 ° L
+ 4+ +
=25¢ + - =160 | L
< ” n 4
Soay T 1 3
S S140 - 1
8 2 3 I N 8
3 3
8 2.2 + , 3120 L ]
< ]
OCo1t ;0 ° /
+ 100 #+3#, 7 1
2+ + E + +t ++
19 . . (CU2-NT  + Tt . NT-CU2-NT +
19 2 21 22 23 24 25 26 100 120 140 160 180
Reference values [A] Reference values [°]
(a) Stretch interactions (b) Bend interactions

Figure 4.3.8: Calculated vs. reference data plots for the parametrization of a set efet®mce structures with
a CU2-NT ligand field interaction described by a Morse potential.
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As can be seen in the plots, the overall agreement of thelagdcustructure with experimental find-
ings is acceptable. The trend of the Morse potential giving set of short bonds and a number of
different long bonds, which was already shown during thewision of the parametrization of a sin-
gle molecule (see Fig. 4.3.5), is confirmed in the paranegtam of the larger set. Describing the
ligand field interaction with a Morse potential does not léadhe needed flexibility near the equi-
librium bond length and therefore, all short bonds are diesdrwith a single calculated bond length.
With larger bond lengths the stiffness of the potential dases and allows for an increased flexibility
in the calculated bond lengths.

Table 4.3.15 shows the final values of the parametrizatidgh thie same set of compounds and the
“Gauss-like” description of the ligand field potential. Tb@mparison between calculated and refer-
ence data is given in Fig. 4.3.9.

Table 4.3.15: Parametrization variables with final values for the test parametrization of tf#&eNI ligand
field interaction of a set of 13 reference structures (see Appendix8 bi§.2a to 6.3.2m) with
a “Gauss-like” ligand field approach.

interaction type atom 1 atom 2 B ] a b c
1) ligand fielde,, Ccu2 NT 35308 8.975 1.568 2.692
(“Gauss-like” description)
2) ligand fielde; Ccu2 NT -5231 9.276 1.520 0.245
(“Gauss-like” description)
interaction type atom 1 atom 2 o [1/A] D [kJ/mol] ro [A]
3) Morse stretch Cu2 NT 0.887 23.696 1.971
180 f
251 RMSD: 0.038 A 1 RMSD: 2.475°
i +/+

§2-4 - 5160

(%] [%]

S23f £ 4+ E

g > 140

©
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Reference values [A] Reference values [°]
(a) Stretch interactions (b) Bend interactions

Figure 4.3.9: Calculated vs. reference data plots for the parametrization of a set efek@mce structures with
a CU2-NT ligand field interaction described by a “Gauss-like” potential.
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As the figures show, the “Gauss-like” description of the rigdield potential increases the overall
accuracy compared to the experimental structures. Botkckeé® and bends are described more
accurately and the increased flexibility of the “Gauss®l@tential can clearly be seen in Fig. 4.3.9a.
Compared to the results of the parametrization which inst/&lorse description of the ligand field
(see Fig. 4.3.8a), the shorter bonds are no longer desdoypedsingle calculated bond length, but
the distribution is broader and more accurate comparedgerarental findings. Also, the overall
convergence rate of the potential is faster and fewer MonteoGgeps are needed to find a suitable
set of parameters.

With the force field given in Table 4.3.15, a series of leaie-out tests was carried out. Although the
parametrization data set is diverse and small, we presesettests as a proof of concept for future
parametrizations which involve ligand field interactions.

Before carrying out the actual leave-one-out tests, theeféisdd was once again relaxed. Starting
from the parameters given in Table 4.3.15, all variablesevileeluded in a simplex parametrizations
at the same time. The parametrization converged to a slidpetiter force field, which will not be
shown here in detail. This force field was then used as arsggptint for the leave-one-out tests.

Table 4.3.16 shows the results of the tests.

Table 4.3.16: RMSD values of stretches and bends of the individual leave-one-auhtdscules of a set of 13
Cu' transition metal complexes. RMSD values of the full force field are giverirmtheses.

compound leftout RMSReichedA]  ARMSDsyetchedA]  RMSDpenas[’]  ARMSDyends[°]

CEDHAU 0.032 (0.032) 0.000 1.750 (1.734) 0.016
CEFBEU 0.060 (0.042) 0.018 0.905 (0.566) 0.339
CHXCUA 0.037 (0.037) 0.000 0.617 (0.624) -0.007
CMENOX 0.023 (0.026) -0.003 0.274 (0.226) 0.048
CUENCL 0.051 (0.045) 0.006 2.862 (2.924) -0.062
DAPRCU 0.018 (0.018) -0.000 0.142 (0.149) -0.007
DMEDCU 0.020 (0.030) -0.010 6.434 (0.510)  5.924
DUSJACO1 0.174 (0.049) 0.125 3.840 (3.141) 0.699
ETACUB 0.025 (0.024) 0.001 1.969 (1.957) 0.012
ETEACU 0.030 (0.030) 0.000 1.027 (1.015) 0.012
JIBZUP 0.036 (0.035) 0.001 3.811 (3.819) -0.008
LATSII 0.040 (0.038) 0.002 1.907 (1.905) 0.002
TENCUB 0.030 (0.035) -0.005 4.824 (4.185) 0.639

The table shows the RMSD values of stretches and bends, tesbhewmf a single molecule each,
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which was not included in the parametrization. Given in ptreses are the RMSD values of the
same molecule from the complete force field, where all mdéscwere used as reference data. With
two exceptions, leaving one molecule out of the trainingdsets not lead to drastic effects on the
RMSD value and therefore, the robustness and consistendyeakesulting force field is retained.
The two exceptions, DMEDCU and DUSJACO01, have been examinddtail. Looking at the ge-
ometry optimized structure of DMEDCU after the parametra@atvithout the X-ray structure of the
molecule shows a distortion of the five-membered ring inn@\the CU2-NT-CT-CT-NT moiety (see
Fig. 6.3.2h). The ring is no longer planar in the calculatiedcsure and therefore, the angles around
the CU' transition metal center are distorted, which explains &éingd deviation compared to the full
force field. The other exception, DUSJACOL (see Fig. 6.3.@&presents a highly symmetric com-
plex. Looking at the individual bond lengths of the geomefpyimized molecule shows a tetragonal
elongation, but the axes are perturbed compared to thet istie full force field. In the crystal
structure, the long axis is along the N2-Cu-N7 bond where#isaitalculated structure the long axis
is found along the N4-Cu-N6 bond. If the axes are reorderedatzimthe crystal structure, a RMSD
value of 0.054 is obtained, which gives a change in RMSD coatptr the full force field of 0.005.
This value is in line with the remaining values. Omitting gtructure of DUSJACO1 seems to remove
the information of the position of the elongated axis anddfore, the geometry optimized structure
does no longer retain the order of the axes.

Summarizing the results of the parametrization of the libeld potential, the “Gauss-like” descrip-
tion represents the best approach for an automatic paraatein of the interaction we have found so
far. The Morse potential gives similar results, but is lesgiile concerning especially the modeling
of the short bonds in a complex. The original implementatibtine ligand field potential gives rise to
convergence problems, since it always has to be correctinbed with an additional Morse poten-
tial. Also, it does not show a defined minimum on the param&igiace. Two potentials working in

different directions at the same time represent a difficcdbfiem for the parametrization algorithms.
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1 Parametrizations based on
DFT-Optimized Structures

The parametrizations shown in the preceding Part of thisishere all based on X-ray structure ref-
erence data. Therefore, the resulting force field will yighdimized structures which are comparable
to X-ray geometries. However, as the aim of this project wadéentify a method which can predict
exchange coupling constants between transition metaéreit a fast and reliable way, an X-ray
structure geometry may not be the desired starting streiciys already discussed in detail in Pt. 1l
Ch. 4, the X-ray structure of a molecule is not necessarilynaingmum on the PES of a DFT method.
Therefore, from the point of view of a theoretical chemilsg exchange coupling constant should be
calculated from the DFT-optimized structtire

In order to transfer this approach to the MM-optimizatiomudflecules, the force field parametrization
can be based on DFT- optimized structures. The paramerzatocess thus involves an additional
step, namely the geometry optimization of the structuréb@feference data set by DFT, prior to the
actual force field parametrization. As the exchange cogplonstants are calculated by B3LYP and
a combination of TZVP and 6-31G* basis, the geometry optatien should also be based on this
combination of method and basis set to assure the comigtidfithe PES of the two calculations.

