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Abstract

This thesis reports on an efficient implementation of first- and second-order derivatives for non-variational
wave functions used for the calculation of molecular properties in a linear response framework. Since, the
accurate quantum chemical description of second-order molecular properties is strongly limited by the size
of the system, a reliable method, which can be routinely applied from medium-sized to large molecular
compounds is desirable.

Inspired by the excellent performance of the recently developed double-hybrid density functionals for
energetics, thermodynamics and electron spin resonance hyperfine coupling tensors, this work focused
on the efficient implementation of second derivatives for these 'fifth rung’ functionals. The phrase 'fifth
rung’ functional is used in the context of 'Jacob’s ladder’, which categorizes the development of density
functionals into five different stages, referred to as rungs. Density functionals of the 'fifth rung’ include

non-local correlation by involving virtual Kohn-Sham molecular orbitals.

In double-hybrid functionals part of the semi-local correlation introduced by a gradient corrected exchange
correlation functional is replaced by nonlocal, orbital-dependent dynamic correlation by second-order
Mgller-Plesset (MP2) perturbation theory.
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Therefore, the theory of second derivatives with respect to imaginary (magnetic) and real (electric)
perturbations for non-variational wave functions has been rederived and extended to the use of the
popular 'Resolution of the Identity’ approximation. The first derivation of second double-hybrid functional
derivatives within the 'density fitting” approach is presented.

Besides numerical results for static polarizabilities, chemical shifts and electronic g-tensors, a benchmark
study on a fairly large system with an extended basis set (~1400 basis functions) employing the recently
developed RIJCOSX approximation is presented in this thesis. Such a calculation is performed within a
few days of computer time. We are not aware of any other method beyond self-consistent field theory

(Hartree-Fock, density functional theory) that can routinely applied to molecules of dimension.

MP2 is well known as the simplest ab initio method, that accounts for dynamic correlation effects. Besides
its plenty advantages MP2 often fails for complicated electronic structures. The reason could be attributed
to the poor reference wave function, which is usually of Hartree-Fock quality. A new Ansatz has been
derived based on the well-known Hylleraas functional, which minimizes the total energy with respect to
the molecular orbital coefficients and the double excitation amplitudes.
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Consequently, the molecular orbitals can relax in the presence of the dynamic correlation field.
This orbital-optimized MP2 method has shown to provide drastically improved energetics compared to the

canonical MP2 method. Furthermore, the calculated electron spin resonance hyperfine coupling tensors



have almost been of the same quality as what can be achieved with the more rigorous Coupled-Cluster
Singles Doubles (CCSD) method, but with substantially less computational effort. The orbital-optimized
MP2 method is characterized as an iterative O(N®) procedure, whereas CCSD scales with O(N®) per
iteration.

The formalism of the orbital-optimized MP2 method has, also for the first time, been extended for the

calculation of first- and second-order properties.

In the last part of this thesis, two complex molecular compounds, 2,3,5,6-Tetrafluorophenylnitren-4-yl and
3,4,5,6-Tetrafluorophenylnitren-2-yl, could be characterized as o, o, w-triradicals through analysis of the
singly occupied spin-unrestricted natural orbitals in a localized representation. Multireference ab initio
calculations predict well isolated “A, and *A” ground states for the radical compounds. The calculation of
the zero-field splitting tensor provides a detailed insight into the orientation and the individual contribu-
tions of the D-tensor. This application nicely demonstrates the interplay of high-resolution spectroscopy

and high-level quantum-chemical methods.
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1. Motivation

Quantum chemical methods play an important role in nowadays chemical applications, since they provide
a profound insight into the electronic structure of the molecular system. Therefore, the development of
accurate electronic structure methods and their efficient implementation in quantum chemical program

packages is of great interest for academical as well as industrial research.

The theory most quantum chemical calculations are based on, is Hartree-Fock (HF) theory, which yields
a reasonable description of the electronic structure of the system in question. However, due to the
exaggeration of the electron repulsion caused by the mean-field approach, electron correlation has to be
accounted for in a suitable way. The concept of full configuration interaction allows the exact description
of electron correlation effects in a given basis, but the number of determinants grows rapidly, and truncated
configuration interaction methods are not size consistent. Size consistency and size extensitivity represent

fundamental requirements for ab initio theories.

The development of density functional theory in the Kohn-Sham framework permits the incorporation of
electron correlation effects at the cost of Hartree-Fock calculations. But since the exact density functional
is not known, the way and to which extend different density functionals incorporate electron correlation
is most often questionable. Furthermore, many density functionals violate fundamental constraints, e.g.
predicting correlation energies for one-electron systems. Nevertheless, density functional theory, especially
the hybrid variant, which contains a fraction of Hartree-Fock exchange, often yields reliable results for

energetics and thermodynamic properties. [1]

The simplest ab initio method which accounts for dynamic electron correlation effects is second-order
many body perturbation theory with the Mgller-Plesset partitioning of the Hamiltonian. [2] The idea to
take the Hartree-Fock wave function and the corresponding energy as zero-order approximation to the
exact solution of the Schrodinger equation and to treat the difference between the exact Hamiltonian
and the HF Hamiltonian as small perturbation, was developed by Mgller and Plesset already in the early
1930s. [2] The big breakthrough of Mgller-Plesset perturbation theory (MPPT) came with the develop-
ment of many-body perturbation theory from second- to fourth-order for general use in electronic structure
calculations in the 1970s. [3] The rivaling pioneers of MPPT John A. Pople and Roger J. Bartlett devel-
oped perturbation theory up to fourth-order by employing the algebraic and the diagrammatic approach
to many-body perturbation theory, respectively. [3-10] In the following years the routine application of
MPPT in electronic structure calculations was encouraged by the development of analytic derivatives
and corresponding efficient algorithms. Pople et al. reported first derivatives for second-order MPPT
(MP2) already in 1979. [11] Bartlett and co-workers were the first who established the concept of relaxed
densities [12,13] in the framework of second and higher order MPPT. Furthermore, the removal of the
perturbation dependence from the coupled-perturbed Hartree-Fock equations was adopted for MPPT and
Coupled-Cluster gradients. [13-15] In 1986 the first analytical evaluation of second MP2 derivatives for
the calculation of analytic harmonic frequencies has been published. [16] The generalization of the second
MP2 derivatives for the calculation of magnetic properties with purely imaginary perturbations has been
reported by Gauss. [17]



2 1 Motivation

The popularity of MPPT is due to its formal simplicity as well as to the availability in most quantum
chemical program packages. [3] MPPT is size extensive to all orders, as could be demonstrated by
Goldstone [18] via the 'linked cluster’ theorem. Second-order MPPT already recovers 80-90% of the
basis set correlation energy with a formal scaling of O(N®). The shortcomings of MP2 theory are also
well known, i.e. MP2 is not variational or even stationary with respect to wave function parameters,
and it does not incorporate any orbital relaxation when based on a HF reference determinant. Orbital
relaxation is partially taken into account, if Brillouins’ theorem [19] no longer applies, and single excitations
contribute to the first-order wave function. The non-variational character of MP2 is of minor consequence
for the calculation of electron correlation effects, but complicates and increases the computational effort
for the evaluation of MP2 derivatives.

Therefore, it is desirable to develop efficient and robust approximations to MPPT. The most popular
approximation used in combination with the MP2 method is the 'Resolution of the Identity’ (RI) approx-
imation, in which products of orbitals are expanded in an auxiliary basis set. [20] The RI-MP2 method
was first reported by Feyereisen et al. [21] and was based on the results of Vahtras, Feyereisen and Almlof
who showed that the RI technique performs best in the Coulomb metric. [22] But the use of the 'density
fitting' technique has never been extendend to MP2 second derivatives, which is one goal of the present
thesis. Furthermore, the evaluation of second derivatives for the new class of double-hybrid density func-
tionals, which incorporate a fraction of MP2 dynamic correlation, has recently been reported for analytical
frequencies, [23] but has not been extended to magnetic properties yet. Thus, analytic second derivatives
for the double-hybrid functionals for purely real and purely imaginary perturbations have also been derived
within this thesis.

Besides the outstanding performance of the Rl approximation in conjunction with MP2, which yields
speedups of one to two orders of magnitude in energy calculations, it is worthwhile to develop further
approximations, which efficiently accelerate the self-consistent field calculation, that represents the bot-
tleneck in large-scale RI-MP2 calculations. Therefore, the RIJCOSX approximation to MP2 first- and
second-order property calculations is presented.

On the other hand, the calculation of accurate first principles spin densities requires the incorporation of
a substantial amount of dynamic correlation. But MP2 is known to be insufficient and often provides
somewhat erratic results when applied to open-shell systems. So, an orbital-optimized MP2 method
has been developed, which optimizes the orbitals alongside with the double excitation amplitudes based
on the well-known Hylleraas functional [24]. The orbital-optimized MP2 (OO-MP2) method has been
successfully applied to the calculation of hyperfine coupling constants. Furthermore the OO-MP2 gradient
as well as OO-MP2 second derivatives have been derived.

The derived equations have been efficiently implemented into a development version of the ORCA program

package [25] and will be available soon.

Finally, the application of high-level ab initio methods for electronic structure calculations on chemically
complex systems is demonstrated on the example of 2,3,5,6-Tetrafluorophenylnitren-4-yl and 3,4,5,6-

Tetrafluorophenylnitren-2-yl, two quartet ground-state nitreno radicals.
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2.1. Introduction to Mdller-Plesset Perturbation Theory

2.1.1. Hartree-Fock Theory

Hartree-Fock (HF) theory represents the most popular approximate method for solving the electronic
time-independent Schrodinger equation. It is often referred to as a mean-field theory, since the motion of
each electron is described in the averaged field generated by all other electrons. Thus, the motion of the
reference electron is independent of the motion of the remaining electrons (independent particle model).
The wave function for the independent particle model is a single Slater determinant built up of one spin

orbital per electron.

The minimization of the expectation value of the Born-Oppenheimer Hamiltonian via the variational
principle ensures that the energy obtained represents an upper bound to the exact solution. The canonical
HF equations are obtained by minimizing a functional of the spin orbitals {W} through a constraint

optimization via Lagrange multipliers, and setting the variation to zero,

{0+ 3209 = 1560 bt =z @)
F(x)hi(x) =eivi(x). (22)

The operator h contains the one-electron kinetic and potential energy operator. The HF Hamiltonian
is an effective one-electron operator since it depends only on the coordinates x of the considered electron.
The HF equations are a set of coupled one-electron eigenvalue equations, in which the Fock operator F
depends on all spin orbitals through the Coulomb J and exchange K operators,

Jj(x1)vi(x1) :l/dx2wf(x2)r121wj(x2)1 Yi(x1) (2.3)

Kj(x1)vi(x1) —[/dx2¢f(x2)ﬁzl¢i(xz)] Yj(x1). (2.4)

where the superscript * denotes the complex conjugate of the spin orbital. Therefore, these equations are
solved iteratively. The diagonalized matrix of the Lagrange multipliers € can be interpreted as orbital ener-
gies. The solution of the HF equations can obtained either by numerical methods, or by expanding the spin
orbitals in a finite basis set and searching for the lowest energy solution (Hartree-Fock-Roothaan equa-
tions). The iterative procedure for solving the Hartree-Fock-Roothaan equations is called self-consistent
field (SCF) method.

The drawback of HF theory is its lack of instantaneous electron-electron interactions, the so-called electron

correlation. The correlation energy is defined as the difference between the exact non relativistic energy
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and the HF energy,
AEcorr = Lexact — EHF- (25)

Post-HF methods improve on the HF method by (partial) inclusion of different electron correlation effects.
Dynamic correlation arises from the instantaneous correlation in electron motions due to their mutual
repulsion. By contrast, static correlation originates from the qualitative error of the single-configuration

model. In this thesis special emphasis is paid to dynamic correlation effects.

2.1.2. Rayleigh-Schrédinger Perturbation Theory

In this subsection the formal expressions of Rayleigh-Schrodinger perturbation theory in the quantum me-
chanical framework are derived. Starting from the Schrodinger equation, the Hamiltonian H is separated

into a zero-order part Hg and a perturbation AV, with |W,) denoting the exact solutions.
HIV,) = (Ho + AV)|V,) = EnV,). (2.6)

The eigenfunctions |®,) and the eigenvalues E{”) of the unperturbed Hamiltonian 7 are assumed to be

known,
Ho|®,) = E@[d,)  with (,|n) = 6. (2.7)

If the perturbation V is small compared to the unperturbed Hamiltonian o, we can expect |V,) and &,
to be reasonably close to |®,) and E,SO), respectively. In order to systematically improve the eigenfunctions
and eigenvalues of H so that they converge to the eigenvalues and eigenfunctions of the total Hamiltonian

H, the exact eigenfunctions and eigenvalues are expanded in a Taylor series in the ordering parameter .

En=EQ £ XEM 4 N2E@) 4 (2.8)
W) = W) + AWM + W)+ (WD) = [o,)) (2.9)

For convenience, intermediate normalization is chosen,
(®,W,) = (&, WOy L \(d,[WDy 4 N2, W) 4 = (¢, |WO)) =1, (2.10)

Insertion of the Taylor expansions of egs. 2.8 and 2.9 into the Schrédinger equation (eq. 2.6) yields,

(Ho + V)(IWD) + AWD) + N2 [w) + )
= (E® + AEM + NE@ 4+ (w0 4 AWy 4 X2 W@y ) (2.11)

n n
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Equating coefficients of powers of A,

HoWD) = EQ WD) (212)

Ho[WM) + VWD) = ENW) + EMw) (213)

Ho[WD) + VW) = ENWR) + ENWD) + EP D) (2.14)

Ho[ WD) + VWD) = EQWD) + ED W) + EP WD) + EP WD) (2.15)
m—1

(EY = Ho)Wi™) = vwim=1) — 3 " EmIwiD). (2.16)
1=0

In eq. 2.16 the general expression for the mth-order perturbation equation is given. Multiplying the above
equations with (®,| and using the normalization condition, eq. 2.10, yields the following expressions for

the mth-order energies,

EQ) = (&, Ho WD) (2.17)
EWM = (¢,[V|w0) (2.18)
EP = (@, VW) (2.19)
E®) = (0,[V|w?) (2.20)
E(™ = (0, V[wimD). (2.21)

Expansion of the perturbed wave functions \\Ug,m)> in the complete set of eigenfunctions of the zero-order
Hamiltonian |®,),

W) =37 a0k = S [0 (@ W) (2.22)
k k

leads to the conditional equation for the expansion coefficients ai':), by multiplying the mth-order equation
(eq. 2.16) with (P],

m—1
(D|(EP —Ho) [ W™y = (@ Vwim) =" EmD (0, [w)
— — ——
=(E —EO)(@y] 3 (@4 V] @) ()W) =0 =aj,
m—1
0 —1 m— !
(B0 — Eafy) = Do (@uviey)a™ = 37 EmNa). (2.23)
j =0

Since, there exists no equation, that determines a,(q',?), intermediate normalization can be chosen once

more,

(@ W) =0 (m>0)

al™ = Gmo. (2.24)
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The explicit form of the first-order equations become,

(B — EM)aly) = (@4 Vi) — £ &)
~~

=0kn
= (D [V|D,) (n# k)
O V|,
& off) = S0V (n # 4) (2.25)
EQ _ £

where |®,) represents any state but the ground state. Finally, the well-known expression for the second-

order energy is obtained,

E@) = (¢,[V|wb) Za,m ®,V|dy)

_ \<<1>n|V|<'>k>|2
> O (2.26)
k(ks#n) En " = Bk

Analogue considerations yield the expressions for E(3) E( . but for our purposes the expressions up

to second-order are sufficient. The famous Wigner's (2n+1) rule states that knowledge of the mth-

(m)

order correction to the wave function W,/ allows the direct determination of all energy expressions up

o (2m+1)th-order. In the case of the third-order energy correction the knowledge of the second-order
correction to the wave function is formally required. This can be circumvented by resolving eq. 2.14 for

the second-order wave function correction,
—1
@) = (- E9) (€0 - ) 1w + EQ )] e

projecting from the left on |®,) for k # n yields,

-1
@v@) = (B —EP) (@] (ED =) [wiD)]. (2.28)
Insertion of eq. 2.28 into eq. 2.20 leads finally to the third-order energy expression.

EP) = (@, V)
= D (@ulV[on) (@uv)
n#k
1 1
_ - OOV ) (@VI00) (@01
0 0 n 0 0
7 EV-E £ - £

(2.29)
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2.1.3. Mdgller-Plesset Perturbation Theory

The suggestion of using the HF wave function and the corresponding HF energy as Oth-order approximation
to the exact wave function and energy, respectively, was first proposed by Mgller and Plesset in 1934. [2]
The Fock operator F is assigned to the appropriate Hamiltonian g of the unperturbed problem,

= F =300V = S0 + X [0 - K0 (2:30)

Foq = hpa +_ | {plFila) - <p|;<,.|q>] . (231)

(pilai)—{piliay={pillaj)

The Fock operator F is an effective one-electron operator, which describes the motion of each electron
in the averaged field of all other (N-1) electrons (mean-field theory). The perturbation V is then defined

as the difference between the exact Hamiltonian H and the zero-order Hamiltonian H,
M= hi)+> > %1 (2.32)
i ij<i
V=3t =3 [0 - k0], (2.33)
ij<i i

This perturbation is often referred to as fluctuation potential, as it describes the difference between the
instantaneous electron-electron interaction and the mean field treatment. The expansion of the perturbed

ground state wave functions becomes,

W) = |ofF) (2.34)
Wiy = N Aok = Zt (m)|2) + Zt |02y + (2.35)
k(k+#0) Uab

where the mth-order expansion coefficients a%) have been replaced by the corresponding single, double, ...

excitation amplitudes t'(m), tgém), .... The zero-order wave functions |®), which are the eigenfunctions
to the higher order eigenvalues, correspond to single, double, ... excited determinants. Insertion of the
Mgller-Plesset (MP) partitioning of the Hamiltonian into the energy expressions, eqs. 2.17, 2.18 and

2.19, yields the corresponding MPm energy terms for the ground state,

B = (@o[Ho W) = > = (236)
1 0 1 )
B = (©o[VIWgY) = 3 > (iflli) (237)
ij
1 ij i
EP) = (@oVul) = 2 3" e oo vieft) = 1 3 e iab). (2.38)
ijab ijab

The sum of the zero-order and first-order energies yield the Hartree-Fock energy. Thus, the correlation
energy first appears in second-order MP (MP2) perturbation theory. The singly excited determinants do
not contribute to the second-order energy correction, since they have no nonzero matrix elements with
the HF determinant due to Brillouins’ theorem.
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The first-order double excitation amplitudes are defined by eq. 2.25,

y o2k Yo bllii
0 _ ( £ VI (?32 _ (ablli) (2.39)
E —E Eatép—€Ei—¢j
Finally, the well-known MP2 energy correction is derived,
@ _ 1 [(ijllab)[*
E7 =—- Z _ (2.40)

€atep—c€i—¢€;
ijab ateép i J

Higher order MP2 energy expressions can be obtained similarly, e.g. the third-order energy correction is

given as [3],

1 .. i
Ey” =~ D _{illab)bl, (241)

ijab

with

ii 1|1 ii .. .. i

b, = (catep—ci— )t lz <Z<ab||cd>t3§” + Z<k/|u>t§,i‘”) =~ Pij)P(ab) (kb Lie) t2)
cd kl ke

(2.42)

where P permutes the indices /,j and a, b by simultaneously accounting for the sign.

2.2. The Hylleraas functional

The idea of the Hylleraas variation principle is to obtain the even-order energy corrections and the
corresponding perturbed wave functions by minimizing a functional of the wave function in question. The
Hylleraas functional for the second-order MP2 energy is obtained by multiplying the first-order equation
(2.13) by (W],

(WP [Ho — EP W) = (WHIEW — Vo) (2.43)
and adding the equation for the second-order energy (2.19),

ER) = {00V — ED VD) + (WY — ED[0,) + (W7o — EC W), (2.44)
The Hylleraas functional is then defined as,

Jo[V] = 2Re(W|V — EM|d,) + (W[Ho — EL|W) (2.45)

and it is obvious, that the insertion of \IIE,I) yields the second-order energy E,Sz). By varying the Hylleraas

functional and requiring that 6 2[W] = 0 for any 6V, the first-order equation is obtained,

VY — EN|®,) + Ho — EP|W) =0 (2.46)
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>x P

- - 51
(a) le~-operator F (b) 2e™-operator P
1St order wave function in the Bra (d) 1%t order wave functlon in the Ket
IS SLURTA 2N ) ot
i<ja<b k<lc<d

Figure 2.1.: Required diagram elements to derive the exact form of the Hylleraas functional for MP2, employing
the diagrammatic method.

for which ¥ = lllg,l) represents a solution. By enforcing intermediate normalization, the Hylleraas func-

tional simplifies to,

JolV] = 2Re(W[V[®,) + (W[Ho — EO|W). (2.47)

Finally, it can be shown, that if £{*

Therefore, ¥ = \IJE,I) + x is inserted in eq. 2.47,

is the lowest eigenvalue of Hg then J>[V] is an upper bound to E,S2).

D[] = EP + (x|Ho — EQx). (2.48)

If E,SO) is the lowest eigenvalue of Hg then the integral (x|Ho— E,§0)|X> is nonnegative and is only zero if x
is the corresponding eigenfunction. Thus, it holds that J>[V] > E,(,z) if g is an exact eigenfunction of Hy,
and therefore the first-order wave function and the second-order energy can be obtained by minimizing

the Hylleraas functional of an arbitrary trial function W.

Explicit formulation of Hylleraas MP2

In this subsection the explicit formulae for the Hylleraas MP2 Ansatz are derived via diagrammatic
techniques. The first reformulation of MP2 theory in terms of the Hylleraas functional was presented by
Pulay and Saebg and leads to an orbital-invariant MP2 theory. [26] Starting from the general expression

of the Hylleraas functional (eq. 2.47) and inserting the first-order wave function, yields,
FVP] = 2Re (WP |V[0,) + (W |Ho — EQ WD), (2.49)

In Fig. 2.1 the required diagrammatic representations of the operators and the wave functions are illus-
trated. Combining the corresponding diagram elements and labeling yields the three diagrams displayed
in Fig. 2.2. The lines labeled with the indices i, J, k, ... correspond to hole lines, since they annihilate an
electron in an orbital occupied in the HF reference determinant. In contrast, the indices a, b, c, ... indicate

particle lines, in that they create an electron in a virtual orbital, which is unoccupied in the HF reference
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J b
ah Yi  ba L x ah Yi iy e X
k
] c
a) 13" ¢5M(jjl|ab) ) —33 ek D g (©) 2> eI i,
ijab ijkab ijabc

Figure 2.2.: Constructed diagrams corresponding to eq. 2.49.

determinant. Thus, the following explicit expression for the MP2 Hylleraas functional is obtained,

1 1 1 ] 1
52[t]—{22<u|| byt — ZFN—”(I) ) + QZF eVt 35”} (2.50)

ijab Ukab jjabc

The MP2 Hylleraas functional now becomes a functional of the MP2 double excitation amplitudes, since
the expansion of the perturbed wave function in the basis of the zero-order wave function has been
inserted (eq. 2.35). The MP2 residual Rij!b is in general defined as,

(PF°|H Do) + (07, Ho — E|W) =0 (2.51)

RY, = ifllab) = 3 (¢50F + eV Fg) + Z (D Fpe + VR ) = 0 (2.52)
k

and the derivative of the MP2 Hylleraas energy functional with respect to the MP2 double excitation
amplitudes is,

0&;
ij(1
ot

— 2RV —0. (2.53)

If eq. 2.53 is fulfilled, the conditional equation for the MP2 amplitudes assuming canonical HF orbitals,
corresponds exactly to the first-order amplitude equation derived from conventional MP2 theory (eq. 2.39).
N abllii
t;’él) _ (abllij) _ (2.54)
Eatep—€i—¢gj
Rewriting the MP2 Hylleraas functional shows, that the conventional MP2 energy expression is obtained,

if the Hylleraas functional is stationary with respect to small changes in the first-order amplitudes.

&l = 3 3 ((illab) +R3,) Y (255)
4

ijab

Hence, the MP2 double excitation amplitudes can be regarded as having been optimized by minimizing

the Hylleraas functional.
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2.3. Derivative Theory

2.3.1. Density Matrices

The construction of a density matrix [27] from an approximate wave function represents a convenient way

to treat one- and two-electron properties. The first-order reduced density matrix is defined as,
Aalsi) = N [ Wl ) xu)ea = B 05 ) (2.56)
Pq

with the diagonal elements representing the probability of finding an electron in dx; at xj, independent

of the location of all other (N — 1) electrons,

Y(x1[x1) = p(x1). (2.57)

The expectation value of an arbitrary one-electron operator O(x) can then be expressed by,
(W00 W) = 3 a5l Olrg)sexs = 3 50O (258)
pq pq
The second-order reduced density matrix is analogously defined as,

M(x1,%2[x1,%3) = N(N — 1)/W(X1,X2, s X)W (X, X5, Xy )dXs - - dXy

= > Toarsthp(x1)005 (1), (x2) 153 (%5). (259)

pqrs

Thus, the expectation value of the Born-Oppenheimer Hamiltonian Hgo over the HF determinant can

be rewritten as,

1
(V[Hpo|V) = Z hpgVpq + 2 ngqrsrpqrs (2.60)
pq

pars

where h,q and gpqrs represent the matrix elements of the one- and two-electron operators, respectively.
Furthermore, molecular properties represented as first derivatives of the energy with respect to an external

perturbation, can always be written in the form,

dE
ar Z’quhgé‘} + Z quslgg) + Z rpqrsg;ggzs- (2.61)
Pq pq

pars

In eq. 2.61, W, is the energy-weighted density matrix and 5,()2,\) represents the derivative of the overlap
matrix element with respect to the external perturbation. The index (\) indicates the explicit derivative
of the basis functions with respect to the perturbation parameter A. {\} refers to the explicit derivative
of basis functions and operators. If the basis functions are independent of the perturbation, e.g. in the

case of an external electric field, the derivative simplifies to,

dE
ax Z'quhg&] (2.62)
Pq
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with [A] denoting the derivative of the operator. A convenient formula for the calculation of reduced
density matrices in second quantization is,

Ypg = <‘V\35\‘|’> (2.63)
Mpgrs = (W|aPad — 672 |V) (2.64)

where af represents a replacement operator, which annihilates one electron in spin orbital 14 and creates
an electron in ¥,. In eq. 2.64 it was made use of the fact, that for a single determinant wave function

the second-order density matrix is fully determined from the reduced one-particle density matrix.

2.3.2. Linear Response Theory

The calculation of molecular properties, which are specific for a given electronic state, can be interpreted
as the 'response’ of the system to an external perturbation. The energy can then be expanded as a Taylor

series around the energy in the unperturbed case Ey,

1d2E
At =

— | N4+ (2.65)
o 2d)2

A=0

Whereas first-order properties involve the first derivative (gradient) of the energy with respect to A,
second-order properties require the calculation of the corresponding second derivative, etc. These deriva-
tives can be easily calculated via finite-differentiation techniques, but besides its formal simplicity these
approaches recover some disadvantages, i.e. the limited accuracy and the tremendous computational

effort. Therefore, analytic derivatives are preferred for the calculation of molecular properties.

Introduction to General Derivative Theory

The energy as well as the wave function incorporate a specific dependence on the perturbation. The
explicit dependence on the perturbation is given through the Hamiltonian and through the basis functions,
respectively, whereas the implicit dependence occurs through the wave function parameters, e.g. the
molecular orbital (MO) coefficients. The energy then becomes a functional of the perturbation A, and
the perturbation dependent wave function parameters c()),

E = E[\ c(\)]. (2.66)

Differentiation of the energy with respect to the corresponding perturbation leads to the following gradient

expression,

() ()

In the case of variationally determined wave function parameters, the energy is stationary with respect to

changes in ¢ and the partial derivative (‘g—f) vanishes. Thus, the general derivative expression simplifies

% _ (g’j) (2.68)

to,
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and there is no need to determine the perturbed wave function parameters. The expression for the second
energy derivative takes the form,

RE _(PEN (PEN (D) (PE (D) (PEN(dcic) (IEY( e oo
d\drk ~ \ O\dk ONdc ) \ Ok OkOc ) \ O\ Oc? O\ Ok Oc OOk '

whereas the last term of eq. 2.69 vanishes for variational wave functions.

Derivatives of the Hartree-Fock Energy

The Hartree-Fock energy is defined as,

Enr = Zh,, +Z Z i) = Puvhy +% > PuvPer(psllvr) (2.70)

nv UVKET

with Py, denoting the SCF density matrix,
P;w = Z CM,CW (271)

The derivative of the HF energy under the additional constraint enforcing the orthonormality of the MO

coefficients can be derived in the AO basis as,

dE
HF ZP i +5 Z Py Prr (| o) A Z W, SO. (2.72)

UVKT

In eq. 2.72 {\} indicates the derivative of the operator and of the basis functions with respect to A,
whereas () denotes only the basis function derivative itself. The energy-weighted density matrix W,
arises from the orthonormality constraint and is defined as,

Wi = chigicui. (2.73)

The first-order derivative of the SCF energy with respect to the perturbation A can be rewritten in terms

of the 1- and 2-particle density matrices as,

dEnr
- ZVW o Y4 Z [ s (pv|7) P Z WWS;(L?,)- (2.74)

ng HVKT

with the density matrices given by,

Yuv = P;w (2.75)
1 1
Mvkr = EPAM'DV‘F — EP#TPV,{. (2.76)

The derivative of the SCF density matrix is not required for the calculation of the HF gradient, since the
MO coefficients are the variational wave function parameters in HF theory. The first HF energy derivative
simplifies in the case of perturbation independent basis functions to,

dE,
”F Z P hl) (2.77)
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where [A] refers to the derivative of the one-electron operator.

The second derivative of the HF energy yields the following expression,

d*E
— = Zpﬂuh{)\ 1 Z 'DMVP/-:T<MKHVT ()\K Z W’“’S o)

dAdk
5% ,uuKT
+Y P (hj’ﬁ} + Z P (puss| |7 > Z Wi s, (2.78)
nv
with (k) denoting the MO coefficient derivatives and
oc’. o0c,,;
(K) _ Ll . vi
oct; ocyi Oej
(k) — B g g, LV i
W' = Z{ o S +cigi o } + Z:CZ,- 5 Vi (2.80)

The perturbed MO coefficients are expanded in terms of the zero-order coefficients by means of the orbital
rotation or coupled-perturbed HF (CPHF) coefficients U2

pi’
Z " Cup = Z Xpi + in’,\,)cﬂp. (2.81)
P
The virtual-occupied block of the CPHF coefficients are determined from differentiating the Brillouin
condition,
Y CraFuvti = Fai =0 (2.82)
pv
with
Fuv = huw + > Py (usl[vr). (2.83)

KT

The resulting CPHF equations take the following form,

s — & UA+ZU (ab||ij) + Up(ajl|ib) = (2.84)

with the right-hand side given as,
A . A
By = —h =D {ailli)™ + 5 Zs (ak||i) + (ajl|ik)] + iS5 (285)
J

and the derivative of the overlap matrix,

aS
A) * 14
SI(W) - Cup 87; Cvq

pv

(2.86)

The occupied-occupied and virtual-virtual block of the U-coefficient matrix can be chosen arbitrarily as
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long as the differentiated orthonormality condition is fulfilled,

0
EN (Spq - 5pq)

> (Ui S+ UySe) + 55 =0, (2.87)

r

The most convenient choice is,

1
Ul = - 759) (2.88)
A)
Uy, = - §5§b - (2.89)

If the basis functions are independent on the perturbation the right-hand side simplifies to,
B = —h. (2.90)

Eq. 2.84 differs for real and imaginary perturbations as can be shown by resolving the U-coefficients into

real and imaginary parts,
2Ea— i)+ D xiy[(abllil) + (afllib)] +iy(e +Zuybj[ (abllij) + (ajllib)| = BJ. (2.91)

Therefore, different sets of CPHF equations have to be solved for pure real (i) and pure imaginary (<)
perturbations,

g . R Did
xi(ea — i) + bej[ abl|ij) -+ (ajllib) | = ZAi,-,Z,,-xé,- = B8, (2.92)
.- R A
iya(e +Z-yb,[ (ablij) + (afllib) | = -ZA; iy = B (2.93)

The solution of the CPHF equations is obtained iteratively.

2.4. Derivatives of the Second-Order Mgller-Plesset Energy

Correction

2.4.1. The MP2 Energy

The expression for the Hylleraas MP2 energy functional is,

1 ij(1 (1)
&[t] = {4 X;<U||ab> W 4 (abl|ij) i 4 Z D;Fy + Z DabFab} (2.94)
ija
where
ki( Ki(
Dij = Z tab @ a{) (295)
kab

Dy = Z £I()x ¢ 71) (2.96)

ijc
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represent the occupied-occupied and virtual-virtual block of the unrelaxed MP2 one-particle density matrix
obtained as expectation value of the spin orbital replacement operators over the first-order wave function.
In the following the index (), which indicates the first-order MP2 amplitudes, is skipped, since no higher-

order amplitudes are considered.

In the MP2 Hylleraas functional the set of amplitudes t represents the variational wave function param-

eters, whereas the MO coefficients ¢ are fixed.

Density Fitting

The Coulomb matrix can be efficiently approximated by expanding products of basis functions in an
extended auxiliary basis set that is usually 2—4 times larger than the orbital basis set. [22,28,29] In terms
of the 'Resolution of the Identity' (RI) approximation, the Coulomb matrix (RI-J) is given as,

J = Z Por{us|vr) ~ ZdK(w/\K). (2.97)
KT K

It is advantageous here to switch to chemists notation for the two-electron repulsion integrals. The
3-index two-electron repulsion integral is,

(1K) = [ r)v(en)rs! K(rz)drade (2.98)

where K(rz) is a member of the Coulomb auxiliary basis set {nx}. The vector dk represents the density
in the auxiliary basis which is best obtained from the linear equation system Vd = g, with Vx; = (K|L)
and gk = >, P..(k7|K), containing two- and 3-index repulsion integrals. It has been shown by
Vahtras, Almlof and Feyereisen that the optimal expansion coefficients are obtained by minimizing the
residual repulsion. [22] The linear equation system is most efficiently solved by employing the Cholesky
decomposition, which takes advantage of the decomposition of a symmetric, positive definite matrix into
the product of a lower triangular matrix and its conjugate transpose. The Cholesky decomposition is
roughly twice as efficient as the LU decomposition for solving linear equation systems, since the solution
of a triangular set of equations is quite trivial.

An improved variant of this method for the calculation of the near-field part of the Coulomb interaction has
been implemented in the ORCA program package and has been dubbed 'Split-RI-J". [30] This algorithm
is most suitable for basis sets with many high angular momentum functions for wich a factor of ~2 is
gained compared to the standard RI-J implementation. Excellent Coulomb fitting basis sets have been
developed by Ahlrichs and co-workers for almost the entire periodic table. [28,29]

Feyereisen et al. [21] proposed the 'Resolution of the Identity’ approximation to MP2 energy calculations
(RI-MP2) in the mid 1990s. The MP2 energy expression within the Rl framework becomes,

1. i
Evpz = > lijllab)td, (2.99)
ijab
1.
Eri-mp2 = > > (ia| P)FE (2.100)

iaP
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where the 3-index 2-particle density is defined as,

MP =3 Vag(Qlib) iR (2.101)
jbQ

re =" Vg (Qlby)ey . (2.102)
jbQ

The RI-MP2 double excitation amplitudes th b are given as,

i BP-BP BPB

ditR) _ 5 Ba bi 2.103

ab Zp:sa—&—eb—s,—sj ( )
with

B = (ailQ) Vs (2.104)

Q

The calculation of the MP2 energy in the Rl approximation affords computational savings of at least a
factor of ~20 for medium size molecules compared to conventional MP2, as has been recently reported in
Ref. [31]. The error in the total energies calculated with the correlation fitting basis sets [32-34], denoted
P, Q, ..., is usually below 0.5 kcal /mol. [31]

2.4.2. The First Derivative of the MP2 Energy

The first derivative of the MP2 energy functional with respect to an arbitrary perturbation A is,

2-(5) (D)) ()

The last term in eq. 2.105 vanishes, since the MP2 Hylleraas functional is stationary with respect to

changes in the double excitation amplitudes. Thus, the MP2 gradient becomes,

85 1 . .. if e .o ij*
T2 = 2 > [illab) )+ (il]ab) | ¢, + [(ablli) ™+ (abl )V | e+ Dpy [Fla + Y] (2.106)
ijab Pq

where DI’Jq denotes the unrelaxed MP2 density matrix, which contains no elements in its virtual-occupied
and occupied-virtual blocks. Considering perturbation independent basis functions, eq. 2.106 simplifies

to,

08 1 i*
872 = 2 S illab) N e, + (abllif) +Z [ A +F,§3>] (2.107)
ijab

In the framework of the Rl approximation the derivative takes the form,

e
O\

= S (alP)OTE + (ail PYVTE + Z Dy [ 1+ F). (2.108)
iaP
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Orbital Rotations

The derivatives of the MO coefficients are determined by the unitary CPHF coefficient matrix U, as
discussed in subsection 2.3.2. Since the basis functions are assumed to be independent of the perturbation,
the U coefficients fulfill the condition,

A A
Uy, = — U (2.109)

Dividing the orbital rotation coefficients in its real and imaginary parts,

X;‘q + iyg‘q = — x,jq + iy;‘p (2.110)
Xpy = — X, (2.111)
Ypa = Yap (2.112)

shows, that the imaginary part is symmetric under index exchange, whereas the real part is antisymmetric.
This property is important for the derivation of the MO coefficient derivatives for real, hermitian and
imaginary, hermitian perturbations. As can be seen from the derivative of the SCF density matrix in
eq. 2.113, the first-order density matrix is symmetric for real perturbations and antisymmetric for imaginary
perturbations.

9p(r) Py

. oy Pu(r)eu(r)

nv

= Z Z U;\,-*C;pCV,‘ + Ué\,'C;;CVp (p;(l’)gpu(l’)
7

ip

= 1D (hpcui + cicup) T ivpr (Chicup — iplui) | £ (N2 (r) (2.113)
124 ip

Thus, for purely imaginary perturbations the electron density does not change to first order, if the basis

functions are independent of the perturbation.
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Derivation of the MP2 Gradient Expression

In this subsection the explicit expression for the MP2 gradient is derived.

Derivative of the Two-Electron Repulsion Integrals The derivative of the two-electron repulsion

integrals becomes,

*Z ijl|ab) M e, = *Z {Z U (cjllab) + UY*icllab) + ) Uy (il [kb) + U?b</'1'|ak>} b

ijab ijab c k

= Z Us $ > ~(ailleb)tl, + (allcb)

Jjbc

Z UN“ S (kjllib)tl, + (Kl | bi) e

jkb
== Z Upr S D (aflleb)tl, = > (killib)ts, (2.114)
Jjbc Jjkb
1 .. i . ij*
2 D tablli Ve = Z {Z Ups (kb [ij) + U (ak|lij) + Z }(abllcj) + U3-<ab||:c>} t
ijab ijab

1 k* . kjx
= = 3D UN S D (ibllki) el + (bil k)t
ia

jkb

1 /*
4 D Uni | D (ebllaely + (cbllja)tly
ia

jbc
- 5 = ibl| ki)t +> (cbl|aj)tly b (2.115)
Jkb Jjbe

In the RI formalism, the two-electron integral derivative takes the form,

> (ia| PYNTE + (ai| PYy M TR = ZU;\,-*{Z(adP)I"P Z(ki|P)r’k'j}

iaP ia

+ZUA{Z ik|P)T k+z ca|P) r",’}. (2.116)

Fock Matrix Derivative The derivative of the Fock-matrix containing terms is given as,

Z { Fi + h[)‘]} = Z D, (Z Up Frg + Up For + Z U2*(pal|qi) + U;\,-<pi|qa)> +Z D, hb.
Pq Pq

(2.117)
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Total MP2 Derivative Collecting the derivative terms from eqs. 2.114, 2.115 and 2.117 yields the
general expression for the MP2 gradient,

d(‘: ii * i
—2 = ZU” > ajllebytl, = > (killib)t, Z 8= (ibl[ki) e+ " (eblaj)tly
Jjbc Jjkb Jjkb jbc
+Y Dy
ki
+Y Dl
cd
and the RI-MP2 gradient has the form,
ZUA* {Z (ac| P)IIE = "(ki|P)F, } Z {—Z ik|PY'® +Z calP) r",’}
cP kP kP
+Y Dy
ki

+Y_ Dl [Z UL Fig + Uy For + W2 + Z UM (acl|id) + U;\,</c|ad>] (2.119)
k

> UNFa+ UjFic + ol + Z U2~ (ak||il) + u;,<,k||a/>]

ST U Fig + UpgFac+ 5 + > UN (ac|lid) + Uj,-(ic|ad>] (2.118)
k

ia

g(Rl

ST UNFu+ UNFie + B + ZUA* ak||il) + UM (ik||al)

The Fock matrix elements in egs. 2.118 and 2.119 vanish, since the zero-order wave function is the

Hartree-Fock determinant and therefore, Brillouins' theorem is valid.

The Total MP2 Derivative for Real Perturbations The total MP2 derivative in the case of a real

hermitian perturbation is,

d& . i
T = Do Y (allleb)tl, — Y (killib) ey +Zx*R Dai +2_ Dpglipd (2.120)
Pq

ia jbe jkb

and

(Rl
dg 22 {Z (ac|PY)IE = " (ki|P)F } ZX)‘R (D). ZD;,thé} (2.121)

kP

where the response operator for real perturbation has been defined as,
R(D'),, Z Dy, ((apl|iq) + (ipl|aq))

= Z Dy, (2(aplig) — (aplqi) — (ip|qa)). (2.122)

The Total MP2 Derivative for Imaginary Perturbations The total MP2 derivative in the case of
an imaginary hermitian perturbation differs significantly from the previously derived derivative for real
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perturbations, since the first four terms in eq. 2.123 cancel each other.

%= Z-ya, > Aajllebytl, = > (kjllib)t] Z-yﬁ = (bl e+ > (cbl|aj) el

Jjbc Jjkb jkb jbc
+ Z iy R(D)ai + Z D} hbY (2.123)
= Z iy R(D'), Z D;qh},{} (2.124)

The definition for the imaginary response operator is also different from the real analogue,

R(D), Zopq (aplliq) + (ipllaq))

—ZD ((aplgi) — (ip|qa)) (2.125)

By taking the symmetry of the unrelaxed MP2 density matrix into account, it can be shown, that the

elements of the response matrix yield zero,

R(D ZD {pr|sq) — (qr|sp))
= Z (Drs - Dsr)<pr|5q>' (2126)

Thus, the first derivative of the MP2 energy with respect to an arbitrary imaginary perturbation can be
calculated as expectation value of the perturbed one-electron operator, assuming the basis functions to

be independent of the perturbation.
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The Zero-Order z-vector Equation The total derivative of the MP2 energy functional is,

o = T | Stetlaiel, - Sl + R0,

Jjbc Jjkb

+5 Z'ya/ = (ajlleb)tl, + > (kjllib) el — > (iblIkj) i + D (cbllaj)ty + R(D)ai

jbc Jjkb Jjkb jbc

Al
pq pq

= ZX/\X +iysYai + > Dphbd (2.127)
Pq

where the MP2 and RI-MP2 Lagrangians are introduced,

Xai = Y _(cbl|aj)tl, = > (ibl|kj)ts, + R(D’),; (2.128)
Jjbe Jjkb
xR — 22 ac|P)r'P — 22 Kki|P)E + R (D), (2.129)
nF§Z4WMt @m"w-ZwM — (ibllk) e + R (D), (2130)
Jjbc Jjkb
Y =N —(aclP)TE + (cal )T +Z kilP)I/E — (ik|P)I'E + R(D'),, . (2.131)
cP

The z-vector method developed by Handy and Schifer [14] replaces the set of CP-SCF equations for every
perturbation \ by one perturbation independent z-vector equation. This is done by inserting the formal
solution of the CPHF equations, eq. 2.92 and 2.93, into the MP2 derivative expression,

& = LY+ X Ot
Pq
() ) i ()0 o
ia ai ia
1 c\ -1
= B (A) | S8 zxdxwm+2%ﬂﬁ

Jjb 3i.h Jjb

ZB(% - 'ZB“ Zai +Zqu . (2132)

The final z-vector equations are given as,
Zai(ea — &) + Zfbj (abllij) + (aj||ib)] = — Xai (2.133)

iZ.i(ea .Zzw (abl|ij) + (aj||ib)] = — Yai (2.134)

and the first MP2 derivative becomes,

dE2 A &Y A
Z Dpohbd + 3"zl = 3~ Dpghb) (2.135)
i Pq
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with the relaxed MP2 density matrix D,q defined as,

p(™® = p{® = Dy (2.136)
D(%) D(“) a (2.137)
DM — 5z‘.,, D =0 (2.138)
D =57 D=0 (2.139)

In the imaginary case, the relaxed MP2 density is identical to the unrelaxed MP2 density matrix, since
the Lagrangian Y,; is zero. Therefore, a magnetic perturbation does not change the electron density to
first order as in the SCF case.

The Relaxed Density Matrix The relaxed density matrix in MP2 has been first identified by Bartlett
and co-workers [12,13] as a by-product in analytic gradient calculations. Therefore, the first derivative
of the MP2 energy correction w.r.t. an arbitrary real perturbation has been derived and the z-vector
equations are formulated, cf. eqs. 2.132, 2.133. Any basis function independent perturbation can then

be expressed as,

dE2 ZD hiY (2.140)

and in the special case of a delta-function perturbation h,[f(‘,] = (plo(r' —r)[q) = ¥5(r)iq(r), eq. 2.140

becomes,

o= = X 004l (2.141)

The matrix D was then identified as the matrix representation of the correlation correction to the electron
density. [12,13] The relaxed density itself is a response property obtained as energy derivative of the MP2
correlation correction w.r.t. to the delta-function perturbation. Therefore, the response density contains
all orbital relaxation effects, in contrast, to the density obtained as an expectation value over the first-
order wave function. [13] It has never been pointed out, what is exactly the case for purely imaginary
perturbations. But referring to the previously derived equations (egs. 2.132, 2.134), one would never end

up at these z-vector equations.
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2.4.3. The Second Derivative of the MP2 Energy

The derivation of the second derivative of the MP2 Hylleraas functional is given as,

d2(€2 1 iix 1 k*
dAdK, = 8/{ Z 22 CbHa./> J 2Z<’b‘|kf J +ZDM IkHa/ +ZDCd ICHBd

ai Jjbe Jjkb

Z ,Q+ZDabF,b
ZUA* > > (ailleb)el, — 2 3 (il +ZDk, ak\|//+ZD (ac|lid)

Jjbc Jjkb
SIS LA
J b

A
+) D;,qh},q]} (2.142)
Pq

The derivatives of the Fock matrix elements vanish, since the zero-order CP-SCF equations are obtained,
after expansion of the perturbed MO coefficients in the basis of the zero-order MO coefficients via the
orbital rotation coefficients U*, eqgs. 2.92 and 2.93.

> UDjFE =" UND; Zuk*Fk,+Zug,Fab+hljl Z *(ac||ik) + <ak|/c>]

ija ija

== [U;,.(a,., e+ h[*ﬂ Z UMD+ > UAD; Z w(acl|ik) + U% (ak||ic)]

ija
_ 2 : A/ E: AP/
- XaIDJI +I aID_//
ija

ija

Z Aal ck ck + h(% bl

=0 =0

iy ADL i+ hff’[“]] (2.143)
ke

Real Perturbations

d?& 9 -
2 2 S ot st}
[Dhf + gty T] + 3 () 4 2 ) 3

Pq
—&-fo rq—i—x D,

> U Dy + UL D,

r

A
o

hod + Dpghby] (2.144)

>
Rk
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The second MP2 derivative requires the calculation of the first-order density matrix Dy,. The elements

of the perturbed density matrix are given in eqs. 2.145 — 2.148.

D,'j: _72( ’kﬁt]k*—’_tabt‘j;[()*l{) (2145)
kab
- Z ( tient) 4 tixe): ”) (2.146)
ijc
K 171{
Dai = Ezai (2147)
1
o= 1z (2.149)

In order to calculate the first-order relaxed MP2 density matrix, the knowledge of the perturbed double

excitation amplitudes and the solution of the first-order z-vector equations is required.

First-Order MP2 Amplitude Equations The zero-order MP2 amplitudes are real, but the first-order
amplitudes might differ for real and imaginary amplitudes. The MP2 amplitude equation can be derived

from the variational condition,

85 a * m* 1 *
5 ’J2 =— {Z [4tcd<k/|| cd) + k’ (cd||kl) — = Z Fk/tcd téd + Z Echtfé tde‘| }
tab 8tab e

klcd

1
=37 > " [0ujiBacObd — OjkditdacOpa — dikGjdbeOaa + Sjicdirdbedad] (kl|cd)
klcd

1
—3 Z [6k0jm0acObd — OjkOimOacObd — OikOjimObcOad + OjkOimObedad] tog™ Fu
Kimed

1
+5 Z [6k0110ad0be — Ok 0itdadObe — Oik0j10bdOae + SjkOitObadac] ta Fea
klcde

T 1 j* ix * i
= (ijllab) — 5 > [t Fi — ¢4 o — tf3" Fuc+ 1 Fi
k

o3 [thF rtii:Fcrt;f;Fchf;;*Fcb]

= (ijl|ab) — Zt"’* i+t ,HZt”* s+ tIXFp = 0. (2.149)

Differentiation of eq. 2.149 with respect to the perturbation x yields the first-order amplitude equation,
eq. 2.150.

&, 0(abl|ij) ot L OFi g Otk OF
= = _ F; ab Ik pha* ab F ik 90
oth ok or 2 | Fi O ok b T g kTl 5

ot oF, ij* F,
+Z ( h | O thy + ket Fop + t3:0 C”) (2.150)

k

Ok Ok 0
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The conditional equation for the first-order complex conjugate MP2 amplitudes is,

2 i kj ik
9%, Aijllab) 5 < F Ot OFu . Oth e g aij>
k

otX ok ok Ok Ok Ok o
8t”b OF . i oti OF,
< i acp, 4o Zbe 2.151
+Z< o ten 5 Foe -t (2.151)

The complete derivative of the amplitudes reads,

ij,K
th" (catep—ei—

Z U (kbl|ij) + Uz (ak||ij) +Z (ab)|cj) + U§j<ab||ic>1
tikx pre Kt k ijx K 4
+z( P+ Fesl ) = 3 (e P+ Fatly)
c
= Zxak kbl|ij) + xgi (ak|[if) — > xti(abl|cj) + x§(abl|ic)
+ Z ( o j{,*) -3 (t;;f:F L Fr gb*) (2.152)
C
with the perturbed Fock matrix elements given as,
Foa = hLFZI] Jrﬁ(Uﬁ)pq

The derivative for the corresponding complex conjugate double excitation amplitudes is the same as for
the real MP2 amplitudes. Thus, the first-order MP2 density matrix for real hermitian perturbations is

symmetric.

First-Order z-vector Equations The perturbed z-vector, which defines the virtual-occupied block of
the first-order relaxed MP2 density, is obtained as solution to the first-order z-vector equations. These
necessary equations are easily derived by differentiating the zero-order z-vector equation, eq. 2.133,

») 0Z oX oA

Al 8/@27&7 Ok z

(2.153)

The derivative of the matrix A®) for real perturbations is given as,
oA _ Oe Og; 0
(%) - (52-5)= +Zzb, (abl) + (af b))
_ (0Oea  Oei -
- \0k Ok )T?

+Zzw{zU (kbl|§) + Uiz (killib) + Ui (ak||ij) + Ugp(ajllik)

Z “(abl|¢j) + Us(aj||cb) + Ufj(ab\|ic> + Ufj*(ac|ib>}

Oe, O
B <8i;_ai> Z xRz k’+z (2)ac + REM).i (2.154)
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with the modified and perturbation dependent z-density,

= Zuixy (2.155)
b
= Zyxs. (2.156)
J

The derivative of the real Lagrangian is given in eq. 2.157. Exploring the fact, that the MP2 ampli-

tudes and its derivatives are purely real for electric perturbations, the Lagrangian can be simplified by
summarizing the amplitude terms.

X, 0 L
e = o | D lebllatd, = > (ibl[k)ty, + R(D")a
Jjbc Jjkb
=>. {Z Uiz (kbllaj) + D Ui (ckllaf) + ) U (ebllk) + U5,~<cb|ad>} £
Jjbc k k d

—Z{ZU”* cbl|kj) + > Uil kj) +Z : (ib||cj) +Z /b|kc}
1

Jjkb c

i,k K aR D/ al
S (bt — S by - 2R

ok
Jjbe Jjkb

=3 x| 2) ((jc\|ak>tbc (ic||bk) tfk) +Z cd||ab)t! +Z if| | k1 &
Jjb ke

2K(t7)ap 2G7
72 Z CkaJ ZXCIZ CkaJ
Jbe Jjkb
8ﬁ(D’) ;
i,k k K i
+ > (ebl|ajyel = (ibl|kj) e +Ta (2.157)
Jjbe Jjkb

The perturbed Lagrangian contains integrals with 4-internal to 4-external indices, which are contracted

with the zero- and first-order amplitudes, respectively. Evaluating the derivative of the response operator
for real perturbations,

& Z Di [{abl|ic) + (ibllac)] + > Dy [{ajllik) + (il|ak)]

Jjk

= ZD [(ab|lic) + 'bIIaC]+Z « [(ajllik) + (ijl|ak)]
+ D Dhe 3 D UERGbllic) + Y Ut (ajlic) +Zud, (ab]|dc) +Z " (ab) |if)
be J J
Jrz Ug (dbl|ac) +Z *(ij||ac) +Z “{ib]|jc) +Z " (ib||aj)
d
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Z {ZUUWHZWWMW+Z%@WH§NMWM
b b b
+Z Ug (bjl| ak) +ZU“~ (ib||ak) +Zu,a il k) + > Up( Ulab>}

b

_ jg;za (ablic + (ol + 37 OF Ll + (o)

# 32Oke § = Sl sl + 3 (o) ~ S bl
be j j d

+ 37 xi{dbllac) — 3wy lillac) — 37 ibllic) — 3 xibl]a)
d j J J

+> { Z (Uillik) +sz, ab i) +be: aj||bk) +bek ajllib)
Jjk

IIETRED DETITES SR e U|3b>}

=R( D/"”” Zx R( D’ )i+ Y x5R(D)ap + R(D’“)a,- (2.158)
b

with the modified and perturbation dependent unrelaxed density defined as,
Dy = =2 Dhxi+2)  xp Dy (2.159)
c k
Comparing the derivative of the response operator with the derivative of the A-matrix in eq. 2.154 displays
three similar response operator type terms over the z-vector on the one hand and over the unrelaxed density

on the other hand. Recalling the structure of the relaxed MP2 density matrix shows, that these terms

can be summarized as response-type operators over the relaxed MP2 density matrix, eq. 2.160.
Zx RD'U+ZX,,, (D). + R(D'), ZxakR k,+z (Z)ac + REM).;
= - Zxaj D); + ZXE“,-F(D)ab +R(D"), (2.160)
J b

Collecting all terms for the right hand side of the first-order z-vector equations yields,

X 0A®
ok ok
-3 [22 [ K [0 K] 2K (), + 26
Jjb
+2ZX tr kat” +2ZX KthkJ 2ZK ”“ +2ZKZ§ ’a‘Jb“
Jjk Jjke Jjkb

Og,  Ogi\ _ =k BIRF
_ (aﬁ 85) Zai — R(D/ )ai + zj: R(D be, ab — R(D )ai
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_ _bej U(l) ZX tr( ) Z a,/;l§3) 2ZK UK)«?J"'QZKZ; zjbn

Jjkb

Oe,  Oe; . i
B <8l-€ B 8,%) R(D"™)ai +Z be: )ab — (D )ai (2.161)

where the residual vectors o are defined as,

= 22 [P — KH] 4t [0 — K] 4+ 2K(t7),p + 2GY, (2.162)
tr(o¥?)) = 22 tr(t*KK) (2.163)
V=23 (KHtH),. (2.164)

Imaginary Perturbations

The formal expression for the second derivative of the MP2 energy functional with respect to an imaginary
hermitian perturbations is given in eq. 2.165. Although the zero-order z-vector in the imaginary case is

zero, the perturbed z-vector ?:,- might be non-vanishing.

d’& _ 0 X ey
d\dx - Ok { DIIJCIhI[Jq] + Zza’
pPq

_ K p[A ALK [A] [A K] Kx K A

- [D;,qh,[,q] + DL h 1] 3 (za,ha, +Z.ih ) +3° > U Dy + U5 D, | BB
e ia Pq r

=" |D5, + " —iyfDig + iy Dpe | hB + Dpg B! (2.165)
pq r

The occupied-occupied and virtual-virtual subspaces of the perturbed density matrices are analogous to
the real case, but the occupied-virtual block differs in sign, in order to account for the skew symmetry of

the imaginary part of the hermitian matrix.

K 1 I K * *, K
bj=-3 (el el + elotls™) (2.166)
kab
K 1 i ij ijx 4l K
= (;C t 4 e ) (2.167)
ijc
. lox
Dai = §Zai (2168)
1_s
Df= — -3" (2.169)

23!
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First-Order MP2 Amplitude Equations The explicit expressions for the first-order MP2 amplitudes
and the corresponding complex conjugate amplitudes can be derived from egs. 2.150 and 2.151.

ij,k
th" (eatep—ei—

ZU (kb||if) + UEr(ak||ij) +ZU (ab||¢j) +Ufj<ab||ic>1
+Z( B+ Rt ) - ( i Py + Fatly)
k
= Ziyfk (ij| | kb) + iy (il ak) — Zlyc, (cillab) + iyf(ic||ab)
(o}
+Z( R+ Pt ) = 3 (e R+ Faely) (2.170)

I_/*K

(eatep—ci—¢j)

> U (cillab) + Ug (icllab) + Y Ug ifl | kb) + Uk“b<ij||ak>]
c k

+ 3 (e Fie) = 3 (deFie + Fieh)
k

> iviilcillab) +iySicl|ab) - Z'yak Jllkb) + iygy (ijl|ak)

+ 3 (e + Fae) = > (t;JCFch + Fietl,) (2.171)
k c

As can be seen from eqgs. 2.170 and 2.171 the derivatives of the double excitation amplitudes and its
complex conjugate differ in its algebraic signs, considering the anti-symmetry of the perturbed Fock

matrix,
Fpq = hL*Z] +R(U%)pg = — Fgp.

Therefore, the following relations for the MP2 amplitudes and subspaces of the density matrix are obtained,

Sm (ef) = —om (e;) (2.172)
m (e) = = e (¢7) (2.173)
Sm (D) = — Sm (Dj) (2.174)
Sm(D5) = — Sm (D) (2.175)

Perturbed z-vector Equations for the Imaginary Case Differentiation of the zero-order z-vector
equation for imaginary perturbations yields,
%) 02 oY  oAR)

AC 8,%: ~ 5 a2 (2.176)

where the derivative of the A-matrix on the right hand side of the equation system is not required, since

the zero-order z-vector is zero.

Differentiating the imaginary Lagrangian yields,

aYai 10 ij* *
5 = 5 | D (ebllai)ely — D (ibllki) i — > (ajlleb)tl, + > (killib) £} + 2R(D").s

Jjbe Jjkb jbe jkb




2.4 Derivatives of the Second-Order Mgller-Plesset Energy Correction 31

S [Z Uz (kbllaj) + > Usi (ckllaj) + S Upadeblik) + > “5<Cb'ad>]
Jjbc k k k d
ZU*‘* cbllkj) + > Ui (il]| ) +Z (it cf) +Z ’b“‘cl
I

_ Z tkj*
>t [Z U (Kjlleb) + > U (ad||cb) + > Up(ajllkb) + > Ufb<aj||ck>]
k d k k

Jjkb
Jjbc

+> e [Z *(cj||ib) +ZU*‘* ke||ib) +Z * (kj| cb) +Zu,b /g||,/>]
Jjkb

ij*,K *, K ij,K K 6F D/ i
+ > (ebllajy e = > (bl k)t = " (ajleb)tl + > (kjllib)tl +%

jbe Jjkb jbe jkb

=iy yh | -2 {Ucllak)tik + (ic||bk)t }+ch||ab +ZU||/</
bj ke

2K(t¥)ap 2G5

+i) v (cbl|ki)tl, + 1 yi(ch||ki)t,
k c

D’).i
= (ajlleb)th" + > " (kjl|ib) " % (2.177)

Jjbc Jjkb

Thus, the perturbed imaginary Lagrangian is similar to the first-order Lagrangian in the real case, cf.
eq. 2.157, but differs in the sign of the fifth and sixth integral contribution as well as in the definition of

the perturbed amplitudes. The derivative of the imaginary response operator is given,

RO _ {ZDM (able) + Gl}ac] + 37 04 el + <U'||ak>]}
_ZD —(abl|ic) + /bHac]—i—Z —(aj||ik) + (ij]|ak)]

+ZDLC{ZU,§*Uinc>Z i (ajllic) = Ugi(ab||dc) — Z (abl|ij)
bc Jj Jj d

+> " U (dbllac) + Z *(ij]|ac) + Z (ib|[jc) + Z ,b||aj}

d

+> jk{—ZU/Z*UJIik>—ZUZ;-*<abIik>—ZU§<ajllbk>—ZUﬁk<ajlib>
Jjk / b b b
+ZU[§,-*<bjIak>+ZU{§,-*<ibIIak>+ZU;§,<UII/I<>+ZU§k<ijIab>}

b b ! b
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—ZD —(abl|ic) + /b|\ac1+Z —(ajllik) + (il ak)]
1D Dby Dy lbllie) + 3 yiyailie) =3 vi(abllde) =3 vz (abll)
c J J J
—Edjyz<db||ac> = 2 viilillac) + 3 yaibllje) + 3 v (ibl|aj)
J J J
+ iZk Di {Zyzwm + ¥y§<ab||ik> - ;y;<aj||bk> - ijyﬁk<aj||ib>
J
—ijy;<bf|ak>—;yg<ib|ak>+2y:,<ij|/k>+2bjy§k<ﬁ|ab>}

= R(D")ai +i)_ ysR(D)j —i Y y§iR(D)as + R(D")ai (2.178)
j b
with the modified and perturbation dependent relaxed density defined as,
Dy =21 Dypeyl+2i> yhi Dy = — Dy, (2.179)
c k

Collecting all terms, which define the right hand side of the first-order z-vector equation for imaginary
perturbations. The final right hand side of the first-order imaginary z-vector equation is given in eq. 2.180,
where the residual vectors are defined in egs. 2.162-2.164.

oY  oAB)_

ok Ok z

Z'ybj

YR 22K 2K
ik Jkc kb

D/K . Zlyaj ’J+Zlybl ab_ﬁ(ﬁﬁ)ai
fZlbe Zly tr( ) ZU/ OJ;b ,2ZK un 3J+2ZKZ; /;Jb,{

Jjkb

~R(D"™), Z iysR(D)j + Y iyiR(D)a — R(D")ai (2.180)
b

22 [V — KK] e o [0 — K] 4 2K(t7),, + 2GY,
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2.5. The Second Derivative of the RI-MP2 Energy

The "Resolution of the Identity’ approximation is only applied to the correlation correction, but not to the
Hartree-Fock wave function. Therefore, the Fock and response operators together with its derivatives are
calculated via conventional two-electron repulsion integrals. The formal RI-MP2 second derivative can

be written as,

2 9 A p
=5 D x5 (2D (aclP)TE = (Kl P)TE + R(D').i
ia cP

kP

+.Zya, l > (aclP)TE + Z cal P + 3 (ki P)iE — 3 (ik|P) ' + R(D').

cP kP kP

o Lé;} o160

2.5.1. Real Perturbations

The first-order RI-MP2 density matrix differs from its conventional counterpart in the formulation of the
unperturbed and perturbed double excitation amplitudes. The zero-order RI-MP2 amplitudes have been
already derived in eq. 2.103, and the first-order amplitudes take the from,

the (R (e, +ep — i —€)) Z (BEBE — BEBE) + X (BLBE, — BEBE)

+ Zxak (Bf.BL — BLBE) + xt (BLBL — BLBE)
+ Z (el e + Fice kf*) =3 (the s+ Fat) (2.182)
c
with the conventional perturbed Fock matrix elements defined in eq. 2.117. The first-order z-vector

equations are identical to the conventional case. Thus, the derivative of the real Lagrangian in the RI

approximation remains to be derived,
0X,i 0 P ,
=—12 P —2 ki|P)[E + R(D
0K oK ( %;(ad e Z (ki) + )ai
=2y <Z Ui (kelP) + )~ Ug(ak|P) ) re+2%" (Z UsrBE.BY, + Z Ug,BE, Jk> th
P\ k k

jbcP
-2y (Z = (cil P) +Z kc|P> L-2)" (Z Ug*BﬁBﬁ,+ZU,7;B§Bj’,’> t4
kP c jkbP c /

OR(D).;
= /PK
+2 (ac|P)rEr 2 § (kilPYTG " + =

SN [z " BE _ BPBL) ik + 3 {BLBL  BEBL)

P ke ke

ZB " BtY, ZBk,B,f jg] 2ZXakZ ke| P) r’szz 5> (kelP)IE
cP kP

R(D’ ai
+2Z (ac|P)T/P" — 22 (ki| P)IP" + % (2.183)
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with the perturbed 3-index 2-particle density matrix given as,

Fe" =" Veg(Qlib)tl". (2.184)
jbQ

2.5.2. Imaginary Perturbations

The perturbed RI-MP2 amplitudes for imaginary perturbations are shown in eq. 2.185 and 2.186.