First tests towards a DFT-based force field were carried dtht avset of Cli transition metal com-
plexeg. The structures were optimized with the B3LYP functionalethgr with the SVP or TZVP
basis sets. However, with a set of 33 different @amplexes, neither of the functional/basis set com-
binations gave acceptable results. While some of the cdilontadid not lead to a minimum structure,
others showed large discrepancies to the X-ray structdentifying a method which yields consis-
tent results for a large set of different transition metahptexes, was not possible in the course of
this work.

However, as a proof of concept, a set of thred Guuctures geometry optimized with B3LYP/SVP
has been identified and used in a ligand field parametrizaiiba molecules CUENCL, DUSJACO1
and ETACUB (see Appendix B, Figs. 6.3.2e, 6.3.2h and 6.3.2ghalw a tetragonally distorted €u
center surrounded by six aliphatic nitrogen donors and bready been used in the parametrization

1 The X-ray structure however contains the distortions imduby crystal lattices, which are not reproduced by the

DFT geometry optimization. It is therefore a matter of emstimation to decide whether the X-ray structure or the
DFT-optimized structure should be used for the calculabibexchange coupling constants.
The DFT optimizations were done together with Mariam Vesahduring her research internship.
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based on X-ray structures in Pt. IV Ch. 3. The force field patarsefter the parametrization are
shown in Table 5.1.1.

Table5.1.1: Parametrization variables with final values for the parametrization of the lCURgand field in-
teraction of a set of three DFT-optimized reference structures (CUERCISIACO1, ETACUB,
see Appendix B Figs. 6.3.2e, 6.3.2h and 6.3.2i) with a “Gauss-like” liganddgbdoach.

interaction type atom 1 atom 2 Pm ] a b c

ligand fielde, Cu2 NT 2658 4.651 2.182 1.684
(“Gauss-like” description)

The resulting force field was then used to optimize the gegnudtthe complex JIBZUP (see Ap-
pendix B, Fig. 6.3.2k), which has a €genter coordinated by five aliphatic nitrogen donors with a
tetragonal distortion. The geometry was also optimized BY &nd both structures are shown in Fig.
5.1.1in an overlay plot:

Figureb5.1.1: Overlay of DFT optimized (blue) and MM optimized (orange) structures BZWP (see Ap-
pendix B, Fig. 6.3.2k for details). Hydrogen atoms are omitted for clarity.

The copper-nitrogen bond lengths for the X-ray structureT@ptimized structure, MM-optimized
structure with ligand field and MM-optimized structure vatht the ligand field are given in Table
5.1.2:

Table 5.1.2: Copper-nitrogen bond lengths of JIBZUP (see Appendix B, Fig. 6.&P#dtails) calculated with
DFT or MM optimizations in comparison to the X-ray structure.

structure Eun [A] r cunz [A] I cu-nz [A] r cu-na [A] I cu-ns [A]

X-ray 2.060 2.080 2.251 2.025 2.027
DFT-optimized 2.144 2.147 2.269 2.113 2.102
MM-optimized (LF) 2.137 2.142 2.356 2.137 2.131
MM-optimized (no LF) 2.164 2.205 2.202 2.271 2.016
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As can be seen from the table, the DFT-optimized structupevstan elongation in the short N
bond lengths whereas the long'GN bond has virtually the same length in both structures. The
MM-optimized structure including the ligand field term (sEable 5.1.1) accurately resembles the
DFT-optimized structure. Turning off the ligand field termoeoptimizing the structure only with the
terms of the original force field, but no explicit &N stretch term, yields a structure which does not
resemble the DFT-optimized structure. The ligand field tdremefore has an important effect for the
correct description of the molecule in this particular caGe/en the right parametrization based on
DFT-optimized structures, a MM geometry optimization #fere can be used to accurately predict
DFT geometries with small computational effort.
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2 The “Maximum Force Field”
Approach: Jacobian and Hessian
Matrix Information as Reference Data

During the parametrizations of the ligand field term, onehefihajor problems encountered has been
the overall convergence of the ligand field parameters, benathe original implementation of the
ligand field potential was used, the correct balancing @rafield and classical stretch term. Many
of these convergence problems were found to be caused bgarwerging geometry optimizations
due to non-matching parameters. As already discussed iW Bh. 2, the parametrization algorithm
is not aware of Momec geometry convergence problems. A¢thauodifications to the algorithm,
e.g. the additions to the simplex algorithm showed in Pt. I\ @hintroduced a certain level of
awareness for convergence problems, the fundamentalgonobf the additional complexity of the
geometry optimization remains the same. Therefore, we tested a method involving the use of
the Jacobian and Hessian matrices, which uses only singiegadculations.

Looking at the information present in the Jacobian matrigtfione can use the fact that the first
derivatives of the energy with respect to the atomic coaidis have to be zero at a minimum struc-
ture. Therefore, the reference Jacobian matrix is zeroveryematrix element. The single point
calculations done with varying parameters will also onlegzero for all matrix elements, if a min-
imum structure is found. This represents a valuable inféiona but cannot be used as the only
reference date during the parametrization, since settiagdrce constant of an interaction to zero
would automatically induce Jacobian matrix elements withlae of zero.

The second derivatives of the energy with respect to the iatopordinates, the Hessian matrix,
contains information about the force constants of indigidateractions, e.g. stretches, bends and
torsions. Those can be estimated by QC methods (see Pt. IViBhdétails), but this would involve
another time-consuming calculation. However, the stmactd a reference molecule can also be ex-
pressed with an overdetermined maximum force field. Givegpothetical three-atomic molecule
A-B-A', the connectivity can be described using two bond lengihg andrg_ 4 and an additional
bend interactioru,__ 4. The equilibrium values for the harmonic potentials areteahe exact
values from the crystal structure and the force constaetestimated from literature known values.
The Hessian matrix deduced from this information is therdus® a reference for the succeeding
parametrization.
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The combination of Jacobian and Hessian reference magixeats now represents the full set of
reference data. If multiple molecules should be includetha parametrization, an additional set
of Jacobian and Hessian matrix in the maximum force field mehpist described is added to the
reference data set.

The actual parametrization is then started with a reducedbeu of parameters, e.g. in the exam-
ple presented above, the bordisB and B-A’ would both be represented by a single stretch inter-
action STR(A-B). Both equilibrium bond lengths and force cantt are therefore included in the
parametrization and will relax to a median value, which gigelacobian and Hessian closest to the
reference matrices. The parametrization in this simple vamild therefore be a parameter reduction
from a set of three interactions (two stretches, one bentl)e@mqmaximum force field to a set of two
interactions (one stretch, one bend) in the parametrizee field.

Extending this scheme to the ligand field approach opens ofhanaspect, i. e. parameter substitu-
tion. Assuming an octahedral nitrogen-coordinated Compound with tetragonal distortion, each
individual Cu-N bond length will be described by a differeat sf parameters in the maximum force
field and thus, the tetragonally elongated geometry of tfereace molecule will be retained in the
optimized strcuture. In the parametrization, the indialdQu-N parameters will be replaced with a
single ligand field parameter and, if needed, an additianeich parameter, thus reducing a set of six
interactions to a set of one or two interactions and alsotgubisg a classical harmonic description
by a ligand field term. Since all information about the moleds given by the Jacobian and Hessian
matrices, we are confident, that this approach can be useahfaritial estimation of ligand field
parameters. The parameters are then used as starting f@aesecond parametrization, which uses
the geometry optimization as described in earlier Chaptettiothesis, in order to further refine the
force field.
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3 Future Developments

The combination of the ligand field parametrization showRin|V, reference data based on DFT-
optimized structures discussed in Ch. 1 of this Part and tlealeséion of exchange coupling constants
with DFT single points shown in Pt. Il creates the possipibf a virtual screening of transition
metal compounds, which are potential candidates for simgiecule magnets (SMMs). Although
a successful parametrization of oligonuclear compounds, feom the test-set used in Pt. Il, has
not been completed, the results shown in the preceding Qisapitehis work suggest that such a
parametrization is possible with the tools developed h&part from the convergence problems and
possible approaches to solve the problem, which were alr@iadussed in Ch. 2 of this Part, a major
point for the improvement of the parametrization proceghésfunctional form of the ligand field
potential. The “Gauss-like” approach shown in Pt. 1l Ch. 8lgs promising results, but further
improvements to the functional form will have to be made idewrto correctly describe not only the
geometry but also the electronic transitions of a transitietal complex with molecular mechanics
methods. The new functional form has to be tested with difietransition metals as well, since the
Cu' ion represents the simplest possible case of an one elexsb@m. Also, the parametrizations
shown in this work are entirely based on compounds where-bonding effect is found between the
d-orbitals of the metal and the ligand orbitals. The autanad@rametrization may therefore break
down when more than one sets of ligand field parameters isaisbd same time. If that is the case,
the number of parameters which describe the functional fafrthe ligand field effect may have to be
reduced.

As discussed before, support for different electronicestaind their corresponding terms has to be
implemented in order to be able to treat the full range ofditeon metal ions. Also, the treatment of
intermediate spin systems ([FgFe'), is not fully supported yet but can be quickly implementd.
with an additional flag in the parametrization command file.

To further improve the overall performance of the paramations shown in this thesis, the imple-
mentation of the ligand field code will be revised and impwsing modern C++ libraries. The
parametrization algorithms and the Perl scripting envirent will be integrated into the main Mo-
mec program and rewritten in C++, in order to support masgigatallel computation and further
automation. This will help to generate new force fields in aemobust and also faster way and will
make the parametrization in Momec an easy to use tool fontbeyday chemist.
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1 List of Abbreviations

5Z
[9]aneN 3
[14]aneN 4
adt

AO

AOM

apt
bipym
CASSCF
CD

CFT
CGTO
chn

Cl

cit
cyclam
DFT
deen
diammac

dien

quintuple zeta

1,4,7-triazacyclononane
1,4,8,11-tetraazacyclotetradecane
N,N-bis(2-aminoethyl)diethylenetriamine
atomic orbital

angular overlap model
1,4-bis(3-aminopropyl)-1,4,7-triazacyclononane
2,2’-bipyrimidine

complete active space SCF

circular dichroism

crystal field theory

contracted Gaussian type orbital
1,3-diaminocyclohexane

configuration interaction

citrate

1,4,8,11-tetraazacyclotetradecane

density functional theory
N,N-diethylethylenediamine
6,13-dimethyl-1,4,8,11-tetraazacyclotetradecan8-@jamine

diethylenetriamine
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dmed
DTNE
Dz

ECP

en

EPR
ESR
Etsdien
GO03
G09
GGA
GTO
GUI
Hacac
HyDopn
H3BBAC
Hssabhea
HF

KS

LDA
LFMM
LFSE
LFT
maltolato

MCD

128

(dimethylamino)ethylamine
1,2-bis(1,4,7-triazacyclonon-1-yl)ethane
double zeta

effective core potential

ethylenediamine

electron paramagnetic resonance
Elektronenspinresonanz
1,1,4,7,7-pentaethyldiethylenetriamine
Gaussian 03

Gaussian 09

generalized gradient approximation
Gaussian type orbital

graphical user interface

2,4-pentanedione
3,9-dimethyl-4,8-diazaundeca-3,8-diene-2,10-dioeidie
N,N-bis(2-hydroxybenzyl)aminoacetic acid
N-salicyclidene-2-(bis(2-hydroxyethyl)amino)ethy |z
Hartree-Fock

Kohn-Sham

local density approximation

ligand field molecular mechanics

ligand field stabilization energy

ligand field theory
3-oxy-2-methyl-4H-pyran-4-onato<Q0*

magnetic circular dichroism
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med
Mestacn
MM
MO
MOE
nen
OAc
oxpn
papd
PES
PGTO
pz

QC
Qz
RMSD
SCF
SMM
STO
SVL
tcn
tetren
tmpa
tn
tpen

TP

N-methylethylenediamine
N,N’,N"-trimethyl-1,4,7-triazacyclononane
molecular mechanics

molecular orbital

Molecular Operating Environment
N-ethylethylenediamine

acetate
N,N*-bis(3-aminopropyl)oxamide
2,5,8,11,14-pentaazapentadecane
potential energy surface

primitive Gaussian type orbital
pyrazolyl

guantum chemistry

quadruple zeta

root mean square deviation
self-consistent field

single molecule magnet

Slater type orbital

Scientific Vector Language
1,4,7-triazacyclononane
tetraethylenepentamine
tris(2-pyridylmethyl)amine
1,3-diaminopropane
N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine

hydrotris(pyrazolyl)borate
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TPP

tren

TZ

ZFS

130

tetraphenylphosphonium
tris(2-aminoethyl)amine
triple zeta

zero-field splitting



Part VI. Appendices

2 Appendix A - List of Transition Metal
Complexes used for the Calculation of
Exchange Coupling Constants

2.1 Polynuclear

®
() [HO-Cr(cyclam)-NC-Cr(CNgJ (b) [HO-Cr(cyclam)-NC-Cr(CNg]
(TPP' counterion) (Na" counterion)
©
() trans-Cr[MnL1],Cl (d) trans-Fe[MnL'],Cl

(e) trans-Fe[MnL'],PFs

Figure6.2.1
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2.2 Dinuclear

R

%

(@) [Cuz(MeC(OH)(PQ)2)2]* (b) [(EtsdienkCup(1-C204)]**
o oo
(©) [Mn(Meg-[14]ane-N;)Cu(oxpn)P* (d) [(u-OCHs)VO(maltolato)}

(e) [FexOClg]* () [IMNMn(p-O),(1-OAC)DTNEJ*
(9) [Cua(;-OH)(bipym)]** (h) [(Dopn)Cu(OR)Cr(OCH)L]?*
Figure6.2.2
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(i) [(Dopn)Cu(u-CH3COO)MnLJ?* (i) [V 202(u-OH)2([9]aneNs),] 2+

(k) [EtsNH]2[(VO)2(BBAC),] (1) [HB(pz)sVO(OH)]2

(m) [(VO)2(cit)(Heit)]* (n) [V 202(u-OH)(tpen)F*

Figure6.2.2
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rad

(0) [(VO)2L(11-SOn)] (P) [V 202(OH)(C404)2(H20)3]
(q) [(VO(Hsabhea))] (r) [(VO(Hsabhea))(VO(acac)(HOMe))
(12-OMe)]

() [Cux(tren),CN] (t) [Cup(trenpCN]
(ClO4 counterions not shown) (BF4 counterions not shown)

Figure6.2.2
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(u) [Cuz(tren),CN] (V) [Cup(tmpa)CN]
(ClO4/PF; counterions not shown) (ClO4 counterions not shown)

(W) [Cu(tmpapCN] (x) [Cux(tmpapCN]
(BF4 counterions not shown) (BF4 counterions and C(CN present in the
crystal not shown)

(y) [Ni(tetren»CN]
([Cr(CN)g] counterion not shown)

Figure6.2.2
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3 Appendix B - List of Transition Metal
Complexes used for Parametrizations

3.1 Cyclam-based

(a) trans[Co(L)(N3)2]* (b) trans- (c) [Co([14]aneN)]*
L=C-mese5,12- [Cr([14]aneN;)(OCONH,),]* (COANECIZ33])
dimethyl-1,4,8,11- (BINPETI232))

tetraazacyclotetradecane
(AZMTCO231)