5 R (e, b ep—ei—€j) Z iys: (BB — BEBE) +iys (BEBE, — BLBE)

- Z-yak (BLBE ~ BEBE) +ivf (BLBY, — BLBY)
*Z( tay' Fie + Fi fé*) > (ehFa, + Fatly) (2.185)
c
ij*,k(RI p
t (RI) (eatep—ei—¢gj)= Z iy (Bl B,.’ZBji) +iyf, (B,-I:B}; _ B,-";Bj':)

_Zlya BF;B B BP) 'ys (B/":BZJ_ BIIZBZ)
+ Z (toFis + Fiseld) = > (eheFi + Fretl, ) (2.186)
k c
The derivative of the RI-MP2 imaginary Lagrangian is given as,

Y, 0 . _
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1
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JjkbP

. OR(D').:
-2 P rI.P'” 2 kil P r/P,m Z\= Jar
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)Y
jb P

Z{B;’(_—Bj’; Bbk} t +Z{Blebc BblBkc} t.JaI((:
c

kc
+ZB LBl +Zsk,3,f 89142 iy Y (ke P)IE +2Z-yc, Z ke|P)[IP
k cP
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2.6. Validation of the Derived Formulae for MP2 Second

Derivatives

In the actual section we refer to the first derivation of MP2 second derivatives for imaginary perturbations
pioneered and first implemented by Gauss [17]. Although the derivation was in the context of gauge-
including atomic orbitals (GIAOs), which explicitly depend on the external perturbation, this basis function
dependence is simply dropped for comparison purposes. The ORCA package upon the present work is
based on does not yet feature GIAOs. Hence, numerical comparison would also not be possible. The
starting point for the derivation of Gauss is the expression for the MP2 energy expression, which is
explicitly formulated in terms of canonical molecular orbitals. By contrast, the Hylleraas functional, as
orbital-invariant formulation of the correlation correction is used in the previously presented derivation,

cf. eq. 2.49. Of course, both expressions become identical for canonical molecular orbitals.

Empr = Z £ (abl|if) (2.188)
Uab

The definition of the unrelaxed density is in both derivations identical,

D=~ Ly e (2.189)
kab
1 i 4l
Dap = 5 Z £ the (2.190)
ijc

with the double excitation amplitudes defined as,

tab — (ablld) (2.191)
y (5,'+€j—€a—8b)

The occupied-virtual block of the relaxed density is obtained as solution of the z-vector equations. In the
formulation of the z-vector equations, general discrepancies occur. The z-vector equations presented in
Ref. [17] are the ones that arise from a purely real perturbation,

2y [(ea — &) + (abl|if) + (ibl[aj)] = — Xai- (2.192)

Although, the actual perturbations with respect to which one takes the derivatives in NMR calculations
are the orbital-Zeeman and nucleus-orbit interaction operators, both of which are purely imaginary in
nature. Thus, the formal derivative is with respect to a purely imaginary perturbation. It appears to the
author that the first derivative of the MP2 energy presented in Ref. [17] is the one obtained for a real
perturbation.

Since the present thesis arrives at a slightly different result for the same perturbations, it is appropriate to
compare the two derivations term by term. The MP2 Lagrangian is identical in both derivations, except

for a factor of 2 arising from the Hylleraas functional.

d2E 8qu A / ALK i )\aXf‘”
d)\dn:%:[ o P +D""h”"] Z[ S,

oD,
= Z[ P9 by + quhgj] (2.193)
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The occupied-occupied and virtual-virtual block of the perturbed relaxed density are given as,

dD; Oty s i oth*
= — = thr ab 2.194
Ok 2 (8/{ fab Ok ( )
kab
D otir ;i 0t
I* C 2-1
Ok 2 %; < Ok tbc + tac Ok ( 95)
(2.196)
with the off-diagonal elements of the perturbed relaxed density defined as,
oD,; 10z,
== 2.197
Ok 2 Ok ( )
8D,-a 1 823,
_ 2.198
oK 2 0k ( )

The perturbed amplitude equations are identical, and the derivative of the real Lagrangian with regard
to an imaginary perturbation is,

0Xai g: j» O(bcl|aj) at;i* e O(ib]jk)
35—22< (be||aj) + t); B 22 b||Jk>+thT

jbc
6(_//||ka) ODpc 9(bi]|ca)
+ fkm|k>+o + 5 {bil|ca) + Dac

_ ;iZy[,j-{—2Z (Uellak) s+ Gellbk) ") + 3 (edab) 2] + D) “*}

|Zyak be||kj)tl* + yr(cb||jk)ti* + = Z bel|aj)tirr — Z(/bH]k)tﬁ*"

Jjkbe ch ka
+ > Djijil|ka) +Zobc (billca) = i) " yi | Y Diclid]|ka) +ZDbC (bd||ca)
jk d Jjk
ey y ) =(1z,
+|z]:yal %:DijIHkl)—ﬁ-;Dbc(b/HcD +R <2D )a;. (2.199)
J c

Comparison with egs. 2.177 and 2.178 shows, that the derivative of the real Lagrangian with respect to
an imaginary perturbation is identical to the derivative of the imaginary Lagrangian with regard to an
imaginary perturbation. The only difference in the second derivatives arises from the zero-order z-vector,
which enters the first-order z-vector equations. Since, the zero-order z-vector is zero in our derivation the
construction of the A-matrix (eq. 2.132, 2.134) is not required. Therefore, our Ansatz will be referred to
as the 'imaginary’ approach (Sm/Sm) in the following, whereas the derivation of Ref. [17] is referred to

as (Je/Sm) approach for comparison purposes.

In Table 2.1 the similiar and the differing terms (highlighted in blue and red) in both derivations are
listed. The comparison in Table 2.1 reveals that in our derivation the imaginary z-vector equations with a
vanishing imaginary Lagrangian are solved to obtain the zero-order relaxed density. The well-known real
z-vector equations employing a non-zero Lagrangian are solved instead in the approach of Ref. [17]. The
derivative of the corresponding Lagrangian w.r.t. a purely imaginary perturbation yields the corresponding
expressions for the first-order Lagrangian. They only differ by a factor of 2 between the original and the
present formulation. This factor arises from the Hylleraas functional. The first-order z-vector equations
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differ significantly in the two derivations because of the derivative of the real A-matrix, which is not

required in the 'Sm/Jm’ case, since the zero-order z-vector is zero.

Table 2.1.: Comparison of the 'Sm/Jm’ and 'Je/Im’ approach to MP2 second derivatives.

term Sm/Im

Re/Im

energy

correction

1 . ij L
&alt] = {4 > tillab) ey + (ablli) "

ijab

+> D;/»qFPq}
pq

0th order
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ik ik
bj= -3 D ththy
kab
1 -
Doy = 5 3 e,
ijc
oth order
Lagrangian
Yai =0
0th order
z-vector 1
Z.i= — A((\\S)) .
i Z ( iy D
jb
0th order
CP-SCF eqgs.

1 i ..
E® = 57 ¢ (ablli)
ijab

o (abli)
Y (eitej—ea—ep)

1 i ik
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]_ i iix ]_ . ki
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Continued.
term Qm/QSm Re/Im
st order
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Continued.

term Qm/QSm Re/Im

15t order
z-vector
=K S 1 0Yyp . o 10Xy,
S AR ‘)) ) Ko (A( <) )
Zai Z < ai,bj oK “ai Z )al,bj ok
Jjb Jjb
with Zai = 1 0A AR

H(AY) 1y e P

It has to be pointed out, that from the point of view taken in this thesis the collection of terms in the
zero-order real Lagrangian is only possible, if the derivative w.r.t. purely real perturbations is required.
In the above derivation a mixture of real and imaginary perturbations is on hand. In general, the real

Lagrangian should be written in the following form,

1 ij* . ij 1 * HIB
Xai = 4Z<Cb||aj> tep + (ajllcb)td, — 4 Z<’b|\kj> £ + (kjl|ib) £

Jjbc Jjkb

+%EN%KWMH%MWH+%zﬂ%wad+@W©I (2.200)
Jk bc

Formulating the derivative of eq. 2.200 w.r.t. a purely imaginary perturbation will not yield the expression

for the perturbed Lagrangian in eq. 2.199, but instead,

Xa’ . . . . . .
i 2 ZM%Z [~ Ul lak) -+ (ak|ljc) £ + (ic|bk) > — (bk||ic) ti]

S et — ol + 31 ;1;+<k/|u>r§g}
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Jjkbc
j*K ij,K 1 * K K
+2 Z cbl|aj) 2y + (ajllcb)tly 4Z<'b||kj> 657" + (kjllib) t2%
JbC Jjkb
K 1. KD (1 N5
2 D al |Zyal i+ ?;yb"R(D)ba + R <2D )ai (2201)

with
Dy = iz Diryiy — Yo Dij) +iz Dpeys; —yj’chb)

_'Zka Jk ij -HZ}/CJ (Dpe — cb) (2.202)

The first twelve terms in eq. 2.201 vanish, due to the real nature of the two-electron repulsion integrals and
the zero-order amplitudes. The terms containing the first-order amplitudes cancel each other, due to the
relation between the perturbed real and complex conjugate amplitudes (cf. eqgs. 2.170 and 2.171). The
derivative of the real response operator w.r.t. an imaginary perturbation vanishes, since the real response

operator over an antisymmetric density matrix is zero and similarly the imaginary response operator over
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a symmetric density matrix as well. The contracted density matrix D~ itself is zero, due to the symmetry
properties of the matrices involved. In summary, the derivative of the real zero-order Lagrangian w.r.t. an
imaginary perturbation is zero and hence, the first-order z-vector gives no contribution to the first-order

relaxed density matrix.

2.7. The RIJCOSX Approximation to MP2

In RI-MP2 energy calculations the computation time for the evaluation of the RI-MP2 energy correction
exceeds by far the time required for the solution of the SCF equations. Despite the unfavourable scal-
ing of the MP2 step, which scales with O(N°®), the SCF calculation with a practically observed scaling
of O(N'®) dominates the total wall clock time. In order to overcome the drawbacks of Coulomb and
exchange formation algorithms, which proceed via the generation of traditional four-index two-electron
integrals, the best approximations for each contribution should be selected. [35, 36]

The 'Resolution of the Identity’ approximation to the Coulomb matrix (RI-J) was first invented in the
framework of density functional theory (DFT) [37,38] and has been discussed in detail in section 2.4.1.
The error introduced by the incompleteness of the fitting bases could be shown to be negligible, whereas
the speedups obtained are of a factor of 10—100. [28,29] Thus, as long as exact exchange is not required,
the Coulomb fitting gives rise to SCF calculations that are 1—2 orders of magnitude more efficient than
traditional Hartree-Fock calculations.

The RIJCOSX approximation combines the advantages of the Split-RI-J variant of the Coulomb den-
sity fitting approximation with a semi-numeric exchange treatment, which is efficiently implemented via
the 'chain of spheres exchange’ (COSX) algorithm [39] into the ORCA program package. Hence, this
algorithm is termed RIJCOSX-MP2. COSX is closely related to Friesners pioneering pseudo-spectral
techniques but is conceptually simpler as discussed in detail in Ref. [39]. In this section this concept is
extended to the first and second derivatives of the RIJCOSX-MP2 energy. Substantial savings compared
to the standard MP2 and also to the RI-MP2 method arise from the more efficient SCF step, the more

efficient treatment of AO derivative integrals and the accelerated solution of the z-vector equations. [14]

2.7.1. The Semi-Numeric Exchange Matrix

The basic idea for the efficient evaluation of exchange-type matrices is to combine a numeric integration in
the physical space with an analytic integration over the Coulomb singularity. The original pseudospectral
method has been developed by Friesner and co-workers since the mid 1980s. [40—43] Recently, Neese
and co-workers presented a semi-numeric exchange formation on the basis of Friesners' pseudospectral

method, but with conceptual simplifications. [39] The conventional exchange-type matrix is given as,
KHV = Z P.. (‘u/43|1/7') (2.203)
KT

where P, is any density-type matrix. The exchange integrals can be approximated as,

(uelor) = [ ', )onte) [ dr“”"f’l“”;l(’)

v\F)Pr
~ ng% re)on rg)/dr“0 Jor(r (2.204)

"'_rg|
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where the first analytical integration over the coordinates v is replaced by a numerical integration over
grid points rg. The corresponding grid weights w, are determined by Becke's weighting scheme. [44] The

exchange-type matrix can then be efficiently evaluated as,

K~ Y Rugd Auc(re) Y RugPur
-4 T K

=tr(RG") . (2.205)
with
Rug = wé 0u(rs) (2.206)
Frg = (PR)-g (2.207)
_ ou(r)po-(r)
Ar(rg) = /|r . dr (2.208)
Gog = Y FrgAur(rg). (2.209)

Note, the absence of least-square fitting operators or any of the advanced features that characterize the
pseudospectral approach. [45]

Semi-Numeric Exchange Gradient

The exchange gradient can be written as,

0K O(uklvT)
o TPy (2.210)

Due to the permutational symmetry of the exchange integrals, the derivative expression can be rearranged

as follows,

D Par (urlvm) = > Rug D Aura(rg) Y RugPar (2.211)
KT g T K

=5 P (vPMur) = Y Rig Y Aunlrg) S RoxgPer (2.212)
KT g K T

where R_x, is defined by,

[ a(péf\l’g ). (2.213)

The formulation of the exchange gradient differs only slightly from the derivation of the semi-numeric
exchange itself. Due to the rearrangement of the two-electron exchange gradient integrals only the

derivatives of the basis functions on the grid are needed instead of the derivatives of the analytic integrals.
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2.7.2. RIJCOSX-MP2 Derivatives

The RIJCOSX approximation to the total RI-MP2 energy is given as,

&~ géRIJCOSX) + E(RI
1 1
=Y Puhu+ - Z P, Prr Z BX,BX — 3 > tr(FGT),, + 5 > (uv|P)TIE, (2.214)
nv uum— v nvP

where the Hartree-Fock Coulomb contribution is approximated by the RI-J technique with the Coulomb
fitting basis set {1k}, and the MP2 energy correction is calculated employing the Rl approximation with
the correlation fitting basis set {np}. In contrast, the exchange contribution to the Hartree-Fock energy
is evaluated via the COSX algorithm. In principle, only the Fock matrix is approximated via the RIJCOSX

algorithm, whereas the RI-MP2 energy correction is evaluated in the conventional way.

The First RIJCOSX-MP2 Derivative

In the first derivative of the RIJCOSX-MP2 energy the RIJCOSX approximation goes into the terms origi-
nating from the Fock matrix derivatives, i.e. the response-type operator in the Lagrangian (egs. 2.129, 2.131)
and the left-hand side of the z-vector equations (eqgs. 2.133, 2.134). Thus, the RIJCOSX-MP2 Lagrangians

become,

X{fHO90 =23 (ac|P)riE — 22 Ki|P)I'E + R (D), = Xui (2.215)
YO _ NN (| PP 4 (cal P + WP - (KPS P R(D), = Vo (2216)
cP
with
R(D) _22 e > BEBK — ZRagG + RgGY (2.217)
K
%( =) RGY — RyGY (2.218)
and
GPD’ Z Apr(rg) (2.219)
Fly = (D'X)y. (2.220)

The z-vector equations in the RIJCOSX approximation are given by,

fa;(Ea — 8,’) +2 Zfbj Z Bng — Z Rag Z Ab,-(rg)FEg — Z Rag Z Aj,'(l’g)sz = — )~<ai
Jjb K g b g Jj

iZai(ca — i) 1Y _Rag D Aui(rg)Flg =1 ) Rag »_ Ailre)Fig = — Vai
g b g J

where the generation of traditional four-index two-electron repulsion integrals can be avoided.
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The RIJCOSX-MP2 Gradient

The general form of the MP2 gradient is given as,
= Z quhp;\} Z qu5,£;\) + Z rpqrs(Pq|r5)()\) (2.223)
pq pars

where the additional terms arise from the perturbation dependence of the basis functions. The energy
weighted density matrix within the RIJCOSX approximation W is defined as,

~ 1=~

Wy = — 3 BLBLts — 3Dilei +2)) — SR(D); (2:224)
kabP

Wo = — > BEBLtD - Dab(sa +€p) (2.225)
ijcP

Wi = —2) (ik|P)If; (2.226)

and the separable (S) and non-separable (NS) parts of the 2-particle 4-index density matrix [ are,

rpqrs(pq‘rs)( = ( pg — Dpr) (pq|rs)
= Dpq((palrs)® = (pslra)™)

_ _ A —
~ D, [2 S (pal YOV, (Llrs) — 3 (pgl M) Vs VY vLN1<Nrs>}
KL KLMN

_Qzang 8FMP2

Gyal? =2 Z (2.227)
P i) = }&[Z{(fam)(” Ve (SLjt) + (s R) Vi (SLib)™
RS

. _ A _ .
- Y VAR Vel )| (2.228)
RSTU

A detailed derivation of the working equations for the RIJCOSX-MP2 gradient has been reported in
Ref. [31].

The Second RIJCOSX-MP2 Derivative

In the second MP2 derivative the calculation of the perturbed double excitation amplitudes which incor-
porate the derivative Fock matrix elements is required. Therefore, the RIJCOSX approximation implicitly

affects the computation of the first-order amplitudes by accelerating the formation of the first-order Fock

matrix.
Fia™ = ol + R(U).; (2.229)
FS = hl + R(U).; (2.230)

Furthermore, the derivative of the response-type operators as contributions to the perturbed Lagrangians
are also approximated via the RIJCOSX technique according to the first-order response-type operators in
eqgs. 2.217 and 2.218.
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The Four-External Contribution to the First-Order Lagrangian The most expensive term in the
calculation of the real as well as of the imaginary second MP2 derivative is the 4-external contribution
K(t7),p to the first-order Lagrangian, cf. eqs. 2.183 and 2.187. The evaluation of this term takes at
least about 20% of the total wall clock time and hence, represents the rate limiting step. Therefore,
efficient algorithms have to be developed to overcome this bottleneck. Since, there exist no efficient
implementations of the four-external contribution to the perturbed Lagrangian within the Rl approximation
the standard implementation proceeds via traditional AO four-index integrals and uses large-scale BLAS
level 3 matrix multiplications in the inner loops. An alternative Ansatz is to calculate this contribution

via the 'chain of spheres exchange’ algorithm, as,

O_gt(,4 ext) Z ac|bd U ZZWgwa g wc rg) wb( )wd( )t(’_:,d = R(tij)ab- (2231)

cd cd & ‘r rg|

The performance of the two alternative approaches will be numerically compared in Section 4.1.3.

2.8. Derivatives of Double-Hybrid Density Functionals

2.8.1. Density Functional Theory

The basis of density functional theory (DFT) is built on the two Hohenberg-Kohn theorems. [46] The
first Hohenberg-Kohn theorem demonstrates that the electronic ground state energy is fully determined
by the electron density p. Therefore, the energy becomes a unique functional of the electron density
and depends only on three spatial coordinates. The second Hohenberg-Kohn theorem states, that the
ground state energy can be obtained variationally. The exact ground state electron density is the one,
that minimizes the total energy.

The break through of DFT was due to Kohn-Sham theory. [47] The basic idea is to relate a system of
non-interacting electrons moving in an effective potential to the real system of interacting electrons in a
static potential. The effective potential includes the external potential (Ven) and the electronic exchange
and correlation interactions. Thus, the energy becomes,

Elp] = Tslp] +/vext dr+// drdr + Exclp] (2.232)

where Tg[p] is the Kohn-Sham kinetic energy calculated from the Kohn-Sham orbitals. Unfortunately,
the exact energy functional is only known for the free electron gas. Thus, the major problem of DFT is
to mimic the exact density functional as exact as possible. The density functionals are best classified by
its ingredients, refered to as 'Jacob's ladder’, [48]

e Local-Spin-Density Approximation (LSDA): EX¢ = [ f(pa. ps)dr

Generalized Gradient Approximation (GGA): EXC = [ f(pa, pg, Yaa: Yag: Va5)dr

o Meta-Generalized Gradient Approximation (meta-GGA): EXC = [ f(pa, pg, Yaa: Y V35, Tar T)d¥

Hybrid- and Hyper-Generalized Gradient Approximation (hyper-GGA):
EXC = [ £(pa. ps. Yaa: Yap: 186: (Ta: T5), €x)dr
e Random Phase Approximation (RPA): EXC = [ f(pa, pg. Yoo Yas V85, . {0I })dr

with the density gradient v,,» = Vp,Vp,s, the kinetic energy density 7, = EZ; |49]2, the exact
exchange ex and the inclusion of virtual Kohn-Sham molecular orbitals {/7}.
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2.8.2. Double-Hybrid Density Functionals

Double-hybrid density functionals supplement the well-known hybrid density functionals by a semiempir-
ically scaled second-order perturbation correction. Thus, the solution of the Kohn-Sham SCF equations
serves as zero-order reference for the perturbation expansion. Since, the DFT Hamiltonian already partially
accounts for electron correlation effects through the exchange-correlation potential, the perturbation cor-
rection has to be scaled. The double-hybrid functionals replace part of the semi-local correlation present
in gradient corrected functionals by nonlocal, orbital-dependent dynamic correlation. In Perdew's [48]
concept of 'Jacobs's ladder’, double-hybrid functionals occupy the 'fifth rung’ of the metaphorical ladder,
which leads from the 'Hartee World' to the 'Heaven of Chemical Accuracy’. Density functionals of the

"fifth rung’ include non-local correlation by involving virtual Kohn-Sham [47] molecular orbitals.

The energy expression for perturbatively and gradient corrected hybrid functionals is, [49]

E= VNN"’ZPwhW“‘ // |r1—r2| 2 Z o Por o (1v|k7)+ coF EX[pa. psl+ cpr2EpT2

UVKETO

(2.233)

with Vy representing the nuclear repulsion energy and h,, is a matrix element of the one-electron
operator. The Coulombic interaction is represented by the third term in eq. 2.233 and the fourth term
is the Hartree-Fock exchange. The global scaling parameters allow to procced from Hartree-Fock (ay, =
l,ecpF = 0,cpr2 = 0) to MP2 theory (ax = 1l,cpr = 0,cp12 = 1), from pure DFT (ax = O,cpr =
1,cpr2 = 0) to hybrid DFT (0 < ax < 1,cpr = 1,cpr2 = 0) and finally to the double-hybrid functionals
(0 < ax < 1,cpr = 1,0 < cpr2 < 1). The molecular spin orbitals are expanded in atomic centered basis

functions with MO coefficients ¢, as (o = «, ),

Z u‘pll (2234)

with the electron density given as,

p(r) = D W7 (P = Poou(t)eu(r) = palr) + ps(r) (2.235)
io pnro
and the o-spin density matrix P, = >, c7;c;. The exchange-correlation contribution to the total energy
is,
= / f(Par P81 Yaar Yas Vos)dr. (2.236)

The Fock matrix is defined as,

Fo, = hu + Z Per(pv|k7) — ax P2 (uk|vT) + cpr V:E,C (2.237)

KT

with the exchange-correlation potential VX¢ defined as,

VT = %(%('W”(r))”(sjf VoV (0u(r)eu(r)) + &ff Voo Vipu(Ne,(r)).  (2.238)

oo oo’
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The derivative of the Fock operator is given as,

OF,
o Q)+ + D Ui Fra + UpgFor
+ Z Ux [(palrk) — ax(pk|ra)] + Up [(palkr) — ax(prlkq)] + cor Moy O
Unk 5 on
= F{ ” + hY Z U Frg + Upy For + R(UM) g (2.239)

with the response-type operator defined as,

3¢ N

—_———
RXC(U*)pq

A oA OVog™ B¢
R(UM)pqo = Z U [(palrk) — ax(pk|rq)] + Uz [(palkr) — ax(prlka)] + cor

= Z U [(palrk) — ax(pk|rq)] + Uj[(palkr) — ax(prlkq)]

+@¢{zmmw (5 (5 (r))

2 G 2 . N
+Z[af mmi%mmk(uwwm)

Of = fog, =
+ {287 Vpl (r) + N /Vpg/ (r)]V(wg(r)wg(r))}dr (2.240)
with
¢= Par PBr Yaar YaBs 'YHB (2241)
A A A A
V=0T 08 e %ﬂ 795 (2.242)
A
pY =D Upi f (NG (r) + U053 ()37 (1) (2.243)
pqr
79, =2V Vp,. (2.244)

As can be seen from eq. 2.243 the XC contribution to the response operator vanishes for imaginary
perturbation, due to the symmetry of the U-coefficients. The derivative of the response operators in the

real and imaginary cases are given as,

IR(D').;

) K X K KD (R BXC .
P R(D™)ai + R D/ ' ZX R(D")j + zb:XbIR(D/)ab + R(D)ai + R (D')ai
(2.245)
65(0/)31' B, K =X K . KD . =) BB
S R+ R (D) i zj:yajR(D)U - |§b:yb,-R(D)ab + R(D).i (2.246)
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with the derivative of the zero-order XC response operator defined as,

BXCr 0 0%f / 92f / A2f , 92f , 92f /
(D)ajia = — </ {[ o (r) pB N+ ———30.(N+ 773;3(0 + 7755(0}

Ok 0paOpa apaapﬂ Maadpa Q'Yaﬁapa 8’7,8[38p[3
x (45 () (1)
O*f , O%f / 0%f ’ O*f ’ O%f ’
+2[7P2 r+ g (r) + Yaa(r) + =———05(0) + 5———5 r}
89046')’0404 ( ) apﬁayaa A ( ) B'Yaaa'Yaa ( ) 8"/(1,88'7(104 ﬁ( ) 67ﬂ[387aa [ﬂ;( )
Vpa(N)V (45 (47 (1)
0?f D’ 0?f D’ 0?f D’ O*f D’ O%f D’
o Pa (Nt g (N+ o ——Yaa()+ o VYap()+ - —— (r)}
|:8p048'70c6 @ pdvas’ ’ MNoadVap " Mapdrap *° 9650Vap °

VsV (v (v (r)

’ of = p -
Vel (n) + @vﬂz (r)}V(@b?(r)W(r))}d')

of
2
+[ Maa

— [ et Wy + {78” T i L i v”"”'}(ww)
— 2 apaacag 2 Bpadran ® | Opabrap 1 Bpadrgs PP | V2V

u* D’ et
+2ZC:Z£:(9 aaagag£ VeV (9397

821‘ D'= U” 82f U a2f o = rp
2|55 PaV e Y — Y v
- |:8’ya(’ap(¥ P + 0 aaapﬁ pa + a'Yaaa'yaa (’yaa pa +’Yao¢ pa)
0*f D' UN L URD e 2f D= U uD e } -
_ \v4 Vpa R Voo Vpa vV (% ia
aadVap (Vaﬁ Po T ap” VP >+ TR (m; Pa g~ VP ) ($3 )
+ZZ 8,}, 66C8£5U C VPBV (wa ﬂ)l )
82f D/ Ur 0%f fo oy O%f -
- - v (1) I b | \v4 (1) v r D \v4 Kp’ <
|:8’7a56 pa p,B + 8'Yu (9p p,B pﬂ + 8’\/(1[387&06 (’Yaa p,(-} +’Yo¢a pB)
o*f 0*f b= Ut | _URD e e
m (7a5vpﬂ J”Ofﬁ Vpﬁ) apvas (VBBV% + 785 Vpﬁﬂ V (¥3¥i)
re DS 0%f Ko e
U D o U D o
Vpa V i ——(Y'Vpa V ) Ld 2.247
+Z 8'7(1(18(( Pa (wa d}' )+ 8'7&[38<C ] ("z}a ¢, )} r ( )
and
D’ D0 D .D D .D
¢ =Pa P8 Vaar Vap V58 (2.248)
u* v ur ur _ur Ut
£ =Pa P83 Vaa Yas V38 (2.249)
UXD/ - UA - p’
Yoo =2Vps Vpg . (2.250)

A detailed derivation of the derivative of the zero-order XC response operator is given in Appendix A.

2.9. The Orbital-Optimized RI-MP2 Method

The second-order Mgller-Plesset correlation energy [2] can be regarded as being stationary with respect to
the MP2 amplitudes, since the latter can be considered as having been optimized through minimization
of the Hylleraas functional [24, 26].

Eft] = 2Re(W [HWE) + (WP o — £V w(Y) (2.251)

Ho is the Ot" order Hamiltonian as proposed by Mgller and Plesset, wgo)

(0)

\Ilgl) is the first-order wave function and &;

is the reference determinant,
= Eyr = (Wpe|H|VHE) corresponds to the HF energy. The

first-order MP2 amplitudes are collectively denoted t.
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a) Y tiF, (b) => "> tit)Fy (€) D tht}Fu
ia ia b

ia j

Figure 2.3.: Constructed diagrams corresponding to eq. 2.255.

Since the MP2 energy is not variational with respect to the molecular orbital (MO) coefficients, no orbital
relaxation due to the additional dynamic correlation field is taken into account. In order to allow for
orbital relaxation, a new Hylleraas functional can be formulated, which does no longer depend on the
MP2 amplitudes alone but becomes also a functional of the orbital rotation parameters, which parametrize
the changes in the MO coefficients. The total MP2 energy will then become stationary with respect to
the MP2 molecular orbital coefficients and with respect to the MP2 double excitation amplitudes. The

extended Hylleraas functional to be minimized, is
&t R] = E[R] + 2Re (W 12wy + (w710 — 01wy, (2.252)

R are the orbital rotation coefficients that are used to update the MO coefficients ¢ by means of a unitary
transformation. [50] If a spin-unrestricted scheme is desired, different orbitals for different spins are used

throughout the entire orbital optimization.
¢ = exp(R)co (2.253)

|\Ugo)> is the reference determinant, but unlike eq. 2.251 the reference determinant does no longer cor-
respond to the Hartree-Fock determinant. By minimizing the total energy with respect to the MP2 MO
coefficients the reference determinant changes with every variation step. The reference energy Eéo)[R]
changes simultaneously and therefore it is no longer stationary with respect to the HF MO coefficients.
Consequently, Brillouin's theorem [51] is no longer valid and the off-diagonal blocks of the Fock matrix

do not vanish. Hence, the first-order wave function would contain contributions from single excitations.