(d) trans (e) cis- (f) trans
[Cu([14]aneN)(O,COCH);] [Ni([14]aneN;)(OHy)2]%* [Co(diammac)}*
(DOHXONI234]) (FAGVUEI[235]) (FEBZOBIZ36])

Figure6.3.1
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%@@r

(9) [Co(diammac)f* (h) [Cu([14]aneN)]?* (i) cis-[Cr(diammac)}*
(FEBZOB10%%7]y (HAFSUCIZ38l) (HAHLOR [239]y
() trans (k) trans (D) cis-
[Co([14]aneN)(OH,)(COCH)]?* [Fe(diammac)}* [Co([14]aneN)(en)F*
(PASGAR240)) (SANLAU [241] (TZCECO242)

(m) cis- (n) cis- (0) trans[Ni(OH>)»(cyclam)F*
[Cr([14]aneN;)(en)P* [Cr([14]aneN;)(OHo)(OH)]?  (ZIQXOM[245])
(WAMWOW [2431) (WESLAH?244])

(p) trans- (q) trans-
[Fe(diammac)j* [Cr([14]aneN;)(OH,)(OH)]?*
(zUsciz[?48l (ZUzS0d247)

138 Figure6.3.1
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3.2 Cu"

Please note: axial ligands, which may be present in the crystal of the demgs shown here, have
been left out for the parametrization process. The strastare therefore identical to the training set
used by Deeth et df!. It is assumed, that the additional ligands do not have aquaced effect on
the parametrization of the CU2-NT ligand field interaction.
(@) [Cu(eny]* (b) [Cu(deeny]*
(CEDHAU248]) (CEFBEU249]

(©) [Cu(chn)]?* (d) [Cu(med)]?*
(CHXCUAI[20)) (CMENOX251])

() [Cu(eny]** (f) [Cu(tn)]**
(CUENCLI?%2)) (DAPRCUI253))

Figure6.3.2
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SRS

(9) [Cu(dmed)]** (h) [Cu(tcny]*
(DMEDCU!254) (DUSJAC01228])
(i) [Cu(dieny]** () [Cu(neny]**
(ETACUBI229)) (ETEACUI?5%))
(k) [Cu(aptp]** (1) [Cu(papd)]** (m) [Cu(adty]**
(JIBZUPI256]) (LATSII 257 (TENCUBI28l)
Figure6.3.2
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4 Appendix C - Momec Force Field
Parameters (April 2011) [56-61]

4.1 Atom Types

chemical . multiple 1,3- )
atom 1 _ massu] harmonic . _ twist
environment harmonic interaction
H hydrogen 1.010 1 0 0 0
LP lone pair 3.000 1 0 0 0
I
C 12.010 1 0 0 0
N
C3 C=N 12.010 1 0 0 0
C NH
CA *l*/ \[ | 12010 1 0 0 0
C
~. N/ Y
N /’;,r \‘X* /;\l:‘x
CAH N N 12010 1 0 0 0
oo
N
T|/
XN NF’
CB N 12.010 1 0 0 0
~
|
NN
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chemical . multiple 1,3- )
atom 1 _ masgu] harmonic . _ twist
environment harmonic interaction
P
ccc et 12.010 1 0 0 0
(@]
CCO ﬂ 12.010 1 0 0 0
T
N
CFC \C/ 12.010 1 0 0 0
*\\“*
H
Cl | 12010 1 0 0 0
* C:N_CU
CK 12.010 1 0 0 0
N
CMC 12.010 1 0 0 0
o}
1
coc Q\\C,/xc 12.010 1 0 0 0
(@]
CON ﬂ 12.010 1 0 0 0
N
CT carbon 12.010 1 0 0 0
N *
< G/ 0\
N* | S A 14.010 1 0 0 0
N—C W
N3 =c 14.010 1 0 0 0
I
NA C 14.010 1 0 0 0
R
! !
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chemical . multiple 1,3- )
atom 1 _ masgu] harmonic . _ twist
environment harmonic interaction
NAH / \ 14.010 1 0 0 0
H/C\N'/
H \~N'/
NAX | 14.010 1 0 0 0
\Cu/
v d | N
I
N C
NB N 14.010 1 0 0 0
L
o)
ND ” 14.010 1 0 0 0
N
N *
H
NI | 14010 1 0 0 0
* C—N——-=cu
0
NOO ” 14.010 1 0 0 0
N—O
NP 14.010 1 0 0 0
\~N‘/
NT nitrogen 14.010 1 0 0 0
I
C
@) Y 16.000 1 0 0 0
I
O==—=C=—/=/0
02 16.000 1 0 0 0
o=—pP
(@]
oC c 16.000 1 0 0 0
\O
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chemical . multiple 1,3- )
atom 1 _ masqu] harmonic . . twist
environment harmonic interaction
9 o
occ l (l: 16.000 1 0 0 0
N
0 Q
ocCT (|: (|: 16.000 1 0 0 0
o
0 0
0CO l' l' 16.000 1 0 0 0
\O \N
OH o—-p 16.000 1 0 0 0
Ox. _O
ONO X, 16.000 1 0 0 0
0
oP *\C|u/* 16.000 1 0 0 0
C C
OR ~o~ 16.000 1 0 0 0
C P
oS o~ 16.000 1 0 0 0
ow oxygen 16.000 1 0 0 0
Co O
OXCO ~o07 e 16.000 1 0 0 0
Cu O
OXCU ~o7 e 16.000 1 0 0 0
P phosphorus 30.970 1 0 0 0
sw sulfur 32.060 1 0 0 0
CL chlorine 35.450 1 0 0 0
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chemical . multiple 1,3- )
atom 1 _ masgu] harmonic o _ twist
environment harmonic interaction
TI3 titanium(lll) 47.880 0 1 1 0
T4 titanium(1V) 47.880 0 1 1 0
V3 vanadium(IIl) 50.940 0 1 1 0
CR2 chromium(ll) 52.000 0 1 1 0
CR3 chromium(lll) 52.000 0 1 1 0
MN3 manganese(lIl) 54.940 0 1 1 0
FE iron 55.850 0 1 1 0
FE2H high-spin iron(11) 55.850 0 1 1 0
FE2L low-spin iron(ll) 55.850 0 1 1 0
FE3H high-spin iron(lll) 55.850 0 1 1 0
FE3L low-spin iron(lll) 55.850 0 1 1 0

FECP 55.850 0 1 1 0
NI2 nickel(Il) 58.700 0 1 1 0
C——0
o/
NI2C *\|\|“/* 58.700 0 1 1 0
*/ \*
N/ )
NI2P \,\|“/ 58.700 0 1 1 0
v | .
NI2T  tetracoordinated nickel(ll)  58.700 0 1 1 0
CO2 cobalt(ll) 58.930 0 1 1 0
CO2T tetracoordinated cobalt(ll)  58.930 0 1 1 0
CO3 cobalt(lll) 58.930 0 1 1 0
o)
CO3C |l C 58.930 0 1 1 0
Co—oO Co—o0
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chemical . multiple 1,3- )
atom 1 _ masgu] harmonic o _ twist
environment harmonic interaction
Cul copper(l) 63.550 0 1 0
Ccuz copper(ll) 63.550 0 1 0
O
cu2C |l 63.550 0 1 1 0
Cu—o/
/C