Zf |7) Z t2,|3°) (2.254)

Uab

Thus, the orbital-optimized MP2 Hylleraas functional takes the form,

&t Rl = PRI +2 Y t1(®?[H]do) + th:m || )

ia uab
+ 3 e (@2 Hy — EPRIOY) + Y 1l ek (02 3o — £ R]|OE)
ijab ijklabcd
+ Y Gt (@7 Ho — ELRIOL) + Y e ek(@3|Ho — £ [R][ ). (2.255)
ijkabc ijkabc

Evaluating the matrix elements according to the diagrams shown in Fig. 2.3 and applying the 'Resolution
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of the Identity’ approximation [22,32,52] to the MP2 correction, yields,

&t R] = Zh,, + 2 Z<u|\u +2Zf Futt 5 2 [P + (ail P)Lf]

iaP

=) IR+ Yt Fra - 5 Z t0 tk Fij + 5 Z t0 t0 Fop. (2.256)

ija iab ijkab ijabc

Since orbital optimization introduces all important effects of the single excitations, we prefer to leave
them out of the treatment. Any attempt to the contrary has been found to destroy the convergence
properties. Hence, the explicit form of the orbital-optimized MP2 Hylleraas functional within the density
fitting approximation (OO-RI-MP2) including only double excitations becomes,

&[t,R] = Zh,, + = Z(UHU +) (ialP) r’P+ZD,JF,J +ZDabFab (2.257)

iaP

The MP2 like density blocks and the double excitation amplitudes, are defined according to conventional
MP2 theory. The orbital changes are parameterized by the anti-Hermitian matrix R such that no La-
grangian multipliers are required to ensure orbital orthonormality. The Fock operator is expanded to first
order in the orbital rotations as,

Foq = Z RepFrq + ReqFor + ﬁ(R)pq (2'258)
R(R)pg = > Ra{ (pellak) + (pkllac) }. (2.259)
ke

Thus, the first-order energy change becomes (gpqrs = (pql|rs)),

1
Loo[t,R] = Z Rei(hei + hic) + 5 Z Rei(ggji + &iicj) + Rej(&ici + &iic)

ic ijc

+23  Rei(ac|P)IF =2~ Ru(ik| P)IE
iacP ikaP

— Z Dj; (ﬁ(R)U + Z {RC,'FCJ' + RCJ-F,-C})
+ Z Dap (ﬁ(R)ab - Z {RakFio + RbkFak}>. (2.260)

The condition for the energy functional to be stationary with respect to the orbital rotations (M%R[t_‘m = 0) ,

yields the expression for the orbital gradient and hence, the expression for the OO-RI-MP2 Lagrangian.

9Loo [t, R]

R, =g, =2F;+2 Z D,'J'Faj -2 ; D.pFi + ﬁ(D)ai

+2Z(ac|P)r;5 _QZ(ik|P)r;5 (2.261)

In order to implement a practical orbital optimization scheme we have chosen a simple DIIS method. [53]

A matrix B that contains the orbital gradient in its off-diagonal blocks and the orbital energies in its
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diagonal is repeatedly diagonalized and provides the orbital rotation coefficients directly, eq. 2.262.

B= €1 (2.262)
8ai

The whole procedure is carried out self-consistently until both ||g,;|| and AE fall below predefined thresh-
olds. The orbital energies are obtained by diagonalizing the Fock operator in the occupied/occupied and
virtual /virtual subspaces of the current orbital set. A flowchart of the optimization procedure is shown in
Fig. 2.4.

At convergence, the relaxed density matrix and the one obtained as an expectation value over the first-
order wave function become identical. The entire density is given by the sum of the reference density and

the correlation contribution,

DS = Pl + Dpq (2.263)
Pl =3 cuicui. (2.264)

In an infinite basis set, the Hellmann-Feynman theorem [54,55] becomes valid and the OO-RI-MP2 density
matrix can be used for the calculation of expectation values and to calculate the OO-RI-MP2 gradient,
respectively.

Consider a one-electron perturbation of the form Ahy, e.g. an external electric field, and assume the basis
functions to be independent of the perturbation. The first derivative of the OO-RI-MP2 energy w.r.t. the
perturbation A, corresponds to the expectation value of hy, if the OO-RI-MP2 equations have converged,
eq. 2.265.

8EOO A
o = gopthq (2.265)

2.9.1. The OO-RI-MP2 Gradient

The general gradient expression is,
dE ) ) »
ar Z’Ythpq + Z WhqSpq” + Z [ pars(Pq|rs) (2.266)
Pq Pq pars

with the first-order reduced density matrix corresponds to the OO-RI-MP2 density matrix, and the second-

order reduced density matrix is defined as,

r;s)qrs = Dpq — Dy (2.267)
1
s = Et;b. (2.268)
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The difference of the OO-RI-MP2 gradient compared to the conventional MP2 gradient arises in the
formulation of the energy weighted density,

1—
W= - BLBLt - Du(ez +¢) = 5R(D); (2.269)
kabP
Wo = — > BLBLtD D,.,b(ea + €b) (2.270)
ijcP
Wi = =2 (k|P)Ik =2 DapFip (2.271)
kP b

where an additional Fock matrix element appears in eq. 2.271. However, obviously the calculation of the
OO-RI-MP2 gradient is of the same computational effort as the conventional MP2 gradient, once the
0O0-MP2 equations have converged.

2.9.2. The O0O-MP2 Second Derivatives

In this section the second derivatives for the orbital-optimized MP2 method with respect to real pertur-
bations are derived. The RI approximation is neglected for simplicity. Following the general derivative
theory for variational wave functions, the perturbed wave function parameters, which are absent in the first
derivative have to be determined for the second derivative. In OO-MP2 theory the wave function depends
on two sets of parameters, i.e. the molecular orbital coefficients and the double excitation amplitudes.
Thus, the following equation system (CP-OO-MP2) is obtained,

0gai 08ai ur Goo ot u- bg

g;J; aatzg ) — . = (2.272)
BtToU Dot o dto At o by
with the orbital gradient given as,
gai = Y _(ajlleb)tl, = > (ibl|kj)ts + R(D)ai + 2> DiFoj =2y DapFir +2Fs;, (2.273)
jbe jkb j b

The derivative of the orbital gradient becomes,

08ai . (] . .. .
o= —22; % Fji +2Z UpiFap + 2R +2ijubj[<ab||y>+<aj|\,b>]
J

+) U 22{ ak||jc)tik + (bk||ic)tk +Z abl|cd)t +Z K| |ij) £k
Jjb
— > U5 k|| ebytl = Ugi(kjl|be)ts

Jjkbc Jjkbc
+ (ajleb)th =) (kjlib) "
Jjbe Jjkb
Z DfFy Z D Ul Fi + Z Dy UgiFap + z Dyh + 3" Dy Uy [(abl|kj) + (aj] kb))
Jjkb
+ Z D, Fip — Z D, U Foe + Z Doy Ujs Fj + Z Daphly) + >~ Dac Uss [{ibl ¢f) + (ijllcb)]
bc jbc

+ZD§c[<aleC 'bllaC]+Z ik [(allik) + (ifl[ak)]

bc
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+ Z Dbc
bc

+) Dy
cd

+) " Di
Jk

—2ZUZ}{<ajHiC> +(aclli} - Z o {ubllie) + <ib|jc>}]

> Uk {(ad||be) + (bd]|ac)}
b

2 Upy {(abllik) + (ak[|ib)} + > Up; {{ajllbk) + <bjlak>}1
b b

3o lz (k) + <:/|jk>}]. (2.274)

Form the derivative of the perturbed orbital gradient (eq. 2.274) w.r.t. the U-coefficients,

S = oo = — 20apFji + 26 Fap + 2 [(abl]if) + (aj]|ib)]
— 2> {(ak|ljc)ti + (bk||ic)t! }+Zab|\cd +Z KI||ij) £
kc
—ab ikl eb)tly — 65> (Kjl|bd) i
ke ke
_5abZDﬂ<ij+DUFab+ZDik{<akaj>+<aj||kb>}
- &,ZDachc + DapFj + Z Dac {{ibl|cj) + (ijl|cb) }
+ZDbc[ 2 {(ajllic) + (acllij) } — dan { (jbl|ic) + (ib]ljc)}]
+ 5,-,-2 Dyc {(ad||bc) + (bd||ac)}

Z ik [2 {(abl|ik) + (akl[ib)} + 65 {{ajl|bk) + (bj||ak)}]

- aabz D { i) -+ (] jk)} (2.275)
Kl
and form the derivative of the perturbed orbital gradient (eq. 2.274) w.r.t. the perturbed amplitudes,
ago,rb 0 il,k gmhs
t,ak — = got = P {Z<allled>te’a — Z(m/H/d) /,
bc 9 bc Ide Imd
>
+2

1 m,K m,K . .
§Z tUr T 4 el ] [(ad||ie) + (id||ae)]

Imf

~5 Z i tae + toetge” ”] [(al[|im) + <i/|am>]}

nde
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=2 0j0ubbedca(allled) =2 " GimOubandca(ml||id)

Ide Imd

1
+3 D 12 610kmObalcr tiF + SuaGimOcadbr thF + SjSkmbedcr thf + Sridimdcedar tg?}
e L Imf

[(ad]||ie) + (id||ae)]

1
=52 |2 vaGcedpduntl” + Gcadbediadjntie’ + Obadeedmbuntgy + 5cd5becskm5,-nrg;]

m L nde

[(al[[im) + (ill|am)]
= 20;(ak||bc) — 28,5 (jk]||ic)
+ Z t/k [(ab||ie) + (ib||ae)] + t:{; (ac||ie) + (ic||ae)]

+ Z tJ¢ [(ad]|ib) + (id||ab)] + t4 [(ad|lic) + (id]|ac)]
,Zt [(ajl|im) + (ijllam)] + 7 [(ak||im) + (ik||am)]
Z [(all|if) + (il]|aj)] + t2, [(al||ik) + (il]|ak)]

= 2§;(ak||bc) — 25, (jk||ic)
+2Zt{,’; (ad||ib) + (id||ab)] + 4 [(ad||ic) + (id||ac)]

- 22 ti [al||if) + (il|aj)] + 2 [(al||ik) + (il]|ak)] . (2.276)
The derivative of the amplitude equation is,

82&[t, U] B) K
e e kF. J F; ij F F.,
ot o =a=5- (ij||ab) — E th Fi + to Fic + E tY Fop + 0,

= ZU (¢fllab) + Ug(icl|ab) —ZUﬁ’k ij||kb) + Upi(ijl|ak)
k

- Z £ F + t:é Fix — Z taqu o + ti Ul Fic + £, “ pUciFex + tabU
ke
Z th bl e pl) 4 e R(US)j + £ R(UR) 4
+ Z thRFoy + t0F, Z t5 US Fip + tL UL Fox + t7, US Fra + t9, UL F

+ Z ti A 4 8 pls L 6 R(U) g, + £2 R(UR).,. (2.277)

Form the derivative of the perturbed amplitude equation (eq. 2.277) w.r.t. the U-coefficients,

Oar
78Ufk = ap = 8U§k{zc: H(cjllab) + Ug(ic||ab) — Z (il|kby + Up(ij||ak)

_ Z th, [USFo + USFic] + tU [USFo + USFi) — Z th, R(U™)j + t%, R(U");

- Z tad [Udkab + Ubdek] + tdb [Udkaa + Uadek] + Z taJdR Un)db + tjbR(U ) }
kd
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) i . . } }
= U { > UL {5ik(c1|ab> + dji(ic||ab) — dac(ij]|kb) — dpc(if]|ak)
c ke

- Z th [0k Fa + O Fic] — Z t, [0i Fer + i Fic)
— Z thy [Ucelllk) + (k||le)] + t (ic||tky + (ik||lc)]

- Z 2 [Gac Fio + ObcFak] = D thy [0acFia + Satc Fak]
d d

+ ) toy [(del|bk) + (dk||be)] + ty, [(del|ak) + <dk|aC>]} }
d

= dik(cj||ab) + dj(icl|ab) — dac(ij||kb) — dbc(ij||ak)
- Z th 0k Fa + O Fic] — Z t;jb [0ik Fer + O Fic)

- Z thy [icl| k) + (k| le)] + £, [{ic|| k) + (ik]|Ic)]
- Z t7 [6dcFib + Obe Far] — Z t), [0ac Fra + Sde Fak]
d d

+ ¢4, [(dc||bk) + (dk||bc)] + 1, [(dc||ak) + (dk][ac)] (2.278)

and form the derivative of the perturbed amplitude equation (eq. 2.277) w.r.t. the perturbed amplitudes,

83? 0 ik,k ki K
— — K 1_/ I K
ab ab

= - Z(sijjk + i Fire + Z5bc b+ 5acha

k c
= —¢j—¢€;téEpTtea (2'279)
The right-hand sides of the CP-OO-MP2 equations are given,

by = 2" + Z Dyhl + Z D,phl! (2.280)

K ki plx ij ple ij ple
Zt h” ;,h[k,1+2t;ch[cb] 4, L (2.281)
c

and the total 2"¢ derivative of the OO-MP2 energy becomes,

a 82 Al . if . k
MNoR {QZFaﬂLzh + D _(ajllebytd, = > (killib)ty)

ijabc ijkab

ija iab

+23 DjFy — 2 DanFip + Z Dy + Z Daph) + 3 R(D)a,}
ia



2.9 The Orbital-Optimized RI-MP2 Method 55

= —2) UsFi+2> U ab+22h[7]+22R(UK)a

ija iab

+2ZU§, L?]JrZh[“]

+> Up —22{<ak|\jc>tbc (bk||ic)tk }JrZabHcd +Zk/\|/j
jb
— > Usi(jkllcb)tl = >~ Ugi(kjl|be)td

Jjkbce Jjkbc
+ Y (ajlleb)el™ = (killib)ti"
jbc Jjkb
+23 DRy 42 UsiDyFay — 2> U DyFig+2> Dyl +23 DyR(U%).,
ija ijab ijka ija ija
~ 23 D Fi =2 UsDapFar +2 UsiDsFy — 2 Daphly) =23 DapR(U)i
iab iabc ijab iab iab

AR [ k. A A
+ZDUh,[J ]—i—ZD AN+ 3" us D + Uz Dy A

ija

+ Z D,ph™ + Z DL — " U Daphly) + Up Dol
iab
+ Z R%(D
=2 Z U + Z BT 4 goo U + gort™

- Z DyhE + Z DERN + 3" U DyhtY + Uz DY)

ija

+ 3 Daphly + Z DY) — > UsDaphly) + UgiDaphty. (2.282)

iab
The CP-O0O-MP2 equations to solve have the form,

gooun + gottn = bg (2283)

atoUN + at-ftl'i - b’f (2284)

= t" = (b} —a,U”) (ag) "

= gooU" + got {bf - atouﬂ (@) " = by
— |:goo — Botato (att)_l :| U” = bg - gotbf (att)_l (2-285)

-1 ) -1

oo ot to tt Kk _ 1O,K ot 1.k tt

— E |:gai,bj - E 8ai ck,dI9ck,dl, bj (ack,d/) ]Ubj =b,;" — E 8ai.ck,di Dek i (ack,dl) . (2.286)
ib Kicd klcd

Apparently, the CP-OO-MP2 equations are substantially more complex than the well-known CP-SCF
equations. In Section 3.3 a very preliminary algorithm for the solution of the these equations is proposed.

2.9.3. Spin Contamination

The expectation value of the total spin operator 52 s regarded as a diagnostic tool to measure the spin
contamination in the UHF reference determinant [56-58]. In post-Hartree-Fock methods (52) can be

evaluated by means of response theory [56]. The perturbation AS? is added to the Hamiltonian, and the
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derivative of the perturbation dependent energy yields the desired expectation value, eq. 2.287.

(5%) = %&A) - (2.287)

Note, that the perturbation expansion only corresponds to the exact expectation value of 52 in the case
of variational methods. (52) for the OO-RI-MP2 can be expressed as [57],

N

<52>oo = <§2>ref + 2(%\32\\111). (2.288)

The correlation correction to the expectation value of the total spin operator over the reference determi-

nant has the explicit form [59],
1& B 5 o
c2 a L
2(Wo|S? W) = — E.ZZbeb Shtl, (2.289)
ia

where S5° = [ d%s, &l dr and Sf_fx = fCDst,(D‘;dT. [57] ®¢, <Df denote internal and ®2%, ®% represent

virtual a-/[3-spin orbitals, respectively.
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Figure 2.4.: Flowchart of the OO-RI-MP2 module.
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3. Computational Details

3.1. Implementation of RI-MP2 First and Second Derivatives
In this section the implementation of RI-MP2 derivatives is described. The algorithm is divided into two

major parts, i.e. a part, in which the zero-order relaxed RI-MP2 density matrix is calculated and a second

part, in which the first-order relaxed RI-MP2 density matrix is constructed.

3.1.1. First Derivatives

The first part for the calculation of first-order properties proceeds as demonstrated in Listing 3.1.

Form VP;VQ
Perform RI-transformation of Bg %—Cuﬂwphudp)V&;ﬂ
store [Y(P,1), I'(a,P) on disc
// Calculate additional RI-integrals, if second derivatives are requested
if (DerivMode == _SECOND_)
if (StoreABV)
Perform RI-transformation of beec#ac,,b(uﬂP)VP?;ﬂ
store [?’(P,1) on disc
Calculate the Coulomb-type integrals JU(a,b)eBg’BZ’
store JY on disc
remove BQFL from disc
else
Direct transformation of BGF;bbib i
Calculate the Coulomb-type integrals J'f(a,-b,b,-b)<—B,-i-D

ec#aibc,,bib(uu|P)VlJ?;/2 in a loop over batches ib of ab-pairs
) :’bbib for the current batch
store JY on disc
endif StoreABV
endif DerivMode
Loop over opl
Loop over batches of i
Loop over op2
Loop over j
form K(a, b) < BfBj
ti(a, b) « —[K¥(a, b) — Ki(b,a)] x (€2 +eb— i — ;)"
r'(P,a) + t), Bl
D¥"(,b)  } (tff't"f'+)ab
store t’(a,b) for the actual batch only
if (DerivMode == _SECOND_)
store KU(a,b), t¥(a, b) on disc
endif DerivMode
end loop j
Loop over j
Loop over k
read t’j,tik
form D¥7"(j, k) + 7%tr(t'jt"k+)
end loop k
end loop j
end loop op2
end loop i

// Construct 3-interal and 3-ezternal contribution
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60 3 Computational Details

// to the real Lagrangian
if (PertMode == _REAL_)
Loop over i
Loop over a
form X¥7(a, i)+ (P, a)B}
end loop a
end loop i

endif PertMode
end loop opl
// Store unrelazed density matriz
Transform D" (u,v) < cupcugD™"(p, q)
Store D¥"(u,v) on disc
// Finalize the real Lagrangian and
// solve the zero-order z-vector equations
if (PertMode == _REAL_)

form X¥7(a,i) + R(D)(a. i)

solve Ag?vbj?y'"(a, i) = —X¥"(a, i)

form D¥"(a, i) + —%Esym(a, i)

// Store relazed density matriz

transform D¥"(u,v) < cupcgD¥"(p, q)

store D¥"(u,v) on disc
endif PertMode
// Finalize first derivative
Form Epyp, < tr(D¥™ - hlA)

Listing 3.1: Algorithm for RI-MP2 first derivatives.

Starting with the calculation of the negative square root of the V-matrix by using the Cholesky decompo-
sition of the inverse V-matrix, the 2- and 3-index two-electron repulsion integrals and its contraction to
the corresponding B,fl, intermediates are calculated and the Rl-integrals in the AO basis are transformed
to the requested MO-basis integrals.

If second derivatives are required, the 2-internal/2-external Coulomb integrals are calculated and stored
on disc. This can be done either in the MO basis requiring the temporary storage of the 2-external
Rl-integrals BZJ, or using an AO-direct algorithm in which the storage of Bf, can be avoided. The latter
version is strongly recommended for larger systems.

In a loop over the number of operators, i.e. spin cases, and a loop over batches of internal orbitals, the
2-external/2-internal exchange integrals are calculated on the fly and directly contracted to the double
excitation amplitudes. Additionally, the 3-index 2-particle density is constructed and the virtual-virtual
block of the symmetric MP2 unrelaxed density matrix is formed via BLAS level 3 matrix multiplications.
The MP2 amplitudes are temporarily stored for the actual batch. The internal-internal block of the unre-
laxed density matrix is built from the prestored amplitudes by employing BLAS level 3 matrix operations.
In the case of real perturbations the 3-external and 3-internal contributions to the MP2 Lagrangian are
formed and stored in the symmetric matrix X. The unrelaxed MP2 density matrix is transformed to the
AQO basis and stored on disc.

For real perturbations the Lagrangian is finalized and the zero-order z-vector equations are solved. The
resulting z-vector is added to the unrelaxed density forming the relaxed density matrix, which is trans-
formed to the AO basis and stored on disc. The MP2 density matrices are then used to calculate the

total first derivative of the MP2 energy correction.
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3.1.2. Second Derivatives

The implementation of the second RI-MP2 derivative starts with the precalculation of the 3-/4-internal
integrals from the previously stored Rl-integrals. The formation of the o-vectors is also performed using
the prestored MO-integrals, except for the 4-external contribution, which is calculated in the AO basis
with either the AOBLAS algorithm or via the semi-numeric exchange treatment (COSX).

In the loop over perturbations, the CP-SCF equations are solved for the actual perturbation and the
perturbed Fock matrix is formed with the resulting U-coefficients. The response-type operator R(U)
is calculated in the AO basis and then transformed to the MO basis. The 3-external contribution to
the first-order RI-MP2 amplitudes is partially precalculated by transforming the external index of the U-
coefficients to the AO basis and contracting them with the 3-index RI-AO-integrals. These intermediates
are temporarily stored on disc.

In a loop over operators and batches of internal orbitals, the first-order double excitation amplitudes
are formed and stored for the actual batch. Furthermore, the first-order 2-particle 3-index density is
constructed and the perturbed amplitudes are contracted to form the unrelaxed first-order MP2 density
matrix using BLAS level 3 matrix operations. In the case of imaginary perturbations, the perturbed MP2
density matrix is antisymmetric.

Subsequently, the 3-external and 3-internal contributions to the first-order Lagrangian are calculated from
the first-order 2-particle 3-index density and the corresponding integrals. The 3-external contribution is
calculated in the AO basis and then transformed to the MO basis.

The contributions to the first-order Lagrangian containing the derivatives of the two-electron integrals
are computed from the prestored o-matrices by contraction with the corresponding U-coefficients.

The derivative of the response-type operator is calculated in the AO basis and subsequently back trans-
formed to the MO basis. In the case of double-hybrid functionals, the contribution R(D’*),; already
contains the scaled contribution from the XC kernel, and the functional derivatives of the XC kernel
RXC:x(D'®),; are added separately to the first-order Lagrangian. The real perturbed Lagrangian is final-
ized by adding the perturbed orbital energies contracted with the zero-order z-vector.

The solution of the first-order z-vector equations yields the first-order z-vector, which is required to finalize
the first-order relaxed density matrix. The resulting MP2 density matrix is transformed to the AO basis
and stored on disc. The entire algorithm for the calculation of the first-order relaxed RI-MP2 density

matrix is shown in Listing 3.2.

Calculate I'j(k,p) — BICB; from the stored RI-integrals
store I9(k, 1), I9(k,a) on disc
Calculate the o¥(a, b)-matrices

oiM(a, b) + t*(a, c) [ka(c, b) — K¥(c, b)} 4+ [J"k(a, ) — K*(a, c)] t4(c, b) + Kk, 1)tk

if (KCOpt == _AOBLAS_)
i@ (a, b) + CuaCrb(pr|wT)t! (v, T)
elsif (KCOpt == _COSX_)

oV(a, b) ¢ cuacuswgpu(rs)ou (1) (s|7)t! (v, 7)

endif KCOpt

tr (aij(z)(a, b)) — tr (t“‘Kjk)

o132, b) + (K9e9) .

al

store aij(l), tr (o’ﬁ(z)), a'j(3) on disc
[ KKK KK K K o K oK oK K KK KK KK KK KK KK K K oK oK KK KK KK KK KO KK KK KK KK KKK KKK KKK KKK K
/* Loop over perturbations */
[ KKK Kk K K K o K oK oK KK KK KK KK KK KK KK K K o K oK KK KK KK KK KO KK KK KK KK K KKK KKK KK KKK )
Loop over ipert

e e e LR EE ST

// Solve the CP-SCF equations for appropriate perturbation
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A e e e e e e e b L B ety
// Calculate the perturbed Fock operator

A e e e e e e e
R(U™)(p, 9) <= cupcuqU™(n, 7) [(uwlInT) £ (uv||7n)]

FX(p. q) + h™(p, q) + R(U")(p. q)

/T oo
// Precalculate 3-external contribution to the

// perturbed amplitudes

/T oo
TX/(a, P) + —c,.Uf;BE,

store TX' on disc

A e
// Start batching over internal orbitals
e
Loop over opl
Loop over batches of i
Loop over op2
Loop over j
form tx¥(a, b) < —U~(k,a)l¥(k, b) — U= (k, b)I¥(k,a) — TX'(b, P)l(a, P) — TX!(a, P)I'(b, P)
tx¥(a, b) + t*(a, b)FX(j, k) + FX(i, k)t9(a, b) — t¥(a, c)FX(b, c) — FX(a, c)t¥(c, b)
rx'(P,a) « F(b, P)tx},

if (PertMode == _REAL_)
DX(a, b) « 1 (tx"ft'” + t"ftx"f”“)
ab
elsif (PertMode == _IMAG_)

DX(a, b) « L (tx"ft"” - t”tx’”)zb
store tx’(a, b) for the actual batch
end loop j
Loop over j
Loop over k
read tmtw from disc

read tx'j, txik

if (PertMode == _REAL_)

DX(j, k) + —1 ( tr(txI ) + tr(t’ftx’”))
elsif (PertMode == _IMAG_)

DX(j, k) « —1 ( i) 4 tr(t'th'H))

end loop k
end loop j
end loop op2
end loop i
/= -
// Form 3-internal and 3-external contribution to the perturbed
// Lagrangian LMP2X
e
Loop over i
Loop over a
if (PertMode == _REAL_)
Xx¥™(a, i) « —2BLTP"
Xx¥7(a, i) + 2Bf, TP~
elsif (PertMode == _IMAG_)
Yx*9™(a, i) + 2BET 0"
Ys*¥M(a, i) « —2c,.BL, TP
endif PertMode
end loop a
end loop i
end loop opl
e
// Contract the precalculated sigma-vectors with the
// corresponding U-coefficients
A
if (PertMode == _REAL_)
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Xx¥M(a, i) X[,j-agl(yl) — xpgtr (0"7(2)) — X,';-a'g[(f)

85 elsif (PertMode == _IMAG_)
Yx*™(a, i) +— iyl;”-agél) + iyj:” tr (o’ij(z)) + iy;o'gS)
87 endif PertMode
89 /T oo
// Calculate the derivative of the response operator
91 /T oo
if (PertMode == _REAL_)
93 Xx¥™(a, i) < R(D'*)ai — xgﬁ(D),-,- + x5 R(D)ap + R(D).i
if (PertMode == _IMAG_)
05 Y™™ (a, i) = R(D'*),i + iy R(D); — iyfiR(D)as + R(D)ai
endif PertMode
97
// In the case of double-hybrid functionals add the contribution
99 // containing the third functional derivatives
if (DHDF && (PertMode == _REAL_) )
101 Xx¥™(a, i) — R“"(D).;
endif DHDF
103
/T -
105 // Add perturbed orbital energies to the Lagrangian
Y e i
107 if (PertMode == _REAL_)
Xx(a,i) (52 - 52 ) 7
109 endif PertMode
111 A e e
// Solve first-order z-wvector equations
113 Y e e
if (PertMode == _REAL_)
_ R
115 Solve A?bj% = —Xx""(a,i) — aA;,’;bjfbj
elsif (PertMode == _IMAG_)
117 Solve Ag,bj% = —Yx*¥"(a, i)
endif PertMode
119
Y e
121 // Finalize the perturbed relazed density
A R R R
123 if (PertMode == _REAL_)
DX¥™(a, i) < —52"(a, i)
125 DX¥™(p, q) < x,';D,q + XZDP,
elsif (PertMode == _IMAG_)
127 DX*¥™(i, a) + 3Z"(a, i)
DX*¥™(a, i) + —1Z"(a, i)
129 DX*™(p, q) + —iy,’;D,q + iy,';Dp,
endif PertMode
131
transform DX(u,v) < cupcugDX(p, q)
133 store DX(u,v) on disc

135 end loop ipert

Listing 3.2: Algorithm for RI-MP2 second derivatives.

3.2. The 'Chain of Spheres Exchange’ Algorithm

The semi-numeric exchange treatment is efficiently implemented via the 'chain of spheres exchange'

(COSX) algorithm. [39] In this algorithm each contracted basis function is surrounded by a sphere outside
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of which its contribution to the exchange matrix is assumed to be negligible. Practically, this basis function
cutoff is 1071 which corresponds roughly to a radius of ~3A for a valence basis function. Given these
spheres, a list of partners for each basis function with a non-negligible differential overlap (S-junction) is
constructed. Likewise, a list of partners which are connected via a non-negligible density matrix element
(P-junction) is built. These lists are expected to become asymptotically constant, as long as Kohn's
conjecture holds, i.e. the absolute values of the density or overlap matrix elements, respectively, drop
asymptotically with the distance of the corresponding orbital shells. The structure of the COSX algorithm

as it is implemented is shown is Listing 3.3.

Preselect interacting pairs of basis functions
Loop ig over grid points

Calculate basis function values R, // O(N)
if (DoGrad)

Calculate basis function derivatives R i, // O(N)
Construct secondary (and tertiary) shell lists // O(N)
Perform BLAS level 3 matrix multiplication Frgz =3, RugPxr // O(N)
Calculate analytic integrals G,, =), Fr A, (rg) // O(N)
Perform BLAS level 3 matrix multiplication Ku, =3, RugGug // O(N)
if (DoGrad)

Perform BLAS level 3 matrix multiplication K:V:ZgRﬂngyg // O(N)
end

Listing 3.3: Schematic diagram of the COSX algorithm.

First, the interacting pairs of basis functions which interact via S- or P-junction are preselected. In
the loop over batches of grid points the surviving basis function values and, if requested, its derivatives
are calculated. Then a secondary shell list is constructed with basis functions, which interact with the
primary list of shells via the density matrix. The tertiary shell list is not required for the evaluation of
the semi-numeric exchange gradient, due to the permutational symmetry of the two-electron derivative
integrals. The F gz-intermediate is built via large scale BLAS Level 3 matrix routines. The analytical
integration represents the rate limiting step, and in the formation semi-numeric exchange matrix and its
gradient, respectively, use of BLAS level 3 routines is made again. The COSX algorithm is potentially
linear scaling, but due to the small decay constant of the exponential functions the secondary shell list

only becomes constant for fairly large systems, i.e. ~25A.

3.2.1. COSX integration grids

The integration grids employed for the numerical integration within the COSX algorithm are derived from
standard DFT grids included in the ORCA program package, but are considerably smaller. The accuracy
of the integration grids is controlled by the radial resolution parameter ¢ together with the largest Lebedev
grid used in constructing the atomic grid. € defines the number of radial shells n, for a given atom and
is calculated as n, = 15¢ + 5r — 40 [60], where r is the row of the periodic table to which the atom
belongs. For a radial integration accuracy of £={3.34;4.01;4.34;5.01} the number of radial grid points
for the 1st to 3rd row of the periodic table is {(15,20,25);(25,30,35);(30,35,40);(40,45,50)}. The pruning
algorithm of Gill et al. is used to reduce the number of points in the inner and outer regions. [61] In order
to investigate the influence of the employed integration grids on the accuracy of the resulting first- and
second-order properties, different angular grids in combination with several radial resolution parameters

have been tested for diverse molecules and varying basis sets.
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Figure 3.1.: Deviation of the RIJCOSX-MP2 gradient norm [%] depending on the SCF grids with regard to
the original MP2 method. ZGridX 1-3 refer to Lebedev-50/3.34, Lebedev-50/4.01 and Lebedev-
194/4.34.

RIJCOSX-MP2 Gradient For comparison, the same four representative molecules with the same di-
verse basis sets, as for the earlier evaluation of the SCF grids have been chosen. [39]

The grids used for the calculation of the response-type operators are dependent on the chosen SCF grids,
since they originate from the HF equations. Therefore, the influence of the employed integration grids
for the solution of the z-vector equations on the quality of the calculated gradient norm compared to
the original MP2 gradient norm has been tested. As shown in Fig. 3.1, the deviations of the gradient
norm are very small (<3%) and the very limited deviations follow no general trend. We therefore have
considered the smallest SCF grid as being appropriate for the present purpose.

The calculation of the derivative of the basis functions on the grid required for the RIJCOSX-MP2 gradi-
ent is independent of the employed SCF grids. Therefore, we tested different angular grids in combination
with several radial integration accuracies. In Fig. 3.2 the deviation of the norm calculated with the RIJ-
COSX approximation compared to the norm of the original MP2 method is presented.

The trend of the norm deviation changes between different molecules but is almost independent of the
angular grid. The maximum deviation of the gradient norm is 3.5% for the cyclohexane molecule, but is
considerably smaller for the other molecules in this test suite (<1%). The curves corresponding to the
large 302 and 434 point Lebedev grid nearly coincide and even the deviations obtained with the smaller
194 point Lebedev grid are still reasonable. However, extended test calculations have shown, that best
convergence in geometry optimizations is obtained with the Lebedev-302 radial grid in combination with
a radial integration accuracy of 4.43. Hence we choose this very conservative scheme as our default
setting.
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Figure 3.2.: Deviation of the RIJCOSX-MP2 gradient norm [%] depending on the grids used for the evaluation of
the basis function derivatives with regard to the original MP2 method. Triangles=110 point Lebedev
grid, filled squares=195 point Lebedev grid, circles=302 point Lebedev grid and empty squares=434
point Lebedev grid.

RIJCOSX-MP2 Second-Order Properties The COSX grids used for the solution of the first-order
z-vector equations as well as for the evaluation of the perturbed response-type operators depend on the
chosen SCF grids. As it has already turned out for the calculated gradient, the second-order properties
are almost unaffected by the grid choice as well. Therefore, the only grid to be determined, is the one
used in the calculation of the 4-external contribution to the o-vector. In Fig. 3.3 the deviation of the
isotropic polarizability calculated with the COSX approximation compared to the one calculated with the
conventional AO-based algorithm is presented. The error is usually <0.001 au and both Lebedev-195
and Lebedev-302 grids show negligible errors, which are almost independent on the radial integration
accuracy. The deviation is for each molecule and all grids <0.01%. The error introduced by the COSX
approximation in the calculated isotropic g-shifts is shown in Fig. 3.4. The deviations in the g-tensor are
one order of magnitude larger (<0.1%) compared to the error in the polarizabilities. Overall, it turned out
that the Lebedev-110 angular grid in combination with a radial resolution parameter of 3.34 represents a

good compromise between efficiency and accuracy.
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Figure 3.3.: Deviation of the isotropic polarizability [au] calculated with the COSX algorithm (COSX) from the
direct AO treatment (AOBLAS) depending on the grids used for the evaluation of the K(t7),5 term.
Triangles=50 point Lebedev grid, filled squares=110 point Lebedev grid, circles=194 point Lebedev
grid and empty squares=302 point Lebedev grid.
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Figure 3.4.: Deviation of the isotropic g-shift [ppm] calculated with the COSX algorithm (COSX) from the direct
AO treatment (AOBLAS) depending on the grids used for the evaluation of the K(t7),, term.
Triangles=50 point Lebedev grid, filled squares=110 point Lebedev grid, circles=194 point Lebedev
grid and empty squares=302 point Lebedev grid.
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68 3 Computational Details

3.3. Proposed Algorithm for the Calculation of Second

Derivatives

In this section a preliminary algorithm for the solution of the coupled-perturbed OO-MP2 equations,
derived in Section 2.9.2, is proposed. Listing 3.4 presents the construction of the right-hand side of the
CP-O0-MP2 equations. The first step is to contract the one-electron perturbation matrix hl*l with the
corresponding zero-order double excitation amplitudes and the orbital energy denominator a?;(‘d,. The
resulting four-index quantity is saved on disc and later used for the formation of the 3-internal/3-external
contributions to the Lagrangian.

Further contraction with another set of zero-order amplitudes leads to a matrix ttxh with which the
response-type operator R(ttxh), can be calculated and added to the first-order Lagrangian LX,;. The
3-external contribution to the Lagrangian can be efficiently evaluated in the AO-basis, whereas the 3-

internal contribution is calculated with prestored integrals. The Lagrangian is finalized by adding the
contracted and uncontracted hgf] terms. The first-order Lagrangian is then used to solve of the CP-OO-

MP2 equations.

/* K K KK K KK K KK K Kk K K K K K K K K K K K Kk K K K K K K K oK K K K oK K K K oK ok K K oK ok K 0K K K 3k 0K K K ok 0K K ok K K K oKk K K K oKk K K Ok oK K K Ok K Xk K Ok Kk K %
Form the right-hand side of the 0O0-MP2 equations for each perturbation kK
KK K e K oK K K KK KKK K K K K K K K K KKK K KK K KK K K K K KK K K KK K K K K KK KKK K K KK KK K K KK KK K K KKK KKK KKK KKKk k)
// Construct auziliary matriz for the contraction in ttxh(—tk/bi:dl-(aéi‘d,)’l
loop over k
loop over 1
Get stored amplitudes i
loop over m
// Form the internal part of the tzh-matriz
Get stored amplitudes thm gl
Form txh 7tk'"h‘[_:,] - hE:n] e
end loop m
// Form the wirtual part of tzh-matriz
BLAS_Add_Mat_x_Mat(exh¥, t9, nvIsl)
BLAS_Add_Mat_x_Mat (txh, hVIFIT ¢4)
loop over c
loop over d
// Finalize tzh-matric
txh¥(c, d) « txh¥(c, d) - (—ex — e/ +ec + €4) 7t
end loop d
end loop c
Store txh¥ on disc

// Form wirtual part of the ttzh-matriz
BLAS_Add_Mat_x_Mat (ttxhV,2 - t", txh ')
BLAS_Add_Mat_x_Mat(ttxhV,2 - t*, txh ')
loop over m
Get stored amplitudes ™ gmk
// Form internal part of the ttzh-matric
ttxh(m, k) < —2- BLAS_Trace(t’"l, txhk”)
ttxh(m, I) < —2- BLAS_Trace(t™, txh")
end loop m
end loop 1
end loop k

// Construct the first-order Lagrangian
loop over batches of i
loop over a
i (<]
LX(a, i) + 2- h
loop over j
9 (=]
LX(a, i) « Dijhaj
end loop j
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3.3 Proposed Algorithm for the Calculation of Second Derivatives 69

loop over b
LX(a, i) + Daphlf?
end loop b
end loop a
loop over AOQs
loop over 1
// Form 3-external contribution to LX
LX(a, i) < 4 Cpacri(pv|k7)txhil
end loop 1
end loop AOs

loop over 1
Get stored 3-internal integrals I « (ik|/d)
loop over a
// Form 3-internal contribution to LX
LX(a, k) < —4 - (ik|ld)exh?,
end loop a
end loop 1
end loop ibatch

// Calculate response-type contribution to LX
LX(a, i) < 2- R(ttxh),;

A e e e e e bt
// Solve the 00-MP2 equations
A e e L SRl
Call function Solve_00MP2Egs ()

Listing 3.4: Proposed algorithm for the construction of the right-hand side of the CP-OO-MP2 equations.

In Listing 3.5 a potential algorithm for the solution of the CP-OO-MP2 equations is presented. Several
terms which occur in the first-order Lagrangian for the conventional MP2 method appear on the left-
hand side of the CP-OO-MP2 equations. First, a o-vector is calculated and stored on disc just like in the
canonical MP2 case. Then an adequate initial guess has to be made for the U-coefficients. Afterwards,
the well-known left-hand side of the CP-SCF equations is formulated as one contribution to the CP-OO-
MP2 left-hand side. Then the formal derivative of the response-type operator similar to the MP2 case is
built. Several Fock-matrix terms are added and finally, to complete the G,; intermediate the o-vector is
contracted with the corresponding orbital rotation coefficients.

In a second step a four-index quantity is formed, which contains a response-type operator over the
U-coefficients contracted with the zero-order amplitudes, several Fock-matrix elements contracted with
the double excitation amplitudes and the U-coefficients as well as 3-external and 3-internal two-electron
repulsion integrals multiplied by the actual U-coefficients. The Re 4 quantity is scaled by the denominator
a%j 4 and stored on disc.

The intermediate four-index quantity is first contracted with the OO-MP2 amplitudes to calculate a
response-type operator, and subsequently used for the contraction with 3-external/3-internal two-electron
integrals.

The left-hand side of the OO-MP2 equations is finalized and convergence is checked. If convergence has
not been achieved yet, the U-coefficients are updated, e.g. by a DIIS procedure.

At convergence, the U-coefficients are used to calculate the first-order OO-MP2 amplitudes and the entire

second derivative.
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3 Computational Details

VARETT TR T E ST R T
Solve the CP-00

KoK kKA KK KKK KKK KKK

KoK KKK KA KKK KKK KK KK KK KK KK KK KK KKK KKK KK

-MP2 equations

KA KKK KKK KKK KK KKKKKKK KKK KKK KA K K]

Calculate the o’(a, b)-matrices
o102, b) - t¥(a, c) [19(c, b) — KY(c, b)]| + [/(a. ) — K™(a, )] t9(c, b) + KT (K, )t"
if (KCOpt == _AOBLAS_)
oM (a, b) « CuaCrb(pv|kT)td (v, T)

elsif (KCOpt == _C

0SX_)

oW (a, b)  cuacrbwepu(rg) e (r) (k| Tt (v, 7)

endif KCOpt

tr (a’j(z)(a, b)) — tr (t“‘Kjk)

o732, b) + (K9¢9)

ab,
store ol tr(a“n>, o/® on disc

e

// INITIAL GUESS

e
— LX

Ul:j — T Ea—g;

loop over CP-Iter

YA

// Generate zbbuggﬁh

A

Calculate ZLbUgg“

(ai, bj) + 3, UEALT)

ai, bj

// Add response-type terms to the left-hand side of 00-CP-MP2 equations
Gai + 25 —0abUp:R(D)jj + 65U R(D)ab + 3=, DikR(U™ )ak + 3°, DacR(U™)ic + R(D)ai

// Add Fock-matriz terms

Gai = Xy UE [D,-,-Fab 4

// Add o-terms

DY — 8.5 3, DixFi — 85 3. Dachc]

Goi + UgalD — uztr (o7®) - upalY

ab

Y

// Generate Zjb Ug

Y

Form the contracti
Calculate respon

Rekdl <= — >
Add Fock-matrix

Kied :it,ck,draiz,dr,bj(aﬁ,d/rl
> kicd &
—il
on Redr + 3 Ugack i (3ck,ar)
se-type contribution
R(U™)im - 2" + R(U™ Jiam - tig — 32, R(U™)ed - tie + R(U™)ec - t
terms

Rekdi = 32 U [— S ot (84 Fom ~+ O Fib] + 7 [8kiFom ~+ SmjFrb) — 3o t& [8ebFia + SabFej] + ) [8csFe + 5deej]]
Add 2-electron repulsion integrals

Recar — 3, 85U (ulllcd) + 3, 85U (kvllcd) — 5,5 U [Beo (kT1Lid) + S (K11 )]
Multiply with the denominator Rﬂd/e—Rdﬂp(aido_l

store Rgq on disc

Form the contracti

Calculate respon

on Oui 4 3oy a1 8ayoch,ai Reka
se-type contribution O, + 2R(t-R),

Add 2-electron integral contribution Ou < 2> ., . Ou(u/||KT)Rekri — 23 g Oac (Kl||id) Rek,ar

Finalize the left-

hand side of the CP-00-MP2 equations O, < G, — O,

if (CP-Iter > 0) CheckConvergence ()

if (NotConverged)
else break

end loop CP-Iter

UpdateUCoefficients ()

Listing 3.5: Algorithm for the solution of CP-OO-MP2 equations.
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By analyzing the individual terms occurring on the left-hand side of the CP-OO-MP2 equations, it appears
that the solution of the CP-OO-MP2 equations is of the similar computational effort as the calculation of
the first-order MP2 Lagrangian in conventional MP2 theory. However, the CP-OO-MP2 equations have
to be solved iteratively, and thus the computational costs scale with the number of iterations. Thus,
the solution of the first-order z-vector equations in general MP2 theory is replaced by the solution of the
CP-O0-MP2 equations in the OO-MP2 method.
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4. Validation

In the present section the validation of our implementation of second RI-MP2 derivatives is presented.
Therefore, the calculated electric and magnetic properties are compared to MP2 results obtained with
the CFOUR program package [62]. A numerical check for the imaginary second MP2 derivatives could
not be performed, because the use of complex molecular orbital coefficients is not available in the ORCA

program package.

4.1. Polarizabilities

4.1.1. Calculation of Polarizabilities

Static polarizabilities can be considered as second-order response of the molecular system with regard to

an external electric field £. Therefore, the energy can be expanded in a Taylor series around |£| = 0,

£~ 203 ()

1 PE 1 PE
2 azﬁ 0Ea08s ) |¢1— 3! ;{ ELOERDE ) (2129 !

|€]=0
(4.1)
with a, 8,7, ... = x, y, z. Comparing eq. 4.1 with the expression for the energy of a molecule in an electric
field in classical physics, eq. 4.2,
- 1 1
E(€)=E® => paka - 5 > aap€als - 3 > BaprEalply + .. (4.2)
a af afy

shows, that the polarizability tensor o can be expressed as second derivative of the energy w.r.t. an

external electric field.

1 02E
ap 22(1/3 (asac%ﬁ)lg_o #3)

Analogously, the dipole moment p corresponds to the first and the hyperpolarizability to the third energy

derivative.

4.1.2. Validation of Polarizabilities as Implemented in the ORCA Program
Package

In Table 4.1 the calculated isotropic polarizabilities for a series of small organic compounds are listed.
The polarizabilities have been calculated employing a triple-¢ basis set (TZVP [63,64]) and Dunning’s
quadruple-¢ basis set (cc-pVQZ [65]). For the 'Resolution of the Identity’ approximation the corresponding
correlation fitting basis sets from the Turbomole library [32,33] were used. The energies were converged
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to 1071° E,. The results maintained with the ORCA program package are compared to the CFOUR
results. The error introduced by the RI approximation is assumed to be negligible, since the error in
the total energies is usually <1 mE,. This is confirmed by the numbers presented in Table 4.1, where
the deviations in the isotropic polarizabilities are typically <0.005 au for the TZVP basis and <0.02 au
for the cc-pVQZ basis compared to the conventional MP2 reference. The error ranges from —0.003 to
0.006 au and from —0.004 to 0.037 au, respectively. Since, the error is in the interval of the typical
error introduced by the RI approximation, we consider the correct implementation of the RI-MP2 second

derivatives as proven for real perturbations.

Table 4.1.: Calculated isotropic polarizabilities for a series of small organic compounds in [au]. Comparison of
CFOUR and ORCA implementation. Structures have been optimized at the RI-MP2/TZVP level.

molecule TZVP cc-pVQZ
CFOUR ORCA CFOUR ORCA

HF MP2 HF  RI-MP2 HF MP2 HF  RI-MP2
CHa 13.701 13.847 13.700 13.849 15.274 15582 15.274 15.583
CoH2 18.276  17.278  18.277 17.277 21.450 20.574 21.450 20.574
CoHy 24212 23.020 24.212 23.021 25.800 24.936 25.800 24.936
CoHe 25.008 25.484 25.008 25.487 26.702 27.400 26.702 27.402
C3Ha? 30.484 29.892 30.484 29.894 33.818 33.453 33.818 33.455
cyclo-C3He 33.026 33.768 33.026 33.774 34.021 34911 34.029 34.920
C3Hsg 36.201 37.159 36.201 37.165 38.073 39.322 38.081 39.332
1-Butyne? 42,243 42125 42.244 42.128 45.663 45.799 45.678 45.795
1-Butene 47.165 46.686 47.165 46.689 49.416  49.420 49.419 49.442
trans-2-Butene  47.150 46.735 47.150 46.741 49.660 49.727  49.675 49.744
CeHe? 61.914 62303 61.914 62.300 64.700 65.202 64.735 65.239
cyclo-CgHi2 64.545 66.821 64.545 66.832 —b —b  66.600 69.247
CH3OH 16.825 17.396 16.825 17.399 18.681 19.481 18.681 19.482
CH3CHO 25.093 26.202 25.093 26.202 26.965 28.273  26.977 28.284
CoHs0H 28.085 29.157 28.085 29.162 30.135 31.483 30.145 31.495
MD 0.0000 0.0025 0.0076 0.0086
MAD 0.0002 0.0030 0.0076 0.0091

4.1.3. RIJCOSX Error

In this section the accuracy of the RIJCOSX approximation is benchmarked. Therefore, isotropic po-
larizabilities have been calculated with three different basis sets up to quintuple-¢ quality [65] with the
corresponding auxiliary basis functions [66]. The standard COSX integration grids analyzed in Sec-
tion 3.2.1 have been employed. The RIJCOSX approximation becomes more efficient with increasing
angular momenta and increasing system size. Therefore, the largest speedup is achieved for the cc-pV5Z
basis set. For systems with ~500 basis functions an overall speedup in the total wall clock time of a factor
of 10 could be achieved. For the cyclohexane molecule with a basis dimension of 1206 even a factor of

15 has been reached.

3CFOUR energy convergence criterion decreased to 10~8 E,.
bCFOUR calculation could not been finished.
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Table 4.2.: Calculated isotropic HF polarizabilities for a series of small organic compounds in [au]. Estimation of
the RIJCOSX error. Structures have been optimized at the RI-MP2/TZVP level.®

molecule cc-pVTZ cc-pVQZ cc-pV5Z

HF  RIJCOSX-HF HF  RIJCOSX-HF HF  RIJCOSX-HF
CHa 14.657 14.667 15.274 15.279 15.582 15.600
CoH> 19.650 19.674 21.450 21.560 22.407 22.647
CoHy 24.305 24.280 25.800 25.791 27.007 27.114
CoHe 26.019 25.980 26.702 26.668 27.033 26.995
C3Hy 31.826 31.836 33.818 33.920 34.851 35.079
cyclo-C3Hg 33.112 33.077 34.029 34.002 35.267 35.231
C3Hg 37.220 37.187 38.081 38.058 38.900 38.855
1-Butyne 43.559 43.636 45.678 45.795 47.239 47.500
1-Butene 47.671 47.612 49.419 49.418 50.784 50.952
trans-2-Butene  48.032 48.005 49.675 49.700 51.188 51.403
CeHe 61.618 61.621 64.735 64.930 68.481 68.953¢
cyclo-CgHi2 65.516 65.474 66.600 66.580 69.484 69.791
CH3OH 17.725 17.729 18.681 18.682 19.224 19.240
CH3CHO 25.769 25.783 26.977 26.988 28.371 28.348
CoHs0OH 29.064 29.075 30.145 30.164 31.402 31.401
MD —0.0071 0.0314 0.1259
MAD 0.0275 0.0466 0.1450

In Tables 4.2 and 4.3 the calculated isotropic polarizabilities at the Hartree-Fock and MP2 level are
presented. The error in the static polarizabilities grows with increasing basis dimension. This behaviour
is also observed for single point energies and has been analyzed in detail in Refs. [39] and [31]. Therefore,
the use of larger integration grids has been recommended for calculations with extended basis sets.
Nevertheless, a mean absolute error of 0.1-0.15 au in isotropic polarizabilities for the cc-pV5Z basis set is
still satisfactory. Except for the benzene molecule, for which the SCF failed to converge on the standard
COSX grids, no outliers have been observed. Thus, the RIJCOSX approximation demonstrates again its

robustness and high efficiency.

dErrors in final RIJCOSX-SCF energies are for
cc-pVTZ=0.02.0.01.0.17.0.07.0.02.0.08.0.10.0.09.0.26.0.19.0.08.0.35.0.01.—0.01.0.01 kcal/mol and for
cc-pVQZ=0.25.—0.03.0.33.0.54.0.26.0.41.0.67.0.27.0.98.0.95.0.83.1.40.0.43.0.25.0.39 kcal/mol and for
cc-pV57=0.60.0.22.0.90.1.07.0.73.1.19.1.44.1.05.2.09.2.11.2.43.—0.03.0.95.0.75.1.02 kcal /mol.

¢Due to SCF convergence problems the following COSX grids were employed: small SCF grid Lebedev-50/3.67, medium
SCF grid Lebedev-110/4.01, final SCF grid Lebedev-194/4.34 and if so COSX K(t%),;, grid Lebedev-302/4.34.
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(a) BQ*~ (b) BQ®*~ x2H,0 (c) BQ*~ x4H,0

Figure 4.1.: Structures of the p-benzosemiquinone anion radical (BQ®~) coordinated with up to four water
molecules.

Table 4.3.: Calculated isotropic MP2 polarizabilities for a series of small organic compounds in [au]. Estimation
of the RIJCOSX error. Structures have been optimized at the RI-MP2/TZVP level.f

molecule cc-pVTZ cc-pVQZ cc-pV5Z

RI-MP2  RIJCOSX-MP2 RI-MP2  RIJCOSX-MP2 RI-MP2  RIJCOSX-MP2
CHgy 14.844 14.855 15.583 15.591 15.965 15.987
CoH2 18.801 18.824 20.574 20.674 21.509 21.719
CoHy 23.376 23.344 24.936 24.915 26.129 26.206
CaHe 26.529 26.478 27.402 27.356 27.838 27.787
C3Has 31.418 31.422 33.455 33.545 34.519 34.712
cyclo-C3Hg 33.691 33.646 34.920 34.884 36.431 36.386
C3Hsg 38.199 38.159 39.332 39.303 40.301 40.250
1-Butyne 43.565 43.646 45.795 45.934 47.484 47.729
1-Butene 47.433 47.348 49.442 49.384 50.902 51.004
trans-2-Butene 47.825 47.774 49.744 49.728 51.452 51.608
CeHe 62.008 62.007 65.239 65.410 69.272 69.663¢
cyclo-CgH12 67.731 67.674 69.247 69.217 72.632 72.925
CH3OH 18.286 18.290 19.482 19.483 20.237 20.257
CH3CHO 26.824 26.838 28.284 28.294 29.891 29.870
CoHsO0H 30.103 30.116 31.495 31.519 33.005 33.013
MD —0.0141 0.0205 0.1106
MAD 0.0341 0.0519 0.1346

COSX Timings The speedup obtained by employing the RIJCOSX approximation to RI-MP2 sec-
ond derivative calculations is analyzed in the present paragraph. Therefore, the structures of the para-
benzosemiquinone anion radicals (BQ®*~) coordinated with up to four water molecules (Fig. 4.1) have
been optimized with the TPSS [67] meta-GGA density functional and a TZVP [64, 68] basis set under

fErrors in final RIJCOSX-MP2 energies are for
cc-pVTZ=0.04.—0.13.0.08.0.17.—0.01.0.01.0.23.—0.10.0.37.0.29.0.43.—0.64.0.22.0.04.0.02 kcal/mol and for
cc-pVQZ=0.25.—0.03.0.33.0.54.0.26.0.41.0.67.0.27.0.98.0.95.0.83.1.40.0.43.0.25.0.39 kcal/mol and for
cc-pV5Z2=0.60.0.22.0.90.1.07.0.73.1.19.1.44.1.05.2.09.2.11.2.76.0.07.0.95.0.75.1.02 kcal/mol.
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tight optimization criteria. The structure of the BQ®*~ x4H,0 anion radical was taken from Ref. [69].
The static isotropic polarizabilities have been calculated with Ahlrichs’ TZVPP [66,70] basis set together

with the corresponding auxiliary basis sets.

Table 4.4.: Timings in [s] for the formation of the 4-external contribution to the o-vector K(t7),, and total wall
clock times for one polarizability calculation in a TZVPP basis set with the RIJCOSX-MP2 method.

Molecule Npasis  NauxBasis)  NAuxBasisC Time K(t7),, Total Time
AOBLAS COSX AOBLAS COSX
BQ*— 304 436 728 5523 (47.6%) 1790 (21.5%) 11603 8312
BQ®*~ x2H>0 422 578 1000 33690 (53.2%) 7161 (18.6%) 63318 38495
BQ®*~ x4H>0 540 720 1272 130721 (56.2%) 20311 (16.5%) 232611 122988

In Table 4.4 the speedup achieved by calculating the 4-external contribution K(t¥),, to the o-vector
semi-numerically with the 'chain of spheres exchange' algorithm is tabulated. The total wall clock times
listed in Table 4.4 refer to the formation of the first-order relaxed MP2 density matrix employing the
RIJCOSX approximation. Whereas in the default AOBLAS algorithm the calculation of K(t), is the
time determining step, which takes ~50% of the total wall clock time, the COSX treatment reduces the
computational effort drastically to <20%. The speedup for the entire calculation is ~1.5 for the smallest

compound and ~2 for the solvated BQ®*~ x4H,0 radical.

Table 4.5.: Timings in [s] for the formation of the perturbed response operator R"(D).; and the solution of the
first-order z-vector equations Z,; for one polarizability calculation in a TZVPP basis set.

Molecule NBasis NAuxBasisJ N AuxBasisC Time ﬁN(D)ai Time z,;

AO (direct) RIJCOSX AO (direct) RIJCOSX
BQ*~ 304 436 728 1082 (6.0%) 241 (2.1%) 6255 (35.0%) 1553 (13.4%)
BQ®*~ x2H,0 422 578 1000 2224 (2.8%) 438 (0.7%) 16610 (20.7%) 3978 ( 6.3%)
BQ®*~ x4H,0 540 720 1272 3815 (1.4%) 685 (0.3%) 20775 ( 7.9%) 4304 ( 1.9%)

In Table 4.5 the timings for the formation of the perturbed response operator ﬁK(D)a,- and for the solution
of the first-order z-vector equations are shown. The formation of FH(D)a; can be accelerated by a factor
~b if the Coulomb-type integrals are approximated by the 'Resolution of the Identity’ approximation
and the exchange-type integrals are evaluated semi-numerically. But this speedup has almost no effect
on the total wall clock time, since the step is by far not rate limiting. The situation changes for the
solution of the z-vector equations, which account for ~35% of the entire wall clock time for the smallest
p-benzosemiquinone anion radical, but becomes less expensive for growing systems. Nevertheless, a factor
of ~4-5 can be gained by employing the RIJCOSX approximation to the solution of the z-vector equations.
An overall speedup of ~2 could be achieved even for these small systems by employing the RIJCOSX

approximation throughout and by treating the 4-external contribution semi-numerically.

4.1.4. Numeric versus Analytic Polarizabilities

In this section the numeric calculation of isotropic polarizabilities is compared to the analytic evaluation.

Therefore, the structures of the nitropyridine compounds shown in Fig. 4.2 have been optimized with
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Figure 4.2.: Structures of (a) 2-nitropyridine, (b) 3-nitropyridine and (c) 4-nitropyridine coordinated by hydrogen
fluoride.

the BP86 [71,72] GGA density functional in a polarized triple-( basis set (TZVPP [66,70]) under tight
optimization conditions. The static polarizabilities have been calculated at the RI-MP2 [21] level with
Dunning's cc-pVTZ [65] basis set and the corresponding auxiliary basis functions [66]. The numeric
polarizabilities have been evaluated either by first finite differences of dipole moments (POLAR2) or by
second finite differences of energies (POLAR3). In order to speedup the analytic calculation of isotropic
polarizabilities (POLAR1) the COSX approximation has been applied for the calculation of the 4-external
term in the first-order Lagrangian 'COSX' (cf. eq. 2.231) or the RIJCOSX approximation has been
employed throughout 'RIJCOSX'. The standard COSX integration grids analyzed in Section 3.2.1 have

been used.

The timings listed in Table 4.6 refer to total wall clock times for a polarizability calculation subsequent
to a single point and relaxed RI-MP2 density calculation for the SCF, the RI-MP2 unrelaxed and relaxed
densities. The difference in the total time required to perform one numeric polarizability calculation
using the POLAR2 approach compared to an analytic evaluation with conventional RI-MP2 is almost
negligible, due to the small system size (15 first row atoms) and basis set. The second finite differences
of energies technique (POLAR3) is roughly a factor 2 more slower compared to the analytic derivative
evaluation, due to the larger number of displacements. Calculating the 4-external contribution to the
first-order Lagrangian semi-numerically (COSX) gains ~20-25% in computation time. The application
of the RIJCOSX approximation to the analytical computation thus saves ~60% of the total wall clock

time.

Table 4.6.: Total wall clock times for numeric versus analytic isotropic polarizabilities [au] for 2-/3-/4-nitropyridine
compounds in [s] for a cc-pVTZ basis set (Ngas=370, Ngasj=545, Ngasc=960).

POLAR1 POLAR2 POLAR3
COSX RIJCOSX

| 684459 (i, = 78.80) 54 7445 28 544.1 71 052.4 (ouso = 78.78) 150 614.6
Il 71026.3 (ajso = 79.74) 54 634.8 30 435.9 73 200.4 (cvso = 79.78) 152 946.1
Il 68 763.0 (aso = 78.80) 52 248.3 28 449.0 71 261.2 (ouso = 78.80) 152 163.9
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Benchmark Study In order to benchmark the implementation of second analytic RI-MP2 derivatives the
16-annulene molecule, shown in Fig. 4.3, has been chosen. The structure of the 16-annulene compound
has been optimized at the RIJCOSX-MP2 level with a TZVP [66,70] basis set. The static polarizabilities
have been calculated with triple-¢ and quadruple-¢ basis sets (cc-pVTZ, cc-pVQZ [65]).

‘
N Ao

=\ ,><’

Figure 4.3.: Structure of 16-annulene optimized at RIJCOSX-MP2/TZVP level.

For the cc-pVTZ basis set (Ngas=704, Ng,s;=960, Ng.sc=1776) the total wall clock time for the analytic
polarizability calculation is roughly ~3 days 23 hours 2 minutes (~1 day 11 hours 16 minutes with
RIJCOSX) on a Intel(R) Xeon(R) CPU with 2.4GHz and 6GB RAM. The same calculation using the
finite differences technique of dipole moments took ~4 days 8 hours 14 minutes (~1 day 8 hours 43
minutes with RIJCOSX) on the same machine. The polarizability calculation employing the cc-pVQZ
basis set (Npas=1360, Npasy=960, Npasc=2992) took roughly 17 days 9 hours employing the RIJCOSX
approximation on a Quad-Core AMD Opteron Processor with 2.2GHz and 8GB of main memory. The
computation time is dominated by the calculation of the 4-internal contribution to the o-vector, which is
somewhat surprising. It has to be checked whether this is an artifact of load balancing on the computer or
if the routine itself has to be further optimized for large-scale applications. By contrast, the evaluation of
the 4-external contribution to the o-vector took only ~6% of the overall time required for the calculation
of the relaxed RIJCOSX-MP2 density matrix. For comparison, the MP2 polarizability calculation of the
benzene molecule in a cc-pVQZ basis set (Ngas=510) took ~8 days 20 hours with the CFOUR program

package on an identical machine.