CuU2pP Cu—N/ 63.550 0 3 3 0
CU2T tetracoordinated copper(ll) 63.550 0 1 1 0
ZN2 zinc(11) 65.380 0 1 1 0
ZN2T tetracoordinated zinc(ll) 65.380 0 1 1 0
BR bromine 79.900 1 0 0 0
Y3 yttrium(III) 88.910 0 1 1 0
RH3 rhodium(lll) 102.910 0 1 1 0
I iodine 126.900 1 0 0 0
LA3 lanthanum(lll) 138.910 0 1 1 0
CE3 cerium(lll) 140.120 0 1 1 0
PR3 praseodymium(lll) 140.910 0 1 1 0
ND3 neodymium(lll) 144.240 0 1 1 0
PM3 promethium(lll) 146.920 0 1 1 0
SM3 samarium(lll) 150.360 0 1 1 0
EU3 europium(lll) 151.970 0 1 1 0
GD3 gadolinium(lll) 157.250 0 1 1 0
TB3 terbium(lIl) 158.930 0 1 1 0
DY3 dysprosium(lil) 162.500 0 1 1 0
HO3 holmium(lIl) 164.930 0 1 1 0
ER3 erbium(lIl) 167.260 0 1 1 0
TM3 thulium(lll) 168.930 0 1 1 0
YB3 ytterbium(lll) 173.040 0 1 1 0
LU3 lutetium(III) 174.970 0 1 1 0
PT2 platinum(lIl) 195.080 0 1 1 0
PT4 platinum(IV) 195.080 0 1 1 0
U6 uranium(lIl) 238.030 0 1 1 0
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4.2 Stretch Interactions

atom1l atom2 Kmdyn/A] rp[A] | atom1 atom2 Kmdyn/A] 1o [A]

C CB 6.210 1.419 CI NT 6.700 1.317
C NA 5.810 1.388 CK H 5.000 0.970
C o] 7.920 1.229 CK N* 6.120 1.371
C3 N3 8.000 1.107 CK NB 7.350 1.304
CA CA 7.400 1.377) CO2 NP 0.820 2.100
CA CFC 7.400 1.377 CO2 NT 0.820 2.120
CA CON 7.400 1.377 CO2T ND 0.820 1.780
CA CT 5.000 1.500 CO2T NP 0.820 1.960
CA H 5.000 0.970 COs3 NI 1.750 1.905
CA NA 5.940 1.381] CO3 NP 1.750 1.865
CA NP 6.500 1.335 CO3 NT 1.750 1.905
CA NT 6.690 1.340 CO3C NP 1.750 1.865
CAH CA 1.500 1.380 CO3C NT 1.750 1.915
CAH CAH 1.300 1.335 CO3C OC 1.400 1.860
CAH CI 4500 1.450 CO3C OCC 1.400 1.880
CAH CT 3.000 1.490 CO3P OXCO 1.750 1.840
CAH H 5.000 0.970 COC CT 5.000 1.500
CAH NAH 1.500 1.340/ COC OcCC 7.400 1.275
CAH  NAX 2.500 1.340| COC OCCT 7.400 1.275
CAH NI 4500 1.440{CON CT 5.000 1.500
CB CB 7.220 1.370 CON ND 6.500 1.310
CB N* 6.060 1.374/ CON OCO 9.000 1.260
CB NA 6.410 1.354| CR3 NP 1.000 1.985
CB NB 5.750 1.391 CR3 NT 1.100 2.045
CCO oOcC 8.000 1.290 CRS3 oC 0.750 1.935
CCO O0OcCo 9.000 1.220CT CT 5.000 1.500
CE3 02 0.053 2.370CT CTO 5.000 1.500
CE3 OH 0.053 2.370 CT CTOC 5.000 1.500
CFC CFC 5.000 1.470CT H 5.000 0.970
CFC cocC 5.000 1.470CT N* 4.690 1.475
CFC NP 6.500 1.335CT NAH 3.000 1.450
Cl CA 5.000 1.460 CT ND 6.000 1.490
Cl Cl 15.000 1.526 CT NOO 5.000 1.530
Cl CT 5.000 1.500 CT NT 6.000 1.490
Cl H 3.900 0.950 CT OP 3.500 1.410
Cl NI 7.200 1.270[ CT OR 5.000 1.400
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atom1l atom2 Kkmdyn/A] rp[A] | atom1 atom2 Kmdyn/A] 1o [A]

CT ow 0.500 1.34Q0 ER3 02 0.074 2.150
CT SW 2.640 1.820 ER3 OH 0.074 2.150
CTO CTO 5.000 1.505 EU3 02 0.067 2.245
CTO CTOC 5.000 1.510 EU3 OH 0.067 2.245
CTOC CTOC 5.000 1.490FE3H OC 1.000 1.990
CTOC NOO 5.000 1.528 FE3H OW 0.500 1.900
CTOC NTO 6.000 1.480 FE3L C3 1.700 1.923
Cul NI 0.700 2.000 FE3L NP 1.700 1.925
Cul NT 0.100 2.220 FE3L NT 1.700 1.950
Ccuz2 ND 0.600 1.920 GD3 02 0.069 2.226
Cu2 NP 0.600 1.940 GD3 OH 0.069 2.226
Cu2 NT 0.600 1.970 GD3 OW 0.069 2.226
Cu2 ocC 0.800 1.900H NA 6.030 0.910
Cu2 ONO 0.100 2.500H NT 5.640 0.910
Cu2 OoP 0.100 2.150H oP 5.000 0.910
Cu2 ow 0.100 2.50Q H ow 5.000 0.910
Cu2 SW 0.600 2.290 HO3 02 0.073 2.178
Cu2C ND 0.600 1.920 HO3 OH 0.073 2.178
CU2C NP 0.600 1.940 HO3 OW 0.073 2.178
CU2C NT 0.600 1.970 LA3 02 0.049 2.409
cu2Cc oOcC 0.800 1.900 LA3 OH 0.049 2.409
cuz2c ow 0.100 2.500 LA3 ow 0.049 2.409
cu2Cc sw 0.600 2.290 LU3 02 0.076 2.038
CU2P NAH 0.900 1.940 LU3 OH 0.076 2.038
CU2P NAX 0.300 2.30Q LUS ow 0.076 2.038
CU2P ND 0.600 1.920 MN3 OC 0.300 1.950
CU2P NP 0.600 1.940NAH H 5.000 0.910
CU2P NT 0.600 1.970 NAH NAH 1.500 1.360
CU2rP OC 0.800 1.900 NAH  NAX 1.500 1.360
CU2P ONO 0.100 2.500ND3 02 0.058 2.320
CU2P OP 0.100 2.150ND3 OH 0.058 2.320
CU2P OW 0.100 2500 ND3 OW 0.058 2.320
CU2P OXcCuU 0.600 1.830 NI CT 4.000 1.420
CU2T ND 0.600 1.89Q NI2 NT 0.600 2.090
CU2T NP 0.600 1.940 NI2C NP 0.600 2.025
DY3 02 0.072 2.195 NI2C NT 0.600 2.035
DY3 OH 0.072 2.195 NI2C OC 0.650 2.040
DY3 ow 0.072 2.195 NI2P NP 0.600 2.025
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atom1l atom2 Kkmdyn/A] rp[A] | atom1 atom2 Kmdyn/A] 1o [A]