4.2. Chemical Shieldings

4.2.1. Calculation of Chemical Shielding Tensors

In magnetic resonance spectroscopy the concept of effective spin Hamiltonians plays a fundamental role in
the understanding of experimental data. [73] The effective spin Hamiltonian used to resemble the nuclear

magnetic resonance (NMR) spectra for closed-shell compounds is given as,

- - 1 o 5
HEMR = =3 yanBT (1= o")IA + 5 ) arsh®TAT (DA% + KAF)IP (4.4)
A A+£B

where 74 is the nuclear magnetogyric ratio for nucleus A and A represents the nuclear spin operator.

The nuclear magnetic dipole moment MA is related to the nuclear spin operators via

MA = yahTA, (4.5)
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In eq. 4.4 o* is the nuclear magnetic shielding tensor, which describes the magnetic shielding effects of
the electrons; D indicates the classical dipolar interaction between nuclear magnetic dipole moments
and KAB denotes the reduced indirect nuclear spin-spin coupling between nuclear dipoles induced by the
surrounding electrons. [74] The effective NMR spin Hamiltonian reproduces the nuclear magnetic energy
levels in a molecular system without explicitly accounting for the electrons. [74] Expanding the electronic
energy in the magnetic field B and in the nuclear magnetic moments {AM*} yields,

E(B, {M"}) = E B B BT A
(5.4 °F 3 Z 0‘88885 5o ”ZA:Z aaBaMA Mp
af \B|:O,|M|:O
O%E
Z MET M (4.6)
AAAAAB B
A#B oM 8/\/1 M=o
with o, 8,7, ... = X, ¥, Zz. In eq. 4.6 the first-order terms vanish for closed-shell systems, either due to the

imaginary nature of the operator or because the spin operators generate triplet wave functions. [74] The

second energy derivatives in eq. 4.6 can be identified by comparison with the spin Hamiltonian in eq. 4.4

as,
9°E
¢aB= — T (4.7)
aBaaBﬁ |B|=0
O’E
A= 1 4.8
708 = 9B,0M} - (4.8)
B 118|=0,|M|=0
9°E
KM= - DAE. a.
8T OMAIME of (49)
| M|=0

The second energy derivative w.r.t. two components of the magnetic field in eq. 4.7 is the molecular
magnetizability £,3, which corresponds to the polarizability in the electric case. The magnetizability
tensor does not enter the NMR spin Hamiltonian. The chemical shielding tensor a;‘ﬁ can be expressed
as mixed second energy derivative w.r.t. the magnetic field and nuclear magnetic moment of nucleus
A (eq. 4.8), and the reduced indirect spin-spin coupling tensor Kég corresponds to the second energy
derivative w.r.t. the components of the nuclear magnetic moments (eq. 4.9). The second-order molecular
properties can be generally expressed by means of time-independent perturbation theory as, [75]
O*H

PRE(, k)
I S e, w(o) \U(O)
< T oNOK| "

Z@“’\ W) QUi 15 w7) (w5 w0) (v 15 vi)

EO _ £© £O _ EO

n#k
(4.10)

where the second energy derivative in eq. 4.10 consists of a ground-state expectation value over the
second-order Hamiltonian (diamagnetic contribution) and a sum-over-states contribution over all excited
states of the molecular system and transition moments between ground and excited states with the first-

order Hamiltonian (paramagnetic contribution). [74,75] The nonrelativistic molecular Hamiltonian in the
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presence of an external homogeneous magnetic field and nuclear magnetic moments is given as,

H(B, {M*}) = %Zr? +3 mB () -y r%\ N %Z L, % v 2%
/ i ' i#]

v R
iA P AZB AB

— > MAB™(R4) + > M D4sMs. (4.11)
A A>B

The kinetic momentum operator is defined as,
w = —iV; + A*(r;) (4.12)

and the magnetic field is uniquely determined by the vector potential A™(r;) through the following

relation,
B (r;) = V; x A (r;) (4.13)

where the superscript 'tot’ indicates, that the total magnetic field is considered, i.e. the external magnetic

field and the magnetic field due to the magnetic moments of the nuclei. The diamagnetic contributions

to the nuclear magnetic properties are obtained by formulating the corresponding second derivatives of

the Hamiltonian in eq. 4.11. Therefore, the operator describing the nuclear contribution to the chemical

shielding tensor in atomic units is obtained as second derivative of the nuclear Zeeman interaction, [74,76]
O*H a?r(r —Ra)dap — rs(r — Ra)a

=14 — ) 4.14
DBOME 2 r R (4.14)

The Gauge-Origin Problem The gauge-origin problem can be traced back to the use of the vector
potential A for defining the magnetic field, since the choice of A is not unique. [76] This does not affect
the exact solution to the Schrodinger equation, but since gauge-invariance can not be enforced for the
wave function itself, approximate solutions do not necessarily satisfy the requirement of gauge-invariance,
due to the finite-basis set representation. [76,77] While the nucleus represents the natural gauge origin
for atoms, there exists no such intuitive choice for molecules. The use of distributed gauges has proven to
be the best alternative to ensure gauge-invariance in molecular property calculations. The most popular
approaches are the individual gauges for localized orbitals (IGLO) approach by Kutzelnigg [78,79], and the
gauge-including atomic orbital (GIAO) approach [80-84], which is based on individual gauges for atomic

orbitals. In present day computational chemistry the GIAO approach is the one that is dominantly used.

4.2.2. Validation of Chemical Shielding Tensors as Implemented in the ORCA
Program Package

The implementation of RI-MP2 second derivatives for magnetic perturbations in the ORCA program
package is compared to the CFOUR implementation on the example of chemical shielding tensors. All
structures have been optimized at the MP2 level of theory employing the Rl approximation and the
TZVP [63,64] basis set with the corresponding auxiliary basis functions [32, 33] under tight convergence
criteria. The chemical shielding tensors were calculated employing the split-valence basis set SVP [64, 85]
as well as the triple-C basis set TZVP [64, 68] with the appropriate auxiliary basis sets [66]. The energy
convergence was chosen to be 10719 E;, and the threshold for the residuum norm in the CP-SCF equations

was set to 1071%. Due to the dependence of the calculated magnetic properties on the gauge origin, the
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point of origin {0.0, 0.0, 0.0} has been chosen for this purpose throughout.

Table 4.7.: Calculated isotropic chemical shieldings for a series of small organic compounds in [ppm]. Comparison
of CFOUR and ORCA implementation for SVP basis set. Structures have been optimized at the RI-
MP2/TZVP level.

molecule CFOUR ORCA
HF MP2 CCSD HF RI-MP2 RI-B2PLYP
Qm/Sm Re/Im Sm/Sm

H

CH, 31.149 30.935 31.032 31.149 30.931 30.930 30.876
CoHy 22.753 22.809 22.970 22.753 22.617 22.820 22.569
CoHg 29.914 29.572 29.708 29.914 29.540 29.566 29.451
C3Hg 19.901 19.194 19.359 19.901 19.044 19.166 19.457
33.011 32.777 32.929 33.011 32.783 32.775 32.507
34.422 34.121 34.286 34.422 34.092 34.128 33.723
CsHpo 30.896 30.550 30.730 30.893 30.507 30.548 30.322
CeHe 8.937 8.382 — 8.937 7.866 8.384 8.657
cyclo-CgH12 18.780 17.917 — 18.780 17.694 17.892 18.111
40.173 40.093 — 40.173 40.125 40.102 39.380

13¢
CHy 204.134 207.890 206.180 204.134  208.242  208.515 202.415
CoHa 86.817 103.554 103.664 86.817 105.451 105.759 91.589
CyHe 206.981 208.807 208.087 206.981  209.401 209.634 201.558
C3Hg 202.024 203.023  202.983 202.024 203.710 203.944 195.762
215.712 215931 216.104 215.711  216.894 217.084 207.371
CsH1o 195.647 195.645 196.698 195.647 196.536  196.755 188.323
243.736 241.147 242.756 243.736  242.552  242.678 231.044
CsHe 103.066 117.968 — 103.066 120.781  121.030 107.548
cyclo-C¢Hip  214.501  213.257 — 214501 214.243 214.427 204.530

In Tables 4.7 and 4.8 the isotropic chemical shieldings for two different basis sets are listed. The approach
derived in Section 2.5 is referred to as 'Sm/Jm’ approach, whereas the derivation of Gauss [17] (Sec-
tion 2.6) is dubbed 'fe/Jm’ Ansatz. The Hartree-Fock chemical shielding tensors are identical for the
CFOUR and the ORCA program package. For the majority of the test suite the differences between the
MP2 and RI-MP2 implementations are reasonable: ~0.1 ppm for 'H and ~1 ppm for the 3C chemical
shieldings (Table 4.9). An error of this magnitude can be traced back to the error introduced by the RI
approximation. The RI error in the final energies is in the range of 0.005-0.5 mE;, (~10-30uE,/Atom).
Hence, the implementation of analytic second RI-MP2 derivatives in the ORCA program package was
shown to be consistent with the CFOUR implementation.

Furthermore, isotropic chemical shieldings calculated with the double-hybrid density functional B2PLYP [1]
are presented in Tables 4.7 and 4.8. In order to benchmark the results obtained with the B2PLYP func-
tional CCSD [86] calculations for the smaller organic compounds have been performed with the CFOUR
program package. As can be seen from the error statistics in Table 4.9 the B2PLYP functional performs
poorly for the chemical shielding tensors of the organic compounds in the present test set. The hydrogen

shielding constants are worse by a factor of 2 compared to MP2/RI-MP2 and for carbon it is even a factor
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of 3—4. Thus, the performance of B2PLYP for the prediction of chemical shielding constants appears to

be disappointing.

Table 4.8.: Calculated isotropic chemical shieldings for a series of small organic compounds in [ppm]. Comparison
of CFOUR and ORCA implementation for TZVP basis set. Structures have been optimized at the

RI-MP2/TZVP level.

molecule CFOUR ORCA
HF MP2 CCSD HF RI-MP2 RI-B2PLYP
Qm/Sm Re/Im Sm/Sm

H

CH, 31.279 31.103 31.193 31.279 31.080 31.097 31.132
CoHy 23.326 23.376 23.544 23.326 23.170 23.388 23.194
CoHg 29.871 29.529 29.666 29.871 29.482 29.520 29.509
C3Hg 21.749 21.010 21.184 21.479 20.858 20.980 21.299
32.317 32.070 32.219 32.317 32.056 32.061 31.909
33.062 32.740 32.930 33.062 32.702 32.744 32.461
CsHi1o 30.231 29.850 30.045 30.231 29.795 29.840 29.736
CeHe 11.935 11.365 — 11.935 10.871 11.371 11.643
cyclo-CgHi2 20.846 19.873 — 20.846 19.663 19.847 20.131
37.343 37.206 — 37.343 37.208 37.198 36.671

13¢
CH. 197.459 201.811 199.510 197.459  202.184 202.526 197.130
CoHa 71.723 85.995 85.889 71.722 88.249 88.654 74.094
CyHe 193.182 196.188  194.708 193.183  196.758  197.082 189.071
C3Hg 185.695 187.877 187.026 185.696  188.589  188.897 180.609
195.838 197.181 196.734 195.838  198.052  198.336 188.802
CsH1o 177.725 178.560 178.803 177.726  179.488 179.774 171.156
213590 211.985 213.240 213.590 213.250 213.467 202.175
CeHe 80.665 92.510 — 80.665 95.726 96.081 82.095
cyclo-CeHi>  189.819  189.915 — 189.819  190.892  191.163 181.396

Table 4.9.: Error statistics for isotropic chemical shielding tensors compared to MP2 and to CCSD. Errors are

given in [ppm].

CFOUR ORCA
MP2 RI-MP2 RI-B2PLYP
Sm/Sm Re/Im Sm/Im
svp
H
Mean Deviation (MP2 reference) —0.1151  —0.0039
Mean Absolute Deviation (MP2 reference) 0.1227 0.0097
Mean Deviation (CCSD reference) —0.1509 —0.2143  —0.1544 —0.3013
Mean Absolute Deviation (CCSD reference) 0.1509 0.2143 0.1544 0.3293
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Continued.
CFOUR ORCA
MP2 RI-MP2 RI-B2PLYP
Qm/QSm Re/Im Qm/Sm
3¢
Mean Deviation (MP2 reference) 1.1764 1.4004
Mean Absolute Deviation (MP2 reference) 1.1764 1.4004
Mean Deviation (CCSD reference) —0.0679 0.9020 1.1281 —8.3443
Mean Absolute Deviation (CCSD reference) 0.7736 1.0066 1.1504 8.3443
TZVP
H
Mean Deviation (MP2 reference) —0.1237  —0.0076
Mean Absolute Deviation (MP2 reference) 0.1241 0.0120
Mean Deviation (CCSD reference) —0.1576 —0.2340 —0.1644 —0.2201
Mean Absolute Deviation (CCSD reference) 0.1576 0.2340 0.1644 0.2530
13c
Mean Deviation (MP2 reference) 1.2407 1.5509
Mean Absolute Deviation (MP2 reference) 1.2407 1.5509
Mean Deviation (CCSD reference) 0.5267 1.8322 1.5229 —7.5533
Mean Absolute Deviation (CCSD reference) 0.9547 1.8322 1.5229 7.5533
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5. Results

5.1. Comparison of Two Efficient Approximate Hartree-Fock

Approaches

5.1.1. Introduction

Non-hybrid density functional theory can be very efficiently implemented in quantum chemical and solid
state computer codes due to the fact that only local potentials enter the Kohn-Sham operator. This
allows for the very efficient calculation of the two-electron Coulomb contributions by the 'Resolution of
the Identity’ [22,37], Fourier transform [87] or pseudospectral [40] techniques. For the calculation of the
exchange-correlation contributions efficient numerical integration techniques have been devised. [44, 88]
Any other quantum chemical method requires the calculation of the nonlocal Hartree-Fock (HF) exchange
term. Despite the fact that this term is inherently linear scaling [89, 90], the effort to evaluate it often
dominates the computational effort in calculations on medium sized molecules (30-100 atoms) that form
the subject of most contemporary quantum chemical investigations. Hence, it is necessary to develop

efficient exact or approximate techniques to compute the HF exchange contributions.

In a recent paper, Weigend and co-workers [91] have compared the performance of the Rl approximation
for the computation of the Coulomb and exchange parts [92] with that of the Cholesky decomposition
technique. [93,94] The two techniques are closely related. In the Rl approach one introduces an auxiliary
basis set that needs to be optimized in some way while in the Cholesky decomposition technique the
significant part of the orbital product space is determined. The 3-index electron-electron repulsion integrals
that characterize the Rl approach or the 3-index Cholesky vectors that result from the decomposition are
then employed to construct approximations to the Coulomb and exchange contributions of the HF or KS
matrices. Depending on the cut-off for the Cholesky decomposition, almost arbitrarily accurate results
can be obtained. In the RI technique there always remains an, albeit smooth, basis set incompleteness
error. It could be shown that at a given target accuracy of better than 1 Millihartree (mEy) for the total
energy of a medium sized molecule the Rl approach is more efficient than the Cholesky decomposition
technique. [91] In this section, the efficiency of the RI-JK algorithm proposed and discussed by Weigend
and co-workers [91] is compared to the recently developed RIJCOSX approximation [39], which has been
already discussed in detail in section 2.7. The focus is set to the comparison of the efficiency as well as
the strengths and weaknesses of the RI-JK and RIJCOSX techniques.

5.1.2. Methods
The relevant equations for the RI-JK and RIJCOSX techniques as implemented in the ORCA program [25]

are briefly recalled for the sake of completness. Our RI-JK implementation is essentially identical to the

one proposed by Weigend et al. [91] and greatly improves upon an early attempt to achieve an efficient
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RI-JK approximation. [95] The two-electron part of the closed-shell Fock matrix is given by,

G = oo — 3K = S P ((uvler) = el (5.1)
= 3 Perle) — (i) (52)

Eq. 5.1 is used in the formulation of the RIJCOSX approximation while the simplicity of the HF-density
matrix (Pu, = 2);cuic,i) leads to eq. 5.2 that is exploited in the RI-JK approach. Introducing an

auxiliary basis set {nk}, the Coulomb term is computed via the standard RI-J sequence as,

gk =) Pu(uv|K) (5.3)
dk =) Viia (54)
L
IR =Y dk(uv|K) (5.5)
K
(uv|K) = /p(rl)u(rl)rl_le(rz)drldrz (5.6)
Ve = /K(rl)rﬁlL(rg)drldrg. (5.7)

In the RIJCOSX approximation the Split-RI-J [30] sequence is employed. In RI-JK, the calculation of the
exchange matrix proceeds as, [92]

Xp = cilpv|K) (5.8)
Y=Y v XL (5.9)
L
RI—JK K v K
Kuu ~ Z Y,ui Yyi' (510)
iK

If properly organized all three steps can be done as matrix multiplications making use of the extremely
high efficiency of the basic linear algebra subroutine (BLAS) level 3 library functions that are available for
all modern computers. Since the memory requirements for the intermediate quantities scale cubically with
molecular size it will often be necessary to perform the calculation in batches and generate the 3-index
integrals repeatedly.

Formally, the calculation of the Coulomb term scales as O(N3) and that of the RI-JK exchange term as
O(N*). Prescreening of negligible 3-index integrals reduces the Coulomb term to O(N?) while sparsity is
not exploited in the RI-JK exchange approximation which remains at O(N*#) scaling. The requirements
for the auxiliary basis sets are modest for the Coulomb part but more stringent for the exchange part.
Ahlrichs, Weigend and co-workers have developed suitable basis sets for either Coulomb alone [28,96,97]
or simultaneous Coulomb and exchange fitting. [92,98] The COSX approximation to the exchange term

is written as the following sequence, [39]

KO~ Y RugGug (5.11)
g
1

Rug = wg ou(rg) (5.12)

Frg = (PR)r¢ (5.13)
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(a) (gly)2 (b) (gly)s

Figure 5.1.: Glycine chains.

(e,
Anrs) = [ et (5.14)
Gog = Y FrgAur(rg). (5.15)

With proper thresholding the formal scaling of this procedure is O(N) but due to the relatively slow
decay of the density matrix elements one typically observes quadratic scaling in practice. [39] A detailed

consideration of the RIJCOSX approximation is given in section 2.7.

5.1.3. Results

In order to compare the efficiency of the RI-JK and RIJCOSX approximations calculations were carried out
with a number of basis sets on glycine helices (gly)2, (gly)s and (gly)s shown in Fig. 5.1. Our conclusions
are independent of this choice. The orbital basis sets of the Karlsruhe group were used [28, 92, 96, 97].
The def2-TZVP(-df) basis was constructed by replacing the 2d1f polarization part for the main group
elements by the 1d polarization functions of the older TZVP basis set. While this basis set is not
recommended [99], there are still many calculations being done with basis sets of this size and quality.
The 'def2’ Coulomb fitting bases '/J" have been used for RIJCOSX and the '/JK' Coulomb and exchange
auxiliary bases for RI-JK. After completion of the work, we became aware of new fitting basis sets that
would reduce the cost for RI-JK calculations further by 20-30% for the largest basis sets. [98] Calculations
were carried out on a single CPU of a MacPro 3.1, operating system OS X 10.5, 2 quad-core Intel XEON
3.0 GHZ CPUs that have 12 MB level 2 cache. For the COSX approximation the default grids described
in Ref. [39] were used except for the def2-QZVPP calculations where a slightly larger grid was employed
as discussed previously. [39] All calculations were carried out with a development version of the ORCA

program (version 2.7.0). [25]
The results collected in Table 5.1 show some interesting features:

1. The absolute error of the two methods is similar and both reproduce the canonical results within
the chemical accuracy of ~1 kcal/mol. Interestingly, both methods show the largest errors for the
smallest basis set (def2-SVP). However, the error of the RI-JK approximation is always positive while
that of the RIJCOSX approximation can have either sign. The error of the RI-JK approximation is
therefore seen to be more smooth and energy differences will be slightly more accurate. However,
both methods yield errors that are smaller than the typical uncertainties in computational chemistry
applications that are due to errors in the structures, the treatment of the environment, the intrinsic

errors in density functionals or the basis set incompleteness errors.
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Table 5.1.: Comparison of RI-JK and RIJCOSX for RHF calculations on glycine chains. Total wall clock times

are given in [min] and the error in the final energies is listed in [mEs].

molecule Basis  Npasis Twan  SpeedUpri_yk  Errorgi—yk  SpeedUpriycosx  Errorriscosx
(gly)2 def2-SVP 166 1.8 2.4 0.4 1.5 —0.6
def2-TZVP(-df) 219 5.3 4.5 0.2 2.6 —0.4
def2-TZVPP 391 42.9 7.9 0.3 4.9 —-0.2

def2-QZVPP 753 464.3 9.1 0.3 4.5 0.5

(gly)a def2-SVP 308 10.2 1.8 0.8 2.2 —1.1
def2-TZVP(-df) 407 32.0 2.8 0.5 3.4 —0.5
def2-TZVPP 723 232.8 5.1 0.5 5.8 —0.1

def2-QZVPP 1389 2684.1 5.8 0.6 6.6 0.9

(gly)s def2-SVP 592 57.2 1.0 1.5 2.9 -1.7
def2-TZVP(-df) 783 208.4 2.3 0.9 5.6 —0.8
def2-TZVPP 1387 1379.6 5.0 1.0 9.7 —-0.1

def2-QZVPP 2661 12262.7 6.2 1.2 8.4 1.4

2. Both approximations perform best for large and accurate basis sets. As discussed earlier [39], this is

related to the much better scaling of the both approximations with the highest angular momentum
in the basis set. In the standard calculation of four index integrals this scaling is 16/9L%0 + ...
for the Davidson algorithm. [100] In the case of RI-JK this reduces to 2/9L° + --- due to the
3-index nature of the electron-electron repulsion integrals. In COSX the scaling is even reduced to
O(L"). [39]

. For the small (gly)> molecule, the RI-JK approximation is more efficient than RIJCOSX, for (gly)s

the performance of both approximations is comparable while for (gly)s RIJCOSX performs better.
This result is, of course, not unexpected due to the less favorable scaling of RI-JK compared to

RIJCOSX. However, low-order scaling variants of RI-JK can and have been developed. [101]

. This behavior is typical and not affected by the choice of glycine chains as the test systems. For

example, for cholesterol a more or less 2 dimensional molecule the times required for RI-JK and
RIJCOSX for a RHF calculation with the def2-TZVP basis set (74 atoms, 1144 basis functions)
require 16900 sec (RI-JK) and 7300 sec (RIJCOSX), in line with the (gly), results. The total
energies differ by only 0.3 mE,.

5.1.4. Discussion

In this section the efficiency of the RI-JK and RIJCOSX approximations to the calculation of the Fock

matrix was examined and illustrated by some test calculations. The comparison reveals that both ap-

proximations are efficient and accurate while their performance is overall comparable. For large-scale

calculations on smaller molecules RI-JK is probably preferable while RIJCOSX is the method of choice

for larger molecules. Several points are noted:

1. RI-JK achieves its efficiency through the formulation of the density matrix in the MO basis. This

implies that for other exchange-type matrices, for example those that arise in electric and magnetic
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linear response calculations, the approximation is less beneficially employed. In this respect RIJ-
COSX, that is formulated entirely in the AO basis, is the more general technique for simultaneously
approximating Coulomb and exchange-type contributions.

2. For spin unrestricted calculations the cost of the RI-JK method doubles since the rate limiting
step is the first contraction of the MO coefficients with the 3-index integrals. This is not true for
the COSX approximation where the rate limiting step is the calculation of the integrals which is
independent on the number of spin cases.

3. Energy derivatives are more readily and more efficiently formulated in the RIJCOSX approximation
compared to RI-JK. [39,43]

4. RI-JK requires much more main memory than RIJCOSX due to the structure of the intermediate
quantities. Thus, if memory becomes limiting many passes through the integral list may be necessary
in RI-JK with concomitant penalties in the overall performance. However, this is not much of an

issue if about 4 GB of main memory are available.

5. Since RI-JK is dominated by matrix multiplications it will strongly benefit from the latest hardware
developments where matrix operations can be extremely efficiently performed on graphics cards.
This will further increase the attractiveness of RI-JK.

In summary, both, the RI-JK and RIJCOSX approximations are attractive tools in quantum chemistry.

Their efficiency, accuracy, robustness and availability could be proven.

5.2. Efficient Structure Optimization with Second-Order
Many-Body Perturbation Theory: The RIJCOSX-MP2
Method

5.2.1. Introduction

In the last two decades many attempts have been undertaken in the improvement of the quality and effi-
ciency of MP2 calculations. On the one hand, empirical parameters have been determined to individually
scale the parallel and antiparallel spin components in MP2 theory, e.g. Grimme's 'spin-component scaled’
MP2 (SCS-MP2 [102,103]) or the simplified approach of Head-Gordon et al. 'scaled opposite-spin’ MP2
(SOS-MP2 [58, 104, 105]) that also leads to reduced computational scaling from O(N°®) to O(N*). On
the other hand the development of double-hybrid functionals has introduced semi-local dynamic corre-
lation effects by adding a perturbative second-order correction in the framework of density functional
theory. [1,49]

Substantial progress to improve the efficiency of MP2 calculations was made by Almlof and Saebgby
introducing an integral direct MP2 algorithm to avoid storage of O(N*) intermediates. [106] Further
modifications to the original algorithm have been reported by Head-Gordon and Pople [107] as well as
by Ahlrichs. [108] Probably, the most efficient semi-direct Ansatz without avoiding the storage of O(N*)
quantities on disk, was proposed by Pulay and co-workers [109-112], who presented very large MP2 calcu-
lations with more than 2000 basis functions. [113] A linear scaling integral direct MP2 code based on the
Laplace transformation technique introduced by Almldf [114] and discussed by various authors [115-117]
has been developed by Ochsenfeld and co-workers. [118-121] Amongst others Werner, Schiitz and co-

workers have developed efficient approximate linear scaling approaches [122-126] which employed the
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correlation domain concept of Pulay and Saebg. [127-129]

The most popular approximation used in combination with the MP2 method is the 'Resolution of the
Identity’ (RI) approximation, in which products of orbitals are expanded in an auxiliary basis set. [20]
The RI-MP2 method was first reported by Feyereisen et al. [21] and was based on the results of Vahtras,
Feyereisen and Alml6f who showed that the Rl technique performs best in the Coulomb metric. [22] The
outstanding performance of the RI-MP2 method is indisputable. The speedup of one to two orders of
magnitude for large basis sets in comparison to the canonical result with errors in energies usually smaller
than 0.1 mE; /atom demonstrates the impressive efficiency of the RI-MP2 method.

The first derivation and implementation of the MP2 gradient was reported by Pople at the end of the
1970s. [11] Direct and semi-direct variants of the MP2 gradient implementation have been developed by
Frisch, Head-Gordon and Pople more than ten years later. [130,131] Ahlrichs implemented a modification
of the semi-direct MP2 gradient with reduced disk storage requirements and the exploit of nonabelian
point group symmetry in the well-known MPGRAD program that is part of the TuboMole program
suite. [108]

Weigend and Haser demonstrated the efficient use of the 'Resolution of the Identity’ approximation in
MP2 gradient calculations. [52] Further refinement was made by Head-Gordon and co-workers who first
presented the restricted open shell MP2 gradient within the Rl approximation [132] and later on proposed
a more efficient RI-MP2 gradient algorithm by utilizing a semi-direct batching approach. [133] Analytic
derivatives associated with the recently developed double-hybrid functionals have been reported by Neese,
Schwabe and Grimme [49], who also demonstrated the efficient application of the Rl approximation to
the incorporated MP2 correction.

Like any other wave function based electron correlation theory, the basis set requirements for MP2 calcu-
lations are much more stringent than for SCF calculations. Hence, in order to obtain results that properly
reflect the intrinsic accuracy of the MP2 method rather than basis set incompleteness artifacts one needs
to employ at least a triple-C basis with at least two or three sets of polarization functions. [134] However,
in order to obtain truly converged results much larger basis sets are necessary. Fortunately, basis set
extrapolation techniques are known that allow one to extrapolate to the MP2 basis set limit. However,
the preferred level for a reliable extrapolation still involves triple- and quadruple-C basis sets. In this case,
traditional SCF and MP2 calculations become very expensive and highly time consuming. Thus, it is de-
sirable to search for algorithms that perform efficiently with such extended basis sets for at least medium
sized molecules that are described by 500-2000 basis functions. In this respect, the RI-MP2 method is
a great achievement since it performs much better than the standard MP2 algorithms for extended basis
sets. In fact, in calculations with extended basis sets the SCF calculation, despite its more favorable com-
putational scaling, usually strongly dominates over the RI-MP2 step in terms of execution time. Neese
and co-workers have recently shown, that great speedups by up to an order of magnitude can be obtained
with negligible loss of accuracy, if the SCF step is performed in an approximate way that involves the Rl
approximation for the Coulomb integrals, while performing a semi-analytic integration of the exchange
term in the HF equations. [39] This concept can be easily adopted for RI-MP2 energy calculations, since
the employed approximations to the HF equations do not enter the familiar calculation of the RI-MP2
energy correction. The semi-numeric algorithm used to approximate the exchange term is called 'chain
of spheres’ (COSX), hence, this algorithm is termed RIJCOSX-MP2. It could be demonstrated, that the
computational savings immediatly carry over to the case of double-hybrid density functional theory that
inherits from RI-MP2 the significant basis set dependence. The working equations for the RIJCOSX-MP2
gradient have been already derived in Section 2.7.
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5.2.2. Calculations
Computational Details

All calculations were performed with a development version of the ORCA program package. [25] The split-
valence ((def2-)SV [85]), triple-C valence ((def2-)TZV [68]) and quadruple-¢ valence ((def2-)QZV [135])
basis sets developed by the Karlsruhe group together with the appropriate polarization functions from the
TurboMole library were used throughout. [64] In order to obtain optimum results, different auxiliary basis
sets should be used for the approximation of the Coulomb term [97] (/J in ORCA notation) and the MP2
energy [32-34,136] (/C in ORCA notation). Alternatively, the larger Coulomb plus exchange [98] (/JK
in ORCA notation) auxiliary basis sets can be used for the entire calculation, although the MP2 energies
obtained with these fitting bases are noticeable inferior to the ones obtained with the C-bases. Neverthe-
less, the non-completeness errors in the Rl approximation are so smooth that the choice of the auxiliary
basis set does play a minor role for chemical applications and an unbalanced or erroneous behaviour was
never observed with any of the tested auxiliary basis sets.

Calculations labeled RI-MP2 used the Rl [22] approximation only for the calculation of the MP2 cor-
rection. In RIJ-DX-MP2 calculations exact analytic integration of the exchange contribution and the RI
approximation [38,137] for the Coulomb terms in combination with conventional RI-MP2 were employed.
The label RIJCOSX-MP2 refers to a RI-MP2 calculation where the COSX approximation [39] in conjunc-
tion with Split-RI-J (in the SCF part) and the standard Rl approximation (in the MP2 part) was employed.
In RIJCOSX-MP2 calculations the default SCF grids [39] were used to obtain the HF energy. For the
calculation of the response operator (eq. 2.217) and for the solution of the z-vector equations (eq. 2.221)
a Lebedev-50 angular integration grid with an integration accuracy of 3.34 has been determined to be
sufficient in extended test calculations. However, for the calculation of the derivatives of the basis func-
tions on the grid (eq. 2.227), a large Lebedev-302 angular grid with a radial integration accuracy of 4.34
is required to prevent the buildup of numerical noise. The double-hybrid density functional calculations
have been performed with the B2PLYP functional developed by Grimme. [1]

Total energies were generally converged to 10~ E,. To benchmark the optimized structures, energy
convergence tolerances of 1071° E;, and tight optimization criteria were enforced. The Frozen-Core ap-
proximation [138] was employed throughout, and the time savings compared to the all-electron treatment
are about ~10% for the RIJCOSX-MP2 treatment, determined on the example of the D-glucose molecule
in combination with the TZVPP or QZVP basis set. Calculations were carried out on Quad-Core AMD
Opteron(tm) 2.2 GHz CPUs with 512 KB level 2 cache and 16 GB RAM.