NI2P  NT 0.600 2.050 SM3 OW 0.064 2.258

NI2T  ND 0.600 1.760 TB3 02 0.071 2.213

NI2T NP 0.600 1.855 TB3 OH 0.071 2.213

NOO ONO 6.500 1.213 TI3 ocC 0.800 2.080

ocC CT 8.000 2.00Q TI3 ow 0.500 2.035

OXCO OXCO 3.250 1.470 TI4 ocCcC 1.500 1.980

OXCU OXcu 3.250 1.43Q T4 OCCT 1.500 2.040

P 02 7.297 1.448 TI4 ow 0.500 1.722

P OH 3.197 1.665 TM3 02 0.075 2.215

P oS 3.197 1.686TM3 OH 0.075 2.215

PM3 02 0.062 2.285 V3 ocC 0.500 1.920

PM3 OH 0.062 2.285 V3 ow 0.500 1.980

PR3 02 0.056 2.345Y3 02 0.074 2.160

PR3 OH 0.056 2.345Y3 OH 0.074 2.160

PR3 ow 0.056 2.34%YB3 02 0.076 2.095

PT2 NB 2.540 2.010 YB3 OH 0.076 2.095

PT2 NT 2.540 2.030 YB3 ow 0.076 2.095

RH3 NT 1.750 2.05Q0 ZN2 ND 0.350 2.000

SM3 02 0.064 2.258 ZN2 NP 0.350 2.100

SM3  OH 0.064 2.258 ZN2 NT 0.350 2.220
4.3 Bend Interactions
atom1l atom?2 atom3 Jkndyn/rad] agfrad] | atom1l atom 2 atom 3 [kndyn/rad] &g [rad]
CB C NA 0970 1943 CAH CA H 0.450 2.122
CB C o] 1.110 2.248 CFC CA H 0.450 2.094
NA C 0] 1.110 2.105 CFC CA NP 0.970 2.094
FE3L C3 N3 0.450 3.141Cl CA CA 0.250 2.094
CA CA CA 0.970 2.094 CON CA NP 0.970 2.094
CA CA CFC 0.970 2.094 CT CA NP 0.450 2.094
CA CA CON 0.970 2.094 H CA NP 0.450 2.094
CA CA CT 0.450 2.094 NA CA NA 0.970 2.152
CA CA H 0.450 2.094| NA CA NT 0.970 2.025
CA CA NP 0.970 2.094 NA CA NT 0.970 2.091
CA CA NT 0.450 2.094 CAH CAH CA 0.150 2.122
CAH CA CA 0.450 2.024/ CAH CAH CAH 0.100 1.850
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atom1l atom?2 atom3 Jkndyn/rad] agfrad] | atom1l atom 2 atom 3 [kndyn/rad] &g [rad]

CAH CAH CI 0.650 2.304| NP CO2 NP 0.023 1.571
CAH CAH CT 0.650 2.274 NT CO2 NT 0.017 1.571
CAH CAH H 0.450 2.215 NP CO03 NP 0.050 1.571
CAH CAH NAH 0.150 1.955| NP COo3 NT 0.050 1.571
CAH CAH NAX 0.150 1.955| NT COos3 NT 0.050 1.571
Cl CAH NAH 0.650 2.112| NP CO3C NP 0.050 1.571
CT CAH NAH 0.650 2.112) NP CO3C NT 0.050 1.571
CT CAH NAX 0.650 2.112 NT CO3C NT 0.050 1.571
NAH CAH CA 0.150 2.292| NT COo3C OcC 0.045 1.571
NAH CAH H 0.350 2.094| NT CO3C oOcCcC 0.045 1.571
NAH CAH NAH 0.150 1.955| OC CO3C OC 0.040 1.571
C CB CB 1.180 2.080 OCC CO3C OcCcC 0.040 1.571
C CB NB 0970 2.269 CCC COC CFC 0.350 2.094
CB CB N* 0970 1.854 CCC COC CT 0.350 2.094
CB CB NA 0.970 2229 CCC COC oOcCcC 0.970 2.094
CB CB NB 0.970 1911 CCC COC oOcCCT 0.970 2.094
NA CB N* 0.970 2.199| CFC COC occC 0.350 2.094
COC CcCC cocC 0.970 2.094CFC COC OcCCT 0.350 2.094
CoOC ccCc H 0.970 2.094CT COC oOccC 0.350 2.094
CT CCO oOcC 0.250 2.067CT COC OcCCT 0.350 2.094
CT CCO o0cCo 0.250 2.06YCA CON ND 0.250 2.067
ocC CCO cCco 0.800 1.993CA CON OcCoO 0.250 2.067
ocC CCO OcC 0.250 2.094CT CON ND 0.250 2.067
ocC CCO O0cCo 0.250 2.149CT CON OcCoO 0.250 2.067
OCO CCcOoO cco 0.950 2.115ND CON OcCoO 0.250 2.094
CA CFC CA 0.970 2.094 NP CR3 NP 0.025 1.571
CA CFC CFC 0.450 2.094 NP CR3 NT 0.025 1.571
CA CFC CcocC 0.350 2.094 NT CR3 NT 0.025 1.571
CA CFC NP 0.970 2.094 CA CT CA 0.450 1.911
CFC CFC NP 0.450 2.094CA CT CT 0.450 1.911
CA Cl H 0.450 2.094| CA CT H 0.360 1.909
CAH Cl H 0.450 2.094 CA CT ND 0.450 1.911
CAH Cl NI 0.150 2.094| CA CT NT 0.450 1.911
NI Cl CA 0.150 2.094| CA CT OP 0.450 1.911
NI Cl H 0.450 2.094| CA CT Oow 0.450 1.911
H CK N* 0.490 2.148| CAH CT CA 0.450 1.911
H CK NB 0.490 2.148 CAH CT CAH 0.450 1.960
NB CK N* 0.970 1.960| CAH CT CT 0.450 1.960
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atom1l atom?2 atom3 Jkndyn/rad] agfrad] | atom1l atom 2 atom 3 [kndyn/rad] &g [rad]