5.2.3. Results

In this section, the RIJCOSX-MP2 method is benchmarked against the conventional MP2 as well as the
RI-MP2 method in terms of accuracy and efficiency. In order to not mix up the different approximations
employed, an overview of the abbreviations used, is given in Table 5.2. Whenever the original or conven-
tional MP2 method is mentioned, no approximations are involved. For Rl-, RIJ-DX- and RIJCOSX-MP2,

the MP2 energy correction is identically calculated applying the RI approximation.
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Table 5.2.: Overview of the different approximations employed for the SCF and MP2 parts. Indices 'J’ and 'K’
refer to the Coulomb and Exchange contributions, respectively, 'RI" indicates the original 'Resolution
of the Identity’ approximation and 'COSX’ denotes the semi-numeric exchange treatment.

approximations

SCF MP2

separable  non-separable
methods Coulomb  exchange correction gradient gradient
MP2 energy exact exact exact — —
MP2 gradient exact exact exact exact exact
RI-MP2 energy exact exact RI — —
RI-MP2 gradient exact exact RI exact RI
R1J-DX-MP2 energy RI exact RI — —
RI1J-DX-MP2 gradient RI exact RI J-RI/K-exact RI
RIJCOSX-MP2 energy Split-RI-J COSX RI — —
RIJCOSX-MP2 gradient  Split-RI-J COSX Rl J-RI/K-COSX RI

Efficiency and Accuracy of RIJCOSX-MP2 Energy Calculations

In order to demonstrate the efficiency and accuracy of the RIJCOSX approximation for MP2 energy
calculations, we have calculated single point energies of seven medium sized molecules consisting of
15-57 atoms, employing two large basis sets with up to ~1200 basis functions. The speedups listed in
Table 5.3 are classified in terms of speedups in the SCF calculation and in the evaluation of the MP2
correction. Due to the fact that neither the RIJ-DX nor the RIJCOSX approximation has any influence on
the calculation of the RI-MP2 energy correction, the speedups displayed in the last column of Table 5.3
are identical for RI, RIJ-DX and RIJCOSX. The speedups for the evaluation of the MP2 correction in
terms of the Rl approximation range from ~18.5-33.5, which again demonstrates the high efficiency of
the density fitting technique.

Whereas the RIJ-DX treatment represents generally no improvement over the original Rl approximation,
the benefit in computation time for the RIJCOSX approximation originates from the immense speedup
during the SCF calculation. The Hartree-Fock equations in the RIJCOSX framework are solved about
~4-11 times faster compared to the approximation-free RHF method. Since MP2 energy calculations
are strongly dominated by the solution of the HF equations, the overall speedup, that can be achieved
with several approximations corresponds roughly to the speedup obtained in the SCF iterations (~1-2
for RIJ-DX, ~5-14 for RIJCOSX). The speedups in the SCF module are considerably lower, than the
speedups reported in Ref. [39]. This is due to the fact that the integral generation package of ORCA
was recently replaced with the LIBINT package designed by Valeev and Ferman that is inherently more
efficient, in particular for high angular momentum basis functions. [139] Hence, the favorable scaling of the
COSX approximation with respect to higher angular momenta becomes less pronounced than previously
reported. In general, the speedups obtained with the RIJCOSX approximation during the SCF iterations
decrease by roughly a factor of 4 for the TZVPP basis set, and by a factor of ~6 for the QZVP basis
set (cf. speedup for the menthol molecule in QZVP basis: with LIBINT package — 11.6, without LIBINT
package — 61.2).

The speedups listed in Table 5.3 concerning the MP2 energy correction obtained with the Rl approximation
compared to the conventional MP2 correction generally decrease with larger basis sets. This is caused

by the higher angular momenta in the auxiliary basis set and the associated generation of the 3-index
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Table 5.3.: Efficiency and accuracy of the RIJ-DX and RIJCOSX algorithms for MP2 energy calculations on
medium size molecules with different basis sets. The speedup refers to the ratio of wall clock times
of the SCF module or the RI-MP2 module (RI-MP2) required to finish one energy calculation. The
speedups are given relative to the original MP2 method without any approximations. The deviation
of the single point energies to the MP2 reference is denoted AEgri, AEriy—px and AEgicosx in

[kcal /mol].

molecule N Atoms Basis  Npgasis AE SpeedUp SCF SpeedUp
RI RIJ-DX  RIJCOSX RIJ-DX  RIJCOSX RI-MP2

adenine 15 TZVPP 150 | 0.1 -0.1 0.7 1.0 3.9 29.8
QZVP 220 | 0.1 -0.1 1.1 1.0 6.9 18.7

beclometahsone 57 TZVPP 1277 | 0.4 —0.1 0.8 11 7.7 20.2
D-glucose 24 TZVPP 540 | 0.2 —0.2 0.0 11 4.5 26.3
QZVP 1044 | 0.1 —-0.3 0.8 11 7.9 21.6

dibenzo-crown-18-6 50 TZVPP 1142 | 0.3 -0.3 0.6 1.3 6.1 185
epinephrine 26 TZVPP 585 | 0.2 -0.2 0.5 1.1 4.4 27.2
QZVP 1131 | 0.1 -0.3 1.3 1.0 7.7 242

menthol 31 TZVPP 621 | 0.2 -0.1 0.2 1.2 5.8 335
QZVP 1227 | 0.1 —0.2 1.6 1.1 11.4 29.2

tyrosine 24  TZVPP 557 | 0.2 —0.1 0.6 11 4.9 26.0
QZVP 1071 | 0.1 —-0.2 1.4 1.1 7.4 229

integrals in the atomic orbital basis. Replacing the QZVP/C auxbasis by the smaller TZVPP/C auxbasis
set, i.e. reducing the highest angular momentum from 'h’ to 'g’, yields roughly a speedup of ~35 in the
RI-MP2 module compared to conventional MP2 for the adenine molecule in a QZVP orbital basis.

The deviation in total single point energies introduced by the different approximations is on the same
order of magnitude with absolute errors amounting to 0.1-0.4 kcal/mol with Rl and RIJ-DX. The error
for the RIJ-DX approximation is overall negative, which results from the well-known variational nature of
Coulomb energy by the Rl approximation. [28,38,137] The error in total single point energies introduced
by the RIJCOSX approximation is about one order of magnitude larger than what is obtained with RIJ-
DX and is overall positive. The errors are larger for the extended QZVP basis set, which has also been
reported for the RIJCOSX-HF energy in Ref. [39]. These errors can be reduced by applying a larger
Lebedev final grid.

Accuracy of the RIJCOSX-MP2 Gradient

In order to prove the accuracy of the geometries predicted with the RI, RIJ-DX and RIJCOSX approxima-
tions in restricted MP2 (RMP2) calculations, we performed structure optimizations on some representative
medium sized molecules (Fig. 5.2).

In Table 5.4 deviations of the structural parameters relative to the original MP2 method are collected.
The RIJ-DX approximation introduces no noticeable error compared to the original RI-MP2 method. The
deviations introduced by the 'Resolution of the Identity' approximation are in average less than or equal
to 0.01 pm in bond distances and 0.005 degrees in bond angles. The maximum absolute errors are 0.03
pm in bond lengths and 0.02 degrees in bond angles. The RIJCOSX approximation introduces deviations,
which are about one order of magnitude larger. Bond distances deviate by about 0.1 pm from their parent

values, whereas bond angles differ typically by less than 0.2 degrees. The largest error in bond lengths is
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4 5 6

Figure 5.2.: Systems used for testing the accuracy of geometry optimizations (1=Captopril, 2=Epinephrine,
3=Menthol, 4=Tryptophane, 5=Adenine, 6=D-Glucose).

up to 0.4 pm, the corresponding error in bond angles is 0.7 degrees. The mean absolute deviations for
the RIJCOSX-MP2 method are in the same range observed previously for the RIJCOSX-HF method. [39]
The deviations of the final total energies from the canonical values remain below 2 kcal/mol, and are
significantly smaller when compared to the RI-MP2 method (<1 kcal/mol).

Table 5.4.: Statistical analysis of errors in the optimized geometries of molecules 1-6 from the RI, RIJ-DX and
RIJCOSX approximations compared to the parent RMP2 method. Errors are given relative to the
parent MP2 method. All calculations were done with the TZVP basis set (distances in pm, angles in

degrees).?
|ageen | [apgnaee| Jap | |amen] | apenabee] - aper
1 RI-MP2 —0.011 0.011 0.020 —0.001 0.003 0.020
RI1J-DX-MP2 —0.013 0.013 0.020 —0.001 0.004 0.020
RIJCOSX-MP2 —0.001 0.102 0.400 —0.005 0.145 0.400
2 RI-MP2 —0.007 0.007 0.020 0.001 0.002 0.020
RI1J-DX-MP2 —0.008 0.008 0.030 0.000 0.002 0.010
RIJCOSX-MP2 —0.031 0.075 0.170 —0.014 0.139 0.380
3 RI-MP2 —0.012 0.012 0.020 0.000 0.001 0.010
RI1J-DX-MP2 —0.013 0.013 0.030 0.000 0.002 0.010
RIJCOSX-MP2 —0.036 0.077 0.240 —0.001 0.133 0.400
4 RI-MP2 —0.004 0.004 0.020 0.000 0.002 0.010
RI1J-DX-MP2 —0.005 0.006 0.020 0.000 0.005 0.010
RIJCOSX-MP2 —0.001 0.075 0.220 0.001 0.164 0.730
5 RI-MP2 —0.004 0.004 0.020 0.003 0.004 0.020
RI1J-DX-MP2 —0.004 0.004 0.020 0.003 0.004 0.020
RIJCOSX-MP2 —0.031 0.044 0.130 0.015 0.073 0.280

@N(distances) for molecules 1-6=30.26.31.38.16.23, N(angles) for molecules 1-6=56.42.61.46.24.28. Errors in fi-
nal total energies are for RI=0.7.0.3.0.9.0.3.0.1.0.2 kcal/mol, RIJ-DX=0.5.0.2.0.7.0.1.—0.1.0.1 kcal/mol, RIJ-
COSX=0.6.0.9.1.6.0.8.0.4.0.4 kcal/mol.
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Continued.

mean
distances

mean absolute
distances

max
distances

mean
angles

mean absolute
angles

max
angles

6 RI-MP2 —0.006 0.006 0.020 0.000 0.002 0.010
RI1J-DX-MP2 —0.007 0.007 0.020 0.000 0.002 0.010
RIJCOSX-MP2 —0.011 0.086 0.310 0.004 0.106 0.360

Efficiency of the RIJCOSX-MP2 Method

In Table 5.5 and Table 5.6 the efficiency of the RIJ-DX-MP2 and RIJCOSX-MP2 methods is demonstrated
compared to the original MP2 as well as to the already very efficient RI-MP2 method.

The speedups listed in Table 5.5 show the efficiency of the RI, RIJ-DX and RIJCOSX approximations
for 13 medium sized molecules for three different basis sets with up to ~620 basis functions. The RIJ-
DX approximation shows speedups up to a factor of 2.4 in the gradient calculations, but represents no
major improvement over the original RI approximation. In general, the speedup becomes noticeable for
~200 basis functions. The speedups tend to become more remarkable with larger basis sets, but the
enhancements are almost not observable.

The RIJCOSX approximation shows only minor speedups for the smallest employed basis set SV(P). For
the smallest molecules in our test suite the RIJCOSX approximation even slows down the MP2 gradient
calculations. For the next larger basis set TZVP, the RIJCOSX approximation accelerates the calculations
by a factor of ~3 for molecules with around 300 basis functions. The speedup increases noticeably with
basis set and system size. In the case of the menthol molecule a factor of ~7.5 in computation time
is gained, if the RIJCOSX approximation is applied. For comparison, the speedup reduces to ~4 when
RI-MP2 serves as reference.

The deviation of the gradient norm shows a deviation for RIJCOSX-MP2, which is naturally somewhat
larger than for the RIJ-DX approximation, but as has been shown in the previous subsection, this has

almost no influence on the resulting structures.

Table 5.5.: Efficiency of the RIJ-DX and RIJCOSX algorithms for MP2 calculations on medium sized molecules
with different basis sets. The speedup refers to the ratio of total wall clock times required to finish
one gradient calculation. The speedups are given relative to the original MP2 method without any
approximations. The deviation of the gradient norm w.r.t. the MP2 reference is denoted ARgij_px

and ARIJCOSX in [Eh/bohr].

molecule NAtoms Basis  Npasis  ArRu—_bx  ARICOSX SpeedUp
RI RI1J-DX RIJCOSX
adenine 15 SV(P) 150 —0.0001 —0.0009 1.3 1.3 1.3
TZVP 220 —0.0001 —0.0004 1.4 1.4 2.3
TZVPP 380 0.0001 —0.0009 1.3 1.3 4.1
cysteine 14 SV(P) 116  —0.0002 —0.0010 1.2 1.2 0.8
TZVP 178 —0.0002 —0.0013 1.2 1.4 1.7
TZVPP 318 0.0000 —0.0011 1.4 1.4 37
cytosine 13 SV(P) 122 —0.0001 —0.0017 1.2 1.2 1.1
TZVP 182 —0.0002 —0.0015 1.2 1.4 1.8
TZVPP 318 0.0001 —0.0016 1.2 1.3 3.6
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Continued.

molecule NAatoms Basis  Npasis ARu—_bx  ARICOSX SpeedUp
RI RIJ-DX  RIJCOSX
D-glucose 24 SV(P) 192 0.0004 —0.0001 1.5 1.5 1.2
TZVP 300 0.0004 0.0002 1.6 1.8 2.8
TZVPP 540 —0.0002 —0.0002 1.6 2.0 5.6
epinephrine 26 SV(P) 208 0.0000 0.0000 1.4 1.4 13
TZVP 325 0.0002 0.0014 1.6 1.9 3.0
TZVPP 585 0.0000 0.0011 1.7 1.9 5.6
ferrocene 21 SV(P) 184  —0.0002 —0.0008 1.2 1.3 1.6
TZVP 283  —0.0005 —0.0012 1.3 1.3 3.0
TZVPP 490 0.0002 —0.0009 1.3 1.7 53
glycine 10 SV(P) 80 —0.0002 —0.0007 1.2 1.0 0.7
TZVP 125 —0.0003 —0.0002 1.2 11 11
TZVPP 225 0.0000 0.0000 1.3 1.2 2.8
guanine 16 SV(P) 164 0.0000 —0.0015 1.4 1.3 1.5
TZVP 239 0.0000 —0.0017 1.4 1.5 25
TZVPP 411 0.0001 —0.0014 1.3 1.4 4.4
histidine 20 SV(P) 172 —0.0003 —0.0003 1.4 13 1.2
TZVP 263 —0.0003 —0.0002 15 1.7 2.6
TZVPP 467 0.0000 0.0001 1.6 1.8 5.1
menthol 31 SV(P) 194 0.0002 0.0003 1.3 1.6 1.0
TZVP 329 0.0003 0.0000 1.6 1.8 2.9
TZVPP 621 0.0002 —0.0001 1.9 2.4 7.5
nitroglycerine 17 SV(P) 178 0.0001 —0.0005 1.4 1.4 1.3
TZVP 258 0.0001 —0.0002 15 1.7 2.9
TZVPP 442 0.0001 —0.0004 15 1.7 5.2
thymine 15 SV(P) 138 0.0000 —0.0008 1.2 1.1 1.0
TZVP 207 0.0000 —0.0011 1.4 1.4 2.0
TZVPP 363 0.0001 —0.0012 1.4 1.5 4.3
tyrosine 24 SV(P) 204 —0.0003 —0.0006 1.6 1.6 1.3
TZVP 313 —0.0002 —0.0006 1.5 1.7 3.0
TZVPP 557 0.0000 —0.0005 1.6 1.9 5.8

In Table 5.6 the speedup of the RIJ-DX and RIJCOSX approximations to the MP2 gradient is related to
the very efficient RI-MP2 gradient. Therefore, we studied 24 molecules in the range of 10-86 atoms with
~100-1900 basis functions. The speedup obtained with the RIJ-DX-MP2 method compared to RI-MP2
is about a factor of ~1.2. The inclusion of the SCF wall clock time has almost no consequence on the

overall speedup.

For the smallest basis set in our test set SV(P) the speedup for the RIJCOSX approximation in the MP2
module is almost negligible, and the inclusion of the SCF wall clock times has no influence on the entire
performance. The speedup of the RIJCOSX approximation becomes more observable for the triple-{ basis
set TZVP and for molecules with >300 basis functions (~1.5-2.3).

For the TZVPP basis set the speedup varies from a factor of 2 to 3 for the MP2 module, and even reaches a
factor of 4.2 for the morphin molecule when the SCF calculation is taken into account. Excellent speedups
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are obtained with the more extended QZVP basis set. Speedups of a factor ~4.5-6 are obtained for the
MP2 module and even a factor of 9.2 is achieved for the NiTrenNCS2 molecule when the SCF wall clock
time is included in the comparison. This behaviour has to be expected, due to the favourable scaling of
the RIJCOSX approximation with respect to higher angular momenta.

In order to verify the quality of the calculated gradients, we also listed the errors in the norm of the MP2
gradient in Table 5.6.

Table 5.6.: Efficiency of the RIJ-DX and RIJCOSX algorithms for RI-MP2 calculations on medium sized molecules
with different basis sets. The speedup refers to the ratio of wall clock times of either the RI-MP2
module (RI-MP2) or the total wall clock time (total) required to finish one gradient calculation. The
deviation of the gradient norm w.r.t. the RI-MP2 reference is denoted Arjj_px and Arijcosx in

[En/bohr].
molecule N Atoms Basis  Npasis ARru_px  ARIICOSX SpeedUp SpeedUp
(RIJ-DX) (RIJCOSX)
RI-MP2  total RI-MP2  total
adenine 15 SV(P) 150 0.0000 —0.0009 1.0 1.0 1.0 1.0
TZVP 220 0.0000 —0.0004 11 1.0 15 1.7
TZVPP 380 0.0001 —0.0009 1.0 1.0 2.9 3.1
QZVP 720 0.0001 —0.0010 1.1 1.1 5.9 6.3
beclometahsone 57 SV(P) 454 0.0004 0.0007 1.2 1.2 11 1.3
TZVP 709 0.0003 0.0004 1.3 1.4 2.0 25
TZVPP 1277 0.0000 0.0001 1.2 1.3 2.4 3.3
captopril 30 SV(P) 220 0.0002 0.0008 11 11 0.8 0.9
TZVP 352 0.0001 0.0005 1.3 1.3 1.6 2.0
TZVPP 644 0.0002 0.0006 1.2 1.2 2.9 3.4
QzZVP 1264 0.0002 0.0005 1.4 1.4 4.9 6.2
cholesterole 74 SV(P) 484 0.0004 0.0001 1.1 1.1 1.0 1.1
TZVP 808 0.0003 —0.0004 1.4 1.4 1.7 2.2
TZVPP 1512 0.0002 —0.0001 1.4 1.4 2.1 2.9
CO-heme 86 SV(P) 782 0.0000 —0.0001 1.2 1.2 11 13
TZVP 1180 0.0000 —0.0002 1.2 1.3 1.6 2.2
cysteine 14 SV(P) 116  —0.0002 —0.0009 1.0 1.0 0.6 0.7
TZVP 178  —0.0002 —0.0013 1.2 1.2 1.2 1.3
TZVPP 318 0.0000 —0.0011 1.0 1.0 2.6 2.7
QZVP 622 0.0000 —0.0010 1.2 1.2 5.1 5.5
cytosine 13 SV(P) 122 —0.0001 —0.0016 1.0 1.0 0.8 0.9
TZVP 182 —0.0002 —0.0014 11 1.2 1.4 15
TZVPP 318 0.0001 —0.0016 1.0 1.0 2.7 2.9
QzZvVP 606 0.0001 —0.0016 1.1 1.1 5.6 6.0
D-glucose 24 SV(P) 192 0.0003  —0.0002 1.0 1.0 0.8 0.8
TZVP 300 0.0003 0.0001 11 1.1 1.4 1.7
TZVPP 540 —0.0002 —0.0002 13 1.3 3.1 3.6
QZVP 1044 0.0000 —0.0002 1.4 1.3 4.5 5.5
dibenzo-crown-18-6 50 SV(P) 412 —0.0001 0.0000 1.2 1.2 1.0 1.1
TZVP 638 0.0003 0.0001 1.3 1.3 1.6 2.0

TZVPP 1142 0.0002 0.0000 1.3 1.3 2.1 2.7
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Continued.
molecule N Atoms Basis  Npasis ARru-px  ARCOSX SpeedUp SpeedUp
(RIJ-DX) (RIJCOSX)
RI-MP2  total RI-MP2  total
epinephrine 26 SV(P) 208 —0.0001 0.0000 1.1 1.0 0.9 0.9
TZVP 325 0.0002 0.0014 1.2 1.2 15 1.8
TZVPP 585 0.0000 0.0011 11 11 2.7 3.4
QZVP 1131 0.0000 0.0008 1.4 1.4 5.2 6.7
ferrocene 21 SV(P) 184  —0.0001 —0.0007 1.1 1.1 1.4 1.3
TZVP 283  —0.0005 —0.0012 1.1 1.0 2.0 2.4
TZVPP 490 0.0003  —0.0009 1.0 13 35 40
QzZVP 954 0.0003 —0.0020 1.0 1.0 45 5.7
flutamide 30 SV(P) 288 0.0004 0.0016 11 11 1.0 1.1
TZVP 427 0.0001 0.0014 1.2 1.2 1.6 2.0
TZVPP 743 0.0000 0.0013 1.1 1.1 2.5 3.0
QzZVP 1413 0.0000 0.0013 1.4 1.4 4.5 5.8
glycine 10 SV(P) 80 —0.0002  —0.0007 0.8 09 0.5 0.6
TZVP 125 —0.0002  —0.0002 1.0 09 0.9 0.9
TZVPP 225 0.0000 0.0000 1.0 0.9 2.2 2.2
QZVP 435 0.0000 —0.0003 11 1.0 4.6 4.7
guanine 16 SV(P) 164 0.0001 —0.0013 0.9 0.9 1.0 11
TZVP 239 0.0001 —0.0015 1.1 1.1 1.6 1.8
TZVPP 411 0.0001 —0.0013 1.0 1.0 3.1 33
QzZVP 7 0.0001 —0.0017 1.2 1.2 5.9 6.6
histidine 20 SV(P) 172 —0.0002 —0.0002 0.9 0.9 0.8 0.9
TZVP 263  —0.0002 —0.0001 11 11 1.4 1.7
TZVPP 467 0.0001 0.0001 1.2 11 2.8 3.2
QZVP 897 0.0000 0.0001 1.3 1.2 53 6.2
menthol 31 SV(P) 194 0.0001 0.0002 1.2 1.2 0.6 0.7
TZVP 329 0.0003 0.0000 1.3 1.1 15 1.8
TZVPP 621 0.0001 —0.0002 1.3 1.2 3.2 3.9
QzZVP 1227 0.0000 0.0001 1.4 1.4 5.3 7.3
morphin 40 SV(P) 332 0.0001 0.0002 1.2 1.2 1.3 1.4
TZVP 513 0.0001 0.0005 1.3 1.2 2.3 2.9
TZVPP 917 0.0001 0.0008 1.3 1.3 3.1 4.2
QzZVP 1767 0.0001 0.0004 1.3 1.3 5.1 7.0
NiTrenNCS2 35 SV(P) 292 0.0000 0.0006 1.1 11 1.3 15
TZVP 451 0.0001 0.0005 11 1.4 1.7 2.6
TZVPP 794 0.0000 0.0002 13 1.3 29 4.0
QZVP 1562 0.0000 0.0005 1.4 1.4 5.1 9.2
nitroglycerine 17 SV(P) 178 0.0001 —0.0005 1.1 1.0 0.9 0.9
TZVP 258 0.0001 —0.0002 1.1 1.1 1.7 1.9
TZVPP 442 0.0001 —0.0004 1.1 1.1 3.0 3.4
QZvVvP 834 0.0001  —0.0003 1.3 1.2 4.8 5.6
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Continued.

molecule N Atoms Basis  Npasis ARru-px  ARCOSX SpeedUp SpeedUp

(RIJ-DX) (RIJCOSX)
RI-MP2  total RI-MP2  total
penicilin 42 SV(P) 376 0.0000 0.0007 1.1 1.1 1.1 1.2
TZVP 567 0.0001 —0.0002 1.2 1.2 1.6 1.9
TZVPP 999 0.0001 0.0010 13 1.3 2.3 2.9
QZVP 1921 0.0001 0.0007 15 15 3.6 4.7
tetracycline 56 SV(P) 496 0.0001 0.0019 1.2 1.2 1.2 1.4
TZVP 752 0.0001 0.0022 1.2 1.3 1.8 2.2
TZVPP 1328 0.0000 0.0019 1.2 1.3 2.2 2.9
thymine 15 SV(P) 138 0.0000 —0.0007 0.9 0.9 0.8 0.8
TZVP 207 0.0001 —0.0011 1.0 1.0 1.3 15
TZVPP 363 0.0001 —0.0012 1.1 1.1 2.2 29
QzvP 693 0.0001 —0.0014 1.1 1.1 5.3 5.8
tryptophane 27 SV(P) 234 —0.0002 0.0000 1.1 1.1 1.0 1.1
TZVP 357  —0.0002 —0.0001 1.1 1.1 1.6 2.0
TZVPP 633 0.0001 0.0001 1.2 1.2 2.9 3.6
QZVP 1215 0.0001 0.0000 1.4 1.4 5.2 6.7
tyrosine 24 SV(P) 204 —0.0003 —0.0006 1.0 1.0 0.8 0.9
TZVP 313  —0.0002 —0.0006 1.1 1.1 1.7 1.9
TZVPP 557 0.0000 —0.0004 1.1 1.1 31 3.6
QzZVP 1071 0.0000 —0.0003 1.3 1.3 4.8 5.9

In Table 5.7 the speedups introduced by the RIJ-DX and RIJCOSX approximations in double-hybrid
functional calculations for four representative molecules are listed. The speedups with respect to the con-
ventional Rl treatment are almost identical to the pure MP2 case. Thus, the speedups of the investigated
approximations are comparably efficient for double-hybrid functional calculations.

Table 5.7.: Efficiency of the RIJ-DX and RIJCOSX algorithms for RI-B2PLYP calculations on medium sized
molecules with different basis sets. The speedup refers to the ratio of wall clock times of either
the RI-MP2 module (RI-MP2) or the total wall clock time (total) required to finish one gradient
calculation. The deviation of the gradient norm w.r.t. the RI-B2PLYP reference is denoted Arij—px
and ARIJCOSX in [Eh/bohr].

molecule NAtoms Basis  Npasis ARru-px  ARIICOSX SpeedUp SpeedUp
(RIJ-DX) (RIJCOSX)
RI-MP2 total RI-MP2 total

beclometahsone 57 SV(P) 454 0.0006 0.0006 1.2 1.2 1.5 1.6
TZVP 709 0.0004 0.0002 1.2 1.3 1.9 2.3

TZVPP 1277 0.0000 0.0000 1.3 1.3 23 2.8

dibenzo-crown-18-6 50 SV(P) 412 —0.0001 0.0000 1.2 1.2 1.4 1.3
TZVP 638 0.0003 0.0002 1.3 1.3 1.7 1.9

TZVPP 1142 0.0002 0.0000 1.3 1.3 2.1 2.4

morphin 40 SV(P) 332 0.0003 0.0003 1.2 1.2 1.8 1.7
TZVP 513 0.0001 0.0003 1.3 1.3 2.7 2.9

TZVPP 917 0.0001 0.0004 1.3 1.2 3.4 3.9

QZVP 1767 0.0001 0.0002 15 1.4 5.4 6.3
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Continued.
molecule NAtoms Basis NBasis ARIJ—DX ARIJCOSX SpeedUp SpeedUp
(RIJ-DX) (RIJCOSX)
RI-MP2  total RI-MP2  total
tetracycline 56 SV(P) 496 0.0002 0.0011 1.2 1.2 1.5 1.5
TZVP 752 0.0002 0.0011 1.2 1.2 1.7 2.0
TZVPP 1328 0.0000 0.0009 1.3 1.3 2.0 2.4

Timing Analysis of the RIJCOSX-MP2 Method

A detailed analysis of the timings for the different parts of the MP2 gradient is presented in this subsection.
For the comparison of the original MP2 with the RIJCOSX-MP2 method, the menthol molecule in a
TZVPP basis serves as an example. The calculation of one MP2 gradient takes about ~18 hours. The
time spent in the the MP2 module is ~14 hours (80% of the total wall clock time).

A detailed analysis of the different components of the MP2 gradient is given in Table 5.8. The integral
transformation in the original MP2 method corresponds to a 3/4 transformation of AO integrals to the
MO basis, and is besides the calculation of separable and non-separable gradient contributions the most
time consuming step. The evaluation of the internal part of the unrelaxed density matrix D(internal) is
more expensive than in the RI-MP2 variants, due to the generation of the required integrals containing
one Frozen-Core index on the fly. The formation of the 3-external part of the Lagrangian L(3-ext),
eq. 2.215 is also more costly in terms of computation time, due to the large AO<MO transformations.
The calculation of the non-separable and separable gradient, is done simultaneously in the original MP2
code and the time determining step is the calculation of the derivative of the two-electron repulsion
integrals.

The situation changes drastically when going to the RI-MP2 variants. The time required for the integral
transformation is negligible, since in RI-MP2 methods only 3-index integrals are needed, which can be
calculated very efficiently. The formation of the exchange integrals becomes somewhat more expensive,
due to the larger matrix multiplications, but the effect on the overall timing is insignificant. The evaluation
of D(internal) is more effcient, due to prestored Frozen-Core integrals and the 3-external part of the
Lagrangian only requires the transformation of one virtual index. The calculation of the separable gradient
is done analogously to the parent MP2 method, but the non-separable part is very efficiently calculated
employing 3- and 2-index derivative integrals, eq. 2.228.

The speedup achieved with the RIJ-DX approximation results from the more efficient calculation of the
response-type operators, and as a consequence, the accelerated solution of the z-vector equations. The
separable gradient profits from the application of the Rl approximation to the Coulomb contribution,
whereas the non-separable gradient saves computation time through storage of the 3-index 2-particle
density and the use of large BLAS level 2 operations.

The RIJCOSX approximation introduces a highly efficient treatment of the exchange-type contributions
to the MP2 gradient. The calculation of the response-type operators, eq. 2.217, and the solution of
the z-vector equations is highly dominated by the formation of the exchange-type contributions. The
employment of the RIJCOSX approximation speeds the calculation of these contributions up by a factor
of ~7-8. A speedup of ~2 is gained by exploiting the efficient calculation of the basis function derivatives

on the grid, as ingredient to the separable gradient.
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Table 5.8.: Timings in [s] of the individual contributions to the MP2 gradient depending on the employed ap-
proximation obtained for the menthol molecule (31 atoms) in a TZVPP basis set.

Gradient Components MP2  RI-MP2  RIJ-DX-MP2  RIJCOSX-MP2
Integral Transformation 18061 133 129 136
Ki(a,b) 65 145 144 148
Ti(a,b) 27 17 16 17
D(virtual) 60 61 60 60
D(internal) 1537 124 117 122
W(virtual) 120 121 119 121
W(internal) 191 217 194 201
L(3-ext) 1510 260 250 257
L(3-int) 16 6 6 6
R(D) 1170 1209 949 146
R(z) 1209 1213 969 148
z-vector solution 5410 5497 4062 773
Separable Gradient (S) 10918 8937 3733
Non-separable Gradient (NS) 582 325 327
Gradient (S + NS) 20290 11500 9262 4060
Total Time 49689 20732 16533 6460

Parallelization

The separable COSX-MP2 gradient, eq. 2.227, is parallelized over batches of grid points. A reasonable
load balancing is achieved by distributing the batches of grid points over the processors such, that all
processors work on all parts of the molecular system to nearly the same extent. A single gather operation
is then performed at the end of the COSX integration loop, in order to keep the communication overhead
negligible. The same strategy has been followed for the parallel exchange treatment in the SCF module.
In Fig. 5.3 the efficiency of the parallel implementation is demonstrated for a medium sized molecule
(dibenzo-crown-18-6/QZVP, 50 atoms, 2202 basis functions). The scaling behaviour is excellent for up
to 16 processors, although the example is not really large. However, the evaluation of the basis function
derivatives on the grid requires the large Lebedev-302 angular grid with an integration accuracy of 4.34,
which yields about 185000 grid points that are divided among the processors. Some of the plotted
speedups in Fig. 5.3 seem to be better than the linear speedup, which is mainly due to the inaccuracy in

the time measurement, since no statistics have been performed.