CAH CT H 0.360 1.909 H CTO H 0.320 1.911
CAH CT NT 0.450 1.911 ND Cu2 ND 0.013 1.571
CAH CT oP 0.450 1.911 ND Cuz2 NP 0.013 1.571
CAH CT ow 0.450 1.911 ND Cuz2 NT 0.013 1.571
CCO CT CCO 0.450 1.911ND Cu2 ow 0.007 1.571
CCO CT CT 0.450 1.911NP Cu2 NP 0.013 1.571
CCO CT H 0.360 1.909 NP Cu2 NT 0.013 1.571
CCO CT ND 0.450 1.911 NP Cu2 ONO 0.007 1.571
CCO CT NT 0.450 1.911 NP Cu2 ow 0.007 1.571
CoOC CT H 0.350 1.909 NP Cu2 SwW 0.013 1.571
CON CT CON 0.450 1.911NT Cu2 NT 0.013 1.571
CON CT CT 0.450 1.911NT Cu2 ONO 0.007 1.571
CON CT H 0.360 1.909 NT Ccuz2 ow 0.007 1.571
CON CT NT 0.450 1.911 NT Cuz2 SW 0.013 1.571
CT CT CT 0.450 1.911 ONO CuU2 ONO 0.002 3.141
CT CT H 0.360 1.909 ONO CU2 ow 0.002 1.571
CT CT N* 0.500 1.909 ONO CU2 SW 0.007 1.571
CT CT NAH 0.450 1.911 OW Cu2 ow 0.002 3.141
CT CT ND 0.450 1.911 OW Cuz2 SW 0.007 1.571
CT CT NOO 0.450 1.911 SW Ccuz SwW 0.013 1.571
CT CT NT 0.450 1.911 ND Cu2C ND 0.013 1.571
CT CT ow 0.450 1.911 ND CU2C NP 0.013 1.571
CT CT SW 0.690 1.911 ND CU2C NT 0.013 1.571
H CT H 0.320 1.902 ND cu2Cc oOcC 0.015 1.571
H CT N* 0.360 1.909] ND cu2Cc Ow 0.007 1.571
H CT ND 0.360 1.909 NP CuU2C NP 0.013 1.571
H CT NT 0.360 1.909 NP CU2C NT 0.013 1.571
H CT ow 0.360 1.909 NP CuU2C ONO 0.007 1.571
H CT SW 0.450 1.911 NP cu2Cc Ow 0.007 1.571
NAH CT H 0.360 1.909 NP Ccuz2C sw 0.013 1.571
NAH CT OoP 0.450 1.885 NT CU2C NT 0.013 1.571
NAH CT ow 0.450 1.885 NT cuz2C oOcC 0.015 1.571
NI CT CT 0.450 1.911 NT cu2C ONO 0.007 1.571
NI CT H 0.450 1.911 NT cuz2Cc Ow 0.007 1.571
NI CT H 0.450 1.911 NT cu2Cc sw 0.013 1.571
NT CT NT 0.450 1.911 OC cu2C oOcC 0.017 1.571
oS CT H 0.485 1.9110C cu2Cc Ow 0.009 1.571
CT CTO CTO 0.450 1.9200ONO CU2C ONO 0.002 3.141
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atom1l atom?2 atom3 Jkndyn/rad] agfrad] | atom1l atom 2 atom 3 [kndyn/rad] &g [rad]
ONO Cu2Cc ow 0.002 1.571CA NA CB 0.970 1.958
ONO Cu2C sw 0.007 1.571CA NA H 0.490 2.059
ow cu2Cc Ow 0.002 3.141CAH NAH CAH 0.150 1.842
ow cuz2Cc sw 0.007 1571CAH NAH CT 0.650 2.243
SW cu2Cc Ssw 0.013 1571CAH NAH CU2P 0.050 2.147
ND CU2P ND 0.013 1.571 CAH NAH H 0.350 2.094
ND CU2P NP 0.013 1.571CAH NAH NAH 0.200 1.885
ND CU2P NT 0.013 1571 CU2P NAH NAH 0.200 2.269
ND Cu2Pp OW 0.007 1.571 NAH NAH CT 0.650 2.094
NP CU2P NP 0.013 1.571NAH NAH H 0.350 2.094
NP CU2P NT 0.013 1.571NAX NAH CAH 0.200 1.885
NP CU2P ONO 0.007 1.57LNAX NAH CT 0.650 2.094
NP CcCuzp ow 0.007 1.571CAH NAX  CU2P 0.100 2.147
NP Cuz2p sSw 0.013 1.571CAH NAX NAH 0.200 1.823
NT CU2P NT 0.013 1571 CU2P NAX NAH 0.100 2.304
NT Cu2p OC 0.015 1.571CB NB CK 0.970 1.841
NT CU2P ONO 0.007 1.571PT2 NB CB 0.300 2.221
NT Cuzp OW 0.007 1.571PT2 NB CK 0.300 2.221
NT Cuz2p sSw 0.013 1.571CT ND CON 0.250 2.067
ocC Cu2p OC 0.017 1.571CU2 ND CON 0.200 2.094
ocC Cuz2p oW 0.009 1.571CuU2 ND CT 0.200 2.094
ONO CU2P ONO 0.002 3.141CU2C ND CON 0.200 2.094
ONO CuU2P OW 0.002 1.571CU2C ND CT 0.200 2.094
ONO CuU2P SW 0.007 1.571CU2P ND CON 0.200 2.094
ow Cuz2p OW 0.002 3.141CU2P ND CT 0.200 2.094
ow CU2rP sw 0.007 1.571NI2T ND CON 0.200 2.094
SW CU2P sSW 0.013 1.57LNI2T ND CT 0.200 2.094
ND CU2T ND 0.013 1.571 CI NI CT 0.450 2.094
ND CU2T NP 0.013 1.571ClI NI Cuzp 0.100 2.356
NP CU2T NP 0.013 1.571CT NI Cl 0.450 2.007
NP FE3L NP 0.042 1.571CT NI Cu2pP 0.200 1.920
NP FE3L NT 0.042 1.571CU1l NI Cl 0.100 2.356
NT FE3L NT 0.042 1.571 CU1l NI CT 0.100 1.912
CB N* CK 0.970 1.859 NP NI2 NT 0.025 1.571
CB N* CT 0.970 2.196| NT NI2 NT 0.025 1.571
CK N* CT 0.970 2.248| NP NI2C NP 0.025 1.571
C NA CA 0.970 2.206| NP NI2C NT 0.025 1.571
C NA H 0.490 2.039 NP NI2C OC 0.026 1.571
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atom1l atom?2 atom3 Jkndyn/rad] agfrad] | atom1l atom 2 atom 3 [kndyn/rad] &g [rad]
NT NI2C NT 0.025 1.571 CO2 NT CT 0.200 1.920
NT NI2C OC 0.026 1.571 CO2 NT H 0.100 1.915
ocC NI2C OC 0.027 1.571CO3 NT CA 0.200 1.920
NP NI2P NP 0.025 1.571CO3 NT CT 0.200 1.920
NP NI2P  NT 0.025 1.571 COs3 NT H 0.100 1.915
NT NI2P NT 0.025 1.571 CO3C NT CA 0.200 1.920
ND NI2T ND 0.025 1.571] CO3C NT CT 0.200 1.920
NT NI2T ND 0.025 1.571] CO3C NT H 0.100 1.915
NT NI2T  NT 0.025 1.571 CR3 NT CT 0.200 1.920
CT NOO ONO 0.450 2.059 CR3 NT H 0.100 1.915
ONO NOO ONO 0.650 2.164CT NT CT 0.450 1.911
CA NP CA 0.970 2.094 CT NT H 0.450 1.909
CA NP CFC 0.970 2.094 Cu1l NT CT 0.200 1.920
CFC NP CFC 0.970 2.094CU1 NT H 0.100 1.915
CO2 NP CA 0.200 2.094 CU2 NT CA 0.200 1.920
CO2 NP CFC 0.200 2.094CU2 NT CT 0.200 1.920
CO3 NP CA 0.200 2.094 CU2 NT H 0.100 1.915
CO3 NP CFC 0.200 2.094CU2C NT CA 0.200 1.920
CO3 NP CT 0.200 2.094CU2C NT CT 0.200 1.920
CO3C NP CA 0.200 2.094CU2C NT H 0.100 1.915
CO3C NP CFC 0.200 2.094CU2P NT CA 0.200 1.920
CO3C NP CT 0.200 2.094CU2P NT CT 0.200 1.920
CR3 NP CA 0.200 2.094 CU2P NT H 0.100 1.915
CR3 NP CFC 0.200 2.094FE3L NT CT 0.200 1.920
Cu2 NP CA 0.200 2.094 FE3L NT H 0.100 1.915
Ccuz2 NP CFC 0.200 2.094H NT H 0.330 1.902
CU2C NP CA 0.200 2.094 NI2 NT CT 0.200 1.920
CU2C NP CFC 0.200 2.094NI2 NT H 0.100 1.915
CU2P NP CA 0.050 2.094NI2C NT CT 0.200 1.920
CU2P NP CFC 0.200 2.094NI2C NT H 0.100 1.915
FE3L NP CA 0.200 2.094 NI2P  NT CT 0.200 1.920
FE3L NP CFC 0.200 2.094 NI2P NT H 0.100 1.915
NI2C NP CA 0.200 2.094 NI2T NT CT 0.200 1.920
NI2C NP CFC 0.200 2.094NI2T NT H 0.100 1.915
NI2P NP CA 0.200 2.094 PT2 NT CT 0.200 1.920
NI2P NP CFC 0.200 2.094PT2 NT H 0.100 1.915
CA NT CT 0.450 1.911 RH3 NT CT 0.200 1.920
CA NT H 0.450 1.909 RH3 NT H 0.100 1.915
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atom1l atom?2 atom3 Jkndyn/rad] agfrad] | atom1l atom 2 atom 3 [kndyn/rad] &g [rad]
ZN2 NT CT 0.200 1.920 Cu2C OFP H 0.100 1.915
ZN2 NT H 0.100 1.915 CU2P OFP Cuz2p 0.100 1.745
CO3 oC CCO 0.050 2.094CU2P OP H 0.100 1.915
CO3C OC CCO 0.050 2.094H OoP H 0.320 1.902
CR3 oC CCO 0.400 1.998CT OR CT 0.750 1.911
cu2Cc oOcC CCO 0.050 2.094P 0S CT 1.386 2.065
CU2P OC CCO 0.050 2.094CuU2 ow H 0.100 1.915
CU2P OC CuU2pP 0.100 1.830CU2C OW H 0.100 1.915
FE3H OC CCO 0.750 2.03pCU2P OW Cuz2pP 0.100 1.745
MN3 OC CCO 0.300 2.028 CU2P OW H 0.100 1.915
NI2C OC CCO 0.050 2.094H ow H 0.320 1.902
TI3 ocC CCO 0.450 2.062Tl4 ow CT 0.050 1.915
V3 ocC CCO 0.500 2.030CO3 OX OX 0.500 1.911
CO3C O0OCC cocC 0.600 2.094CU2P OX OX 0.500 1.911
TI4 OCC cocC 0.600 2.09402 P oS 1.386 2.003
T4 OCCT cCoOocC 0.600 2.094 OH P 02 0.624 2.011
P OH H 0.624 2.039 OH P oS 0.624 1.764
Cu2 ONO NOO 0.320 2.0940S P oS 0.624 1.716
CuU2C ONO NOO 0.320 2.094CT SW CT 0.500 1.740
CU2P ONO NOO 0.320 2.094CU2 SW CT 0.100 1.920
CT OoP Cu2pP 0.200 2.094CU2C SW CT 0.100 1.920
Cu2 OoP H 0.100 1.91%5CuU2P SW CT 0.100 1.920
4.4 Torsion Interactions

atoml atom2 atom3 atom4 [kdyn/irad] multiplicity to [rad]

o C CB el 0.007 2.000 1.571

i C NA i 0.009 2.000 1.571

el CA CA i 0.050 2.000 1.571

i CA CFC i 0.050 2.000 1.571

o CA CON  ** 0.003 2.000 1.571

el CA CT o 0.005 6.000 0.524

i CA NA i 0.010 2.000 1.571

il CA NP *x 0.050 2.000 1.571

o CA NT i 0.001 6.000 0.524

el CA ow i 0.150 3.000 4.680
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atom1l atom?2 atom3 atom4 [kdyn/rad] multiplicity to [rad]

o CA cco ** 0.005 2.000 1.571
o CAH CA * 0.065 2.000 1.571

f CAH CAH ** 0.015 2.000 1.571

o CAH CI * 0.025 2.000 1.571

o CAH CT * 0.001 6.000 0.524
o CAH NAH ** 0.009 2.000 1.571

o CAH NAX  ** 0.003 2.000 1.571

o CAH NI o 0.003 2.000 1.571

o CB CB o 0.028 2.000 1.571
f CB N* i 0.011 2.000 1.571

o CB NA * 0.014 2.000 1.571

o CB NB o 0.009 2.000 1.571
o CCC COoC = 0.030 2.000 1.571
o CCO cCcco * 0.000 2.000 3.097
o CCoO CT * 0.001 6.000 0.524
o CCO OC * 0.005 2.000 1.571
o CFC CFC * 0.030 2.000 1.571
ol CFC coc * 0.030 2.000 1.571
o CFC NP * 0.003 2.000 1.571
o Cl NT * 0.001 6.000 0.524
o Cl CT * 0.001 6.000 0.524
o Cl CA * 0.010 6.000 1.571

o CK N* o 0.011 2.000 1.571

* CK N* * 0.011 2.000 1.571

o CK NB * 0.034 2.000 1.571
o CK NB * 0.034 2.000 1.571
o coCc CT * 0.005 6.000 0.524
o coCc occ * 0.030 2.000 1.571
f COC OCCT * 0.030 2.000 1.571
o CON CT o 0.001 6.000 0.524
o CON ND o 0.005 2.000 1.571
o CT CT o 0.002 3.000 0.000
i CT NAH  ** 0.001 6.000 0.524
* CT ND * 0.001 6.000 0.524
o CT NOO  ** 0.003 6.000 0.524
o CT NT * 0.001 3.000 0.000
o CT OoP * 0.001 3.000 0.000
b CT ow o 0.008 3.000 0.000
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atom1l atom?2 atom3 atom4 [kdyn/rad] multiplicity to [rad]

** CT SW bl 0.001 3.000 0.000

il CTO CTO *x 0.011 3.000 0.000

o CTO CTOC ** 0.011 3.000 0.000

** CTOC CTOC ** 0.011 3.000 0.000

il CU2P NAH  ** 0.005 2.000 0.262

* CU2P NP o 0.005 2.000 0.262

*x NAH NAH *x 0.020 2.000 1.571

il NAH NAX  ** 0.065 2.000 1.571

*x NI Cl *x 0.025 2.000 1.571

*x NI Cl *x 0.025 2.000 1.571

** NI CT *x 0.000 2.000 0.524

*x 02 P ** 0.052 3.000 0.390

b OH P o 0.052 3.000 0.635

** OR CT ** 0.008 3.000 0.000

*x (O CT *x 0.080 3.000 0.050

o 0oS P i 0.052 3.000 0.390

** OXCO OXCO ** 0.900 2.000 0.000

** OXCU OXCuU ** 0.900 2.000 0.000

o PT2 NB o 0.000 2.000 2.094

el PT2 NT o 0.000 2.000 2.094

** SAH CAH *x 0.015 2.000 1.571

4.5 Non-bonded Interactions

atom1l qw A € ‘ atom1l [(qw[A] e | atom1l (qaw [A] €
C 1.900 0.044 CU2 0.000 0.00Q O 1.700 0.055
C3 1.900 0.044 Ccuz2C 0.000 0.000 OC 1.700 0.055
CA 1.900 0.044{ CU2P 0.000 0.000 OCC 1.700 0.055
CAH 1.900 0.044] FE3L 0.000 0.00Q occCT 1.700 0.055
CB 1.900 0.044 H 1.440 0.024 OCO 1.700 0.055
CcCC 1.900 0.044 N* 1.800 0.052| ONO 1.700 0.055
CCO 1.900 0.044 N3 1.800 0.052 OP 1.700 0.055
CFC 1.900 0.044 NA 1.800 0.052] OR 1.700 0.055
Cl 1.900 0.044] NAH 1.800 0.052] OW 1.700 0.055
CK 1.900 0.044| NB 1.800 0.052 OXCU 1.700 0.055
CO2 0.000 0.000 ND 1.800 0.050 PT2 1.650 0.300
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atom1l qw A e | atom1l [gw[A] e | atoml (aw [A] €
COo3 0.000 0.00Q NI 1.800 0.050 PT4 0.000 0.000
Cco3C 0.000 0.000 NI2 0.000 0.000 RH3 0.000 0.000
cocC 1.900 0.044 NI2C 0.000 0.000 SAH 2.000 0.185
CON 1.900 0.044 NI2P 0.000 0.000 SW 2.000 0.185
CR2 0.000 0.000 NOO 1.800 0.05Q TI4 0.000 0.000
CR3 0.000 0.00Q NP 1.800 0.05Q ZN2 0.000 0.000
CT 1.900 0.044 NT 1.800 0.050

4.6 Out-of-plane Interactions

atom1l atom?2 atom3 atom4 [kdyn/rad]

atom 1

atom2 atom3 atom4 [kdyn/rad]

CA

CA

CA

CAH
CA

CA

CAH
CAH
CAH
CAH
CAH
CAH
CAH
CAH
CAH
CAH
CCC
CCO

CAH
NP
NP
NAH
NP
NP
CAH
CAH
CAH
CAH
CAH
CAH
CAH
NAH
NAH
NAH
COoC
CT

CA
CA
CA
CAH
CT
CA
CA
CAH
NAH
NAH
NAH
NAX
SAH
NAH
NAH
NAH
COoC
OCO

H
H
CuzpP
Cu2pP

CCO
NAH

CT
Cl

CT

Cl

CT

oC

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
0.50(
0.12(

CCoO
Cl
Coz2T
CcocC
CcocC
CcocC
COoC
CCO
CON
cuzTt
NI2T
NOO
ow
PT2
PT2
PT2

) PT2

) PT2

oC
NI
ND
CCC
CCC
CCC
CCC
CA
CT
ND
ND
CT
CT
NB
NB
NB
NT
NT

oC oC
CAH H

NI NA
OCC CFC
occ CT
OCCT CFC
OCCT CT
OCO OC
OCO ND
NI NA
NI NA
ONO ONO
Cuz2p Cuzp
NB NT
NT NB
NT NT
NB NB
NT NB

0.500
1.500
0.070

0.500

0.500

0.500

0.500

0.120

0.120
0.050
0.070

0.120

0.500

1.000
1.000
1.000
1.000
1.000
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