The parallelization of the entire MP2 gradient module, presented in Fig. 5.4, is less efficient, than that
for the separable COSX-MP2 gradient contribution. However, up to at least 10 processors reasonable
speedups are achieved. The reason for the apparent stagnation of the speedup with 12 processors, is the
poor scaling of the 3-external part to the MP2 Lagrangian and of the separable gradient calculated in
the RI approximation with the number of processors employed. The speedup of the evaluation of the
3-external Lagrangian contribution achieves a factor 4.4 speedup for 10 processors and decreases to a
factor of 3.8 for 12 and 16 processors. A similar situation is found for the separable gradient calculated
within the Rl approximation. Although not rate determining, the speedup amounts to only a factor of
~3. The scaling of the internal part of the energy weighted density matrix is also reduced to a factor of

10 for 16 processors. All three contributions together determine 30% of the total wall clock time needed
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Figure 5.3.: Parallelization efficiency of the COSX gradient algorithm with Dibenzo-crown-18-6/QZVP as exam-
ple. Plotted is the wall clock time required for formation of the entire separable COSX-MP2 gradient
relative to the time taken for the same operation by a single process.

for the calculation on 16 processors. Furthermore, some smaller parts of the parallel MP2 gradient do
not scale ideally with the number of used processors. Taken together, these factors are responsible for

the worsened scaling starting with 10-12 employed processors.

5.2.4. Application

In order to demonstrate the high efficiency of the RIJCOSX-MP2 approach geometry optimizations on
DNA base tetramers are presented. The nomenclature is shown in Fig. 5.5 and the timings for the
structure optimizations with a TZVPP basis set and tight convergence criteria are listed in Table 5.9.
The time required for one optimization step for a closed-shell system with ~1500 basis functions and
~2000 and ~3500 auxiliary basis functions, respectively, takes about 10 hours on 8 CPUs. These timings
impressively confirm the outstanding efficiency of the RIJCOSX-MP2 method.

Figure 5.5.: Stacked DNA base pairs (GCTA), (G) Guanine, (C) Cytosine, (T) Thymine, (A) Adenine.
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Figure 5.4.: Parallelization efficiency of the MP2 gradient algorithm with Dibenzo-crown-18-6/QZVP as example.
Plotted is the wall clock time required for formation of the entire COSX-MP2 gradient relative to
the time taken for the same operation by a single process.

Table 5.9.: Total wall clock times for gradient calculations on 8 CPUs of DNA base pairs with the RIJCOSX-
MP2/TZVPP method.

Molecule Natoms NBasis NAuxBasisJ NAuxBasisC NCycIes Time

1 Opt Step total
GCTA 59 1472 2093 3518 20 9h 30m 7d 21h 12m
GCCG 58 1458 2082 3488 39 9h 42m 15d 21h 16m
ATTA 60 1486 2104 3548 21 11h 10m 9d 19h 05m

5.2.5. Discussion

In the present section, the applicability of the semi-numeric exchange treatment via the COSX ap-
proximation to the exchange-type contributions of the MP2 gradient has been presented. The entire
RIJCOSX-MP2 gradient algorithm fulfills all important requirements necessitated by a reliable approxi-
mate method. The optimized structures show only negligible deviations from the MP2 structures. The
RIJCOSX-MP?2 gradient is efficient with observed speedups in wall-clock times of ~7-7.5 for the TZVPP
basis set compared to conventional MP2 regarding one gradient calculation (including the SCF time).
RIJCOSX-MP2 versus RI-MP?2 yields also speedups of ~5-9 for one entire energy and gradient calculation
with the QZVP basis. The speedups obtained in pure MP2 calculations are immediately carried over to

the case of double-hybrid density functional theory.
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The RIJCOSX-MP2 method is generally applicable and does neither depend on the molecular system nor
on the chosen basis set. The program is parallelized and scales reasonably well with the number of used
processors but some more work is required before efficient large scale parallelization on many processors
is achieved. Nevertheless, an application of the RIJCOSX-MP2 method to the geometry optimizations of
DNA base tetramers with ~1500 basis functions could be presented. Overall, we believe that the present
development adds to the applicability of MP2-type methods such as MP2, SCS-MP2 or double-hybrid

density functional theory in large-scale chemical applications.

5.3. Correlated ab initio Spin Densities for Larger Molecules: The
Orbital-Optimized Spin-Component-Scaled MP2 Method

5.3.1. Introduction

The calculation of the hyperfine structure in electron paramagnetic resonance (EPR) spectra and its high
resolution variants such as electron-nuclear double resonance (ENDOR) or hyperfine sublevel correlation
spectroscopy (HYSCORE) has been recognized to be a difficult field for theoretical chemistry. Unlike the
electron density, that is positive everywhere in space, the spin density is a strongly structured function
that can be either positive or negative. This has been realized already by the pioneers of EPR spec-
troscopy that have referred to the phenomenon as 'spin polarization’. Classical examples are the aromatic
protons of benzylic radicals or the proton hyperfine couplings (hfcs) of CH3 that are known to be neg-
ative. McConnel has given an intuitively appealing valence bond interpretation of the spin polarization
phenomenon. [140] However, it is difficult to implement valence bond theory rigorously in terms of ab
initio wave functions. In Hartree-Fock (HF) theory, the spin polarization arises in a rather natural way
in the unrestricted HF variant (UHF). However, once calculations with large basis sets became feasible
it quickly became clear that the UHF prediction of hyperfine couplings is very poor. Typically, spin po-
larization contributions are too large by about a factor of three. This has been analyzed in some detail
by Hameka [141] and Chipman. [142] Thus, the calculation of accurate first principles spin densities re-
quires the incorporation of a substantial amount of dynamic correlation. The simplest correlation method,
second-order Mgller-Plesset perturbation theory (MP2), is known to be insufficient and often provides
somewhat erratic results when applied to open-shell systems. Provided that basis sets with sufficient
flexibility in the core region and adequate polarization functions to cover dynamic correlation are used
(e.g. Ref. [143]) the quadratic configuration interaction with single and double excitations (QCISD) or
the more rigorous coupled cluster theory with single- and double excitations (CCSD) are known to pro-
vide essentially satisfactory results. [144—150] However, these methods involve iterative steps with O(N®)
scaling with respect to system size. Thus, their routine application to larger molecules is presently not

possible.

Density functional theory (DFT), often provides much better results than UHF theory [143,151] and there
are many successful applications of DFT to the calculation of EPR hyperfine coupling constants (hfccs).
Among the multitude of functionals that could be used, the 'gold standard’ B3LYP functional provides
good results for organic radicals. [147] For transition metal nuclei all functionals have difficulties since
they underestimate the core level spin polarization. [152,153] This can to some extent be compensated
by mixing more HF exchange into hybrid density functionals. This is, however, not a satisfactory solution
to the problem since the optimum mixing depends strongly on the investigated system. In a previous

study it was found that among the standard functionals, the meta-generalized gradient approximation
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based hybrid functional TPSSh [154] provides the best results for transition metal complexes. [155] Other
problem cases for DFT include strongly delocalized radicals where the self-interaction error strongly
deteriorates the results. [156,157]

In a recent study, we have investigated the behavior of the new class of double-hybrid density functionals
(DHDFs) that have shown in many fields their high potential. [1] In general, excellent results have been
obtained for hyperfine couplings with the B2PLYP functional [155], provided that the calculations are
based on the relaxed density approach [155], that arises naturally in analytic gradient theory of correlated
wave function theories. [12,49,158,159] However, even B2PLYP was found to suffer to some extent from

the unstable MP2 component despite the fact that it was found to be greatly superior to MP2 itself.

Despite all recent progress, we feel that it would be desirable to have an affordable wave function based ab
initio method available that reliably provides results of essentially QCISD or CCSD quality. Most recently,
it was shown that the results of MP2 for open-shell molecules can be greatly improved in accuracy
and stability if the orbitals are optimized alongside with the double excitation amplitudes. [160, 161]
This orbital optimization is based on the well-known Hylleraas functional [24] that has been shown by
Saebgand Pulay to lead to an orbital-invariant formulation of MP2 theory. [26] The method has been
dubbed OO-MP2 and was further improved by combining it with the concepts of spin-component scaling
(SCS-MP2) [102] thus leading to OO-SCS-MP2. The variant with spin-opposite scaling MP2 (SOS-MP2)
has been explored by Head-Gordon and co-workers. [104] The computational effort of OO-SCS-MP2 is
best characterized as an iterative O(N®) process that is substantially cheaper than QCISD or CCSD but
also considerably more expensive than MP2. However, if the OO-SCS-MP2 method is combined with
the resolution of the identity (RI) approximation [22], it is applicable in reasonable computation times to
at least medium sized molecules of contemporary chemical interest that are far too large for QCISD and
CCSD to be applicable.

In this section, the performance of the OO-(SCS-)MP2 method for the calculation of hfccs has been
investigated. Following a brief description of the theory, the OO-MP2 and OO-SCS-MP2 methods are
benchmarked against the results of CCSD and CCSD(T) calculations. The applicability to larger molecules
is demonstrated in the final part of the section.

5.3.2. Theory

The theory of the orbital optimized MP2 method has been reviewed in detail in Section 2.9.3. The
basic idea is to minimize an extended Hylleraas functional with regard to the MO coefficients as well as
to the MP2 double excitation amplitudes. Due to the variational nature of the orbital optimized MP2
Ansatz, the first derivative of the OO-MP2 energy w.r.t. an arbitrary perturbation A, corresponds to the
expectation value of hy, if the OO-MP2 equations have converged, eq. 5.16.

0Eoo
= Y Dygh), (5.16)
Pq

on

In a spin-unrestricted scheme, the total electron density and the spin density matrices are obtained as

the sum and difference of the spin-up and spin-down densities respectively. Thus, the isotropic (c) and
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dipolar (d) parts of the hyperfine coupling tensor are calculated as,

8m P _
A = 5k/§§ nyo(‘* euld(Ra)len) (5.17)
A Z DO (o, | ra > (radi — 3rakrailen)- (5.18)

%

Where D,?Vo(afﬁ) is the orbital optimized MP2 spin density matrix, S denotes the total spin and P, is

an atom specific constant, defined in eq. 5.19.

5.3.3. Computational Details

In order to benchmark the performance of the OO-SCS-RI-MP2 and OO-RI-MP2 methods, hyperfine
coupling constants (hfccs) of a series of small radicals and transition metal complexes have been calculated.
To avoid complicated issues like basis set convergence (that is very slow for singular properties like the
isotropic hfccs), vibrational averaging or matrix effects, we choose to initially calibrate the OO-MP2
methods relative to a higher level method, specifically CCSD(T) [162].

All MP2 and DFT calculations were carried out with a development version of the ORCA program
package. [25] The application of the 'Resolution of the Identity’ approximation [22] in terms of the Split-
RI-J algorithm [30] is indicated with the prefix 'RI". The Coupled Cluster calculations were performed
with the ACES Il (now CFour) program suite. [163] All electrons were correlated throughout the study.

The small radicals were optimized on the CCSD(T) level [162] employing Dunning's cc-pVTZ basis
set. [65] In the case of the OH, NO and NH, radicals experimental structures were used. The structures

of the transition metal complexes were taken from Ref. [164].

Barone's triple-¢ EPR-IIl [165] basis set was employed for the calculation of the hyperfine coupling
constants, except for the elements Al, S, Cl, and Si, for which Kutzelniggs IGLO-III [166] basis set was
used. For the element Mg a modified TZVPP basis set which has been decontracted in the s-part was
employed. [98] A triply polarized basis set with additional flexibility in the core region (CP(PPP)) was
applied for the transition metal atoms. [167]

In preliminary studies comparing RI-MP2 to conventional MP2 it was ensured that the auxiliary basis
sets used in the present study lead to an error of <1 MHz in the calculated hfccs. The decontracted
def2-TZVPP/JK auxiliary basis set of Weigend and co-workers [92] was found suitable to reach this level

of accuracy.

All energies were converged to 10~° Ej, and the convergence criteria for the orbital gradient was chosen
1073,

The P4 factor in egs. 5.17 and 5.18 is the product of the electronic and nuclear g-values and Bohr

magnetons, respectively, and specific for each atom type.

Pa = gegnBefn (5.19)

The nuclear g-values employed for the calculation of the hfccs were taken from Ref. [168], and are listed
in Table 5.10.
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Table 5.10.: gn values and P, factors employed for the calculation of hfccs.

atom gn  Pa [MHz/au?]
H 5.5856912 533.5514
g 1.7924240 171.2143
3¢ 1.4048200 134.1900
1N 0.4037607 38.5677
70 —0.7575160 —72.3588
F 5.2577320 502.2244
Mg  —0.3421800 —32.6854
2TAl 1.4566010 139.1361
25; —1.1106000 —106.0857
Bs 0.4291100 40.9891
35 0.5479157 52.3375

5.3.4. Numerical Results

Throughout the following subsection Aﬁ), Ag’g) and Ag/;) denote the diagonal elements of the total

(Asc)

hyperfine coupling tensor, A indicates the isotropic Fermi contact contribution to the hfc tensor and

the anisotropic spin dipolar contributions are assigned by Ag’;;d), Ag;;d) and A(gd).

Atoms

In Table 5.11 the isotropic and anisotropic hfccs for the first row main group elements B—F are listed.
Denoting the principal values of the anisotropic hfc tensor 2b, —b, —b, only b is reported. The CCSD(T)
results presented in Table 5.11 serve as reference. For these systems the effect of the perturbative triples
correction is negligible and the CCSD results are very close to CCSD(T). The RI-MP2 method tends to

slightly underestimate the isotropic hfc contribution but performs surprisingly good for atomic hfccs.

Both orbital optimized MP2 methods yield excellent results. They tend to slightly overestimate the hfc
contributions in absolute value with OO-RI-MP2 performing marginally better than its spin-component
scaled variant. As expected, the errors in the anisotropic hfccs tend to be smaller than the error in the
isotropic contributions. Orbital optimization yields almost no improvement for the atomic hfccs compared

to conventional MP2.

Compared to CCSD(T), the B2PLYP double-hybrid functional performs reasonably well but certainly worse
than the OO-MP2 methods for the dipolar contribution to the hfccs. For the Fermi contact interaction,
the results of B2PLYP relative to CCSD(T) are of limited quality. However, relative to the experimental
numbers B2PLYP is the most accurate of the tested approaches. This is likely a fortuitous result as basis

sets far from the limit are used in this study.
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Table 5.11.: Calculated hfces in [MHz] of first row main group elements.
atom method
RI-MP2  OO-RI-MP2  OO-SCS-RI-MP2  B2PLYP ~ CCSD  CCSD(T) Expt.
ug AlAd) 56.1 56.1 55.9 58.7 55.1 55.1
AR9) —2.4 2.6 2.7 17.1 3.7 4.2 11.62/18.7°
B3¢ AlAd) 77 —47.7 —475 —49.0 —47.4 —473
AA) 8.4 12.7 13.7 24.3 10.9 11.3  (21.4)°/(22.5)?
N AlAd) 0.0 0.0 0.0 0.0 0.0 0.0
AlAi) 75 8.7 9.5 11.4 7.8 7.9 10.44
7o AlAd) 727 72.6 72.6 74.2 72.4 72.4
AR o3¢ —25.9 —285 —31.0 —245 —245 34 .5¢
19F AlAd) 15889 1588.5 1587.1  1608.8 1581.2 1580.3
AlAi) 243.9 259.3 284.6 2785  247.2 245.8 301.7¢
Radicals

In Tables 5.12 and 5.13 the hyperfine coupling constants for a variety of small radicals are listed.

Table 5.12.: Hyperfine coupling constants in [MHz] for a variety of small S=1/2 systems.

(s D AR A A% Al g Al

2BO 0.799945 g RI-MP2 973.2 973.2  1067.4 1004.6 —31.4 —31.4 62.8

g SCS-RI-MP2 945.8 9458  1050.5 980.7 —34.9 —34.9 69.8

0.758740 g 0O-RI-MP2 977.3 977.3  1055.4 1003.3 —26.0 —26.0 52.0

0.755607 1B Q00-SCS-RI-MP2 971.7 971.7  1053.2 998.9 —27.2 —27.2 54.3

] B2PLYP 1033.7 1033.7  1116.9 1061.4 —27.7 —27.7 55.5

g CCSD 1016.3  1016.3  1090.9 1041.1 —24.9 —24.9 49.7

g CCSD(T) 978.9 978.9  1057.3 1005.0 —26.1 —26.1 52.3

Expt [174] 998 998 1079 1025 —27 —27 54

70 RI-MP2 —93.1 —69.5 —69.5 —77.4 —15.8 7.9 7.9

70 SCS-RI-MP2 —95.1 —86.8 —86.8 —89.6 —5.6 2.8 2.8

7o 00-RI-MP2 —55.4 9.9 9.9 —11.9 —435 21.8 21.8

70 00-SCS-RI-MP2 —50.1 11.3 11.3 —9.2 —40.9 20.5 205

170 B2PLYP —55.7 5.5 5.5 —14.9 —40.8 20.4 20.4

70 CCSD —55.3 9.7 9.7 —12.0 —43.4 21.7 21.7

70 CCSD(T) —54.3 5.1 5.1 —14.7 —39.6 19.8 19.8

2BS 0.855236 g RI-MP2 730.4 730.4 844.0 768.3 —37.8 —37.8 75.7

g SCS-RI-MP2 675.1 675.1 802.0 717.4 —423 —423 84.6

0.771530 g 0O0-RI-MP2 769.4 769.4 858.5 799.1 —29.7 —29.7 59.4

0.763958 1B 00-SCS-RI-MP2 746.5 746.5 840.2 777.7 —31.2 —31.2 62.5

g B2PLYP 785.7 785.7 883.9 818.4 —32.8 —32.8 65.5

g CCSD 767.0 767.0 852.3 795.5 —28.4 —28.4 56.9

g CCSD(T) 737.2 737.2 826.1 766.8 —29.6 —29.6 59.3

Expt [175] 796

g RI-MP2 29.0 29.0 60.0 39.3 —10.3 -10.3 20.6
2Ref. [169]
bRef. [170]
“Ref. [171]
dRef. [172]

*Ref. [173]
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(s AP ADAD A A g
g SCS-RI-MP2 37.2 37.2 55.6 43.3 —6.1 —6.1 12.2
g 0O0-RI-MP2 —14.2 —14.2 51.2 7.6 —21.8 —21.8 43.6
35 00-SCS-RI-MP2 —17.3 —17.3 452 35 —20.8 —20.8 41.6
g B2PLYP —16.0 —16.0 47.6 5.2 —21.2 —21.2 42.4
g CCSD —19.1 —19.1 47.7 3.2 —223 —223 44.5
g CCSD(T) —13.1 —13.1 47.1 7.0 —20.1 —20.1 40.1
2CN 1.159620 B¢ RI-MP2 485.4 485.4 740.7 570.5 —85.1 —85.1 170.2
1Bc SCS-RI-MP2 445.0 445.0 712.6 534.2 —89.2 —89.2 178.4
0.754597 e 00-RI-MP2 434.7 434.7 601.0 490.2 —55.4 —55.4 110.8
0.754714 1BC  00-SCS-RI-MP2 435.2 435.2 603.2 491.2 —56.0 —56.0 112.0
e B2PLYP 343.3 343.3 555.5 414.1 —70.7 —70.7 141.5
3¢ CCSD 602.4 602.4 761.4 655.4 —53.0 —53.0 106.0
e CCSD(T) 499.4 499.4 669.5 556.1 —56.7 —56.7 113.5
Expt [176] 543 543 678 588 —45 —45 90
14N RI-MP2 1.7 1.7 30.2 11.2 —95 —95 18.9
14N SCS-RI-MP2 5.6 5.6 315 14.2 —86 —86 17.3
“N 0O0-RI-MP2 —13.8 —13.8 46.8 6.4 —20.2 —20.2 40.4
N 00-SCS-RI-MP2 —20.1 —20.1 39.9 —0.1 —20.0 —20.0 40.0
N B2PLYP —44.1 —44.1 14.0 —24.7 —19.3 —19.3 38.7
14N CCSD —39.8 —39.8 19.7 —20.0 —19.8 —19.8 39.7
14N CCSD(T) —37.4 —37.4 20.0 —18.3 —19.1 —19.1 38.3
Expt [176] —28 —28 27 —13 —15 —15 30
2cot 0.960189 e RI-MP2 1331.1 1331.1  1583.7 1415.3 —84.2 —84.2 168.4
B¢ SCS-RI-MP2 1275.5 12755  1549.5 1366.8 —91.4 —91.4 182.7
0.761082 3¢ 00-RI-MP2 1413.0  1413.0  1566.3 1464.1 —51.1 —51.1 102.2
0.758066 1BC  00-SCS-RI-MP2 1411.0 14110  1569.0 1463.6 —52.7 —52.7 105.3
e B2PLYP 14975 14975  1662.7 1552.6 —55.1 —55.1 110.1
e CCSD 1538.2 15382  1675.2 1583.9 —45.7 —45.7 91.3
B¢ CCSD(T) 1460.9 14609  1611.6 1511.1 —50.3 —50.3 100.5
Expt [177] 1524 1524 1671 1573 —49 —49 98
170 RI-MP2 —103.6 —103.6 —85.1 —97.4 —6.2 —6.2 12.3
170 SCS-RI-MP2 —113.3  —113.3 —773 —101.3 —12.0 —12.0 24.0
70 0O-RI-MP2 —57.8 55.6 55.6 17.8 —75.6 37.8 37.8
0 00-SCS-RI-MP2 —48.6 60.2 60.2 23.9 —725 36.3 36.3
7o B2PLYP —45.9 56.3 56.3 22.2 —68.1 34.1 34.1
170 CCSD —55.5 59.2 59.2 21.0 —76.5 38.3 38.3
70 CCSD(T) —49.2 51.8 51.8 18.1 —67.3 33.7 33.7
Expt [177] —47 52 52 19 —66 33 33
2NO 0.797337 4N RI-MP2 —205.6 —23.1 60.1 —56.2 —149.4 33.1 116.3
14N SCS-RI-MP2 —200.1 —222 63.3 —53.0 —147.1 30.8 116.3
0.752023 N 00-RI-MP2 —-18.3 —17.2 88.4 17.6 —36.0 —34.8 70.8
0.752677 N 00-SCS-RI-MP2 —15.5 —12.6 93.3 21.8 —37.2 —34.3 71.6
14N B2PLYP —16.9 —16.7 96.4 20.9 —37.8 —37.7 75.4
N CCSD —-16.7 —12.9 97.3 22.6 —39.3 —35.5 74.8
N CCSD(T) —23.1 —18.0 92.3 17.1 —40.2 —35.0 75.2
Expt [168] 22

170 RI-MP2 —630.1  —288.7 19.7 —299.7 —330.4 11.0 319.4
70 SCS-RI-MP2 —6222  —289.4 13.5 —299.4 —322.9 10.0 312.9
70 00-RI-MP2 —155.7 34.7 43.0 —26.0 —129.7 60.7 69.0
0 00-SCS-RI-MP2 —162.9 25.6 36.2 —33.7 —129.2 59.3 69.9
7o B2PLYP —167.6 31.2 35.8 —33.6 —134.0 64.7 69.3
70 CCSD —168.3 23.5 38.8 —35.4 —133.0 58.9 74.1
170 CCSD(T) —169.6 11.5 26.9 —43.7 —125.9 55.2 70.6
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(s AP ADAD A A g
20H 0.756733 70 RI-MP2 —321.9 98.5 98.7 —41.6 —280.4 140.1 140.3
70 SCS-RI-MP2 —322.1 98.9 100.6 —40.9 —281.2 139.8 141.4
0.753177 7o 0O0-RI-MP2 —326.5 92.5 93.7 —46.8 —279.7 139.3 140.5
0.753094 0 00-SCS-RI-MP2 —327.0 93.3 93.5 —46.7 —280.3 140.0 140.2
170 B2PLYP —337.5 89.7 91.0 —52.3 —285.2 142.0 143.2
70 CCSD —324.2 92.9 94.5 —45.6 —278.6 138.5 140.1
70 CCSD(T) —322.8 93.8 95.4 —44.5 —278.2 138.3 139.9
Expt [178] —51
1H RI-MP2 —142.1 —87.0 18.9 —70.1 —721 —16.9 88.9
1H SCS-RI-MP2 —133.2 —78.4 26.6 —61.7 —715 —16.7 88.3
H 0O-RI-MP2 —150.2 —05.1 13.2 —77.4 —72.8 —17.7 90.5
'H  0O0-SCS-RI-MP2 —144.0 —89.2 18.9 —71.4 —72.6 —-17.8 90.3
H B2PLYP —142.0 —87.9 19.2 —70.3 —71.8 -17.7 89.5
1H CCSD —148.1 —93.5 15.1 —~75.5 —72.6 —18.0 90.6
1H CCSD(T) —145.6 —01.1 16.8 —73.3 —72.3 —17.8 90.1
Expt [178] ~ —69
2MgF 0.750477 Mg RI-MP2 —308.1 —2965 —296.5 —300.4 -7.8 3.9 3.9
BMg SCS-RI-MP2 —3032 —291.5 —291.5 —295.4 -7.8 3.9 3.9
0.751211  *Mg 0O0-RI-MP2 —306.8 —2952  —205.2 —299.0 -7.8 3.9 3.9
0.751017 Mg  00-5CS-RI-MP2 —301.7 —290.0 —290.0 —293.9 -78 3.9 3.9
BMg B2PLYP —3247 —3127 -3127 —316.7 —8.0 4.0 4.0
BMg CCSD —306.8 —2952  —205.2 —299.0 -7.8 3.9 3.9
BMg CCSD(T) —305.3 —293.7 —203.7 —297.6 -7.8 3.9 3.9
Expt [179] —349 —331 —331 —337 —12 6 6
g RI-MP2 116.2 116.2 302.8 178.4 —62.2 —62.2 124.4
E SCS-RI-MP2 108.9 108.9 291.8 169.9 —61.0 —61.0 121.9
OF 0O-RI-MP2 118.1 118.1 313.7 183.3 —65.2 —65.2 130.4
YF  00-SCS-RI-MP2 105.0 105.0 205.7 168.6 —63.6 —63.6 127.1
YE B2PLYP 127.1 127.1 367.6 207.3 —80.2 —80.2 160.3
E CCSD 123.7 123.7 309.3 185.6 —61.8 —61.8 123.7
E CCSD(T) 120.6 120.6 315.6 185.6 —65.0 —65.0 130.0
Expt [180] 143 143 332 206 —63 —63 126
2AI0 0.808358  Z7Al RI-MP2 —1358 —135.8 85.4 —62.1 —73.7 —73.7 1475
Al SCS-RI-MP2 —155.0 —155.0 52.2 —85.9 —69.1 —69.1 138.1
0.762247 Al 0O0-RI-MP2 1034.1 10341  1181.9 1083.4 —49.2 —49.2 98.5
0.765396 YAl 00-SCS-RI-MP2 970.3 970.3  1118.2 1019.6 —49.3 —49.3 98.6
Al B2PLYP 922.1 9221  1094.6 979.6 —57.5 —57.5 115.0
Al CCSD 4253 4253 596.7 482.4 —57.2 —57.2 114.3
Al CCSD(T) 500.1 509.1 677.8 565.3 —56.2 —56.2 112.4
Expt [181] 713 713 872 766 —53 —53 106
170 RI-MP2 0.7 188.7 188.7 126.0 —125.3 62.7 62.7
170 SCS-RI-MP2 —425 182.7 182.7 107.6 —150.1 75.1 75.1
70 0O-RI-MP2 —89.3 41.8 41.8 -1.9 —87.4 43.7 43.7
0 00-SCS-RI-MP2 —86.5 53.0 53.0 6.5 —93.0 46.5 46.5
70 B2PLYP —70.0 62.9 62.9 18.6 —88.6 44.3 44.3
70 CCSD —109.5 82.0 82.0 18.1 —127.7 63.8 63.8
170 CCSD(T) —98.5 78.2 78.2 19.3 —117.8 58.9 58.9
2HCO 0.765630 H RI-MP2 366.1 376.5 401.6 381.4 —15.3 —4.9 20.2
H SCS-RI-MP2 363.6 373.7 400.1 379.1 —15.5 —5.5 21.0
0.752927 H 00-RI-MP2 352.9 361.0 390.9 368.2 —15.4 -7.3 22,6
0.753275 'H  0O0-SCS-RI-MP2 350.1 358.0 389.0 365.7 —15.6 -7.7 23.3
1H B2PLYP 366.1 374.2 404.6 381.7 —15.5 —7.4 23.0
H CCSD 372.6 391.8 400.8 388.4 —15.8 3.4 12.4
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(s AP ADAD A A g
'H CCSD(T) 374.6 393.8 402.4 390.3 —15.7 35 12.1

Expt [182] ~377 ~377 ~343 354 -9 -9 25

-381

170 RI-MP2 —152.4 —24.6 5.3 —57.3 —95.2 32.6 62.5
170 SCS-RI-MP2 —153.6 —21.7 3.2 —57.4 —96.3 35.6 60.6
70 0O-RI-MP2 —136.6 7.5 17.0 —37.4 —99.2 44.9 54.3
Y0 00-SCS-RI-MP2 —140.3 4.8 15.7 —40.0 —100.4 44.7 55.6
7o B2PLYP —147.8 9.7 17.4 —40.2 —107.6 50.0 57.6
170 CCSD —144.6 -1.8 16.1 —43.4 —101.2 41.6 59.5
170 CCSD(T) —141.7 —0.6 13.5 —42.9 —98.7 423 56.4
e RI-MP2 289.4 301.2 429.8 340.1 —50.7 —38.9 89.7
3¢ SCS-RI-MP2 300.3 308.0 439.1 349.1 —48.9 —41.1 90.0
B¢ 0O0-RI-MP2 325.9 332.9 456.4 371.7 —45.9 —38.8 84.7
13C  00-SCS-RI-MP2 3323 342.2 465.3 379.9 —47.6 —37.7 85.4
e B2PLYP 3385 345.2 476.0 386.6 —48.0 —41.4 89.4
e CCSD 284.5 201.2 342.7 306.1 —21.6 —15.0 36.6
B¢ CCSD(T) 278.3 286.0 336.2 300.2 —21.9 —14.2 36.0
Expt [182] ~337 ~353 ~437 365 -39 —12 50

- 377 - —48 - —24 -72
2H,CO  0.785332 e RI-MP2 —109.2 —86.2 —81.7 —92.4 —16.8 6.2 10.7
e SCS-RI-MP2 —80.2 —65.8 —59.5 —68.5 —11.7 2.7 9.0
0.755748 B¢ 0O-RI-MP2 —137.7  —113.6 —99.6 —117.0 —20.8 3.4 17.4
0.754596 13C  00-SCS-RI-MP2 —112.6 —91.6 —84.6 —06.2 —-16.3 4.7 11.7
B¢ B2PLYP —117.9 —89.0 —85.7 —97.5 —20.4 8.5 11.8
e CCSD —119.5 —88.9 —88.6 —99.0 —20.5 10.1 10.4
e CCSD(T) —114.7 —87.9 —84.9 —95.9 —18.9 7.9 11.0
Expt [183] —124 —105 —99 —109 —15 4 10
7o RI-MP2 —316.8 89.1 98.9 —42.9 —273.9 132.1 141.8
70 SCS-RI-MP2 —320.4 101.8 108.0 -36.9 —283.5 138.7 144.8
70 00-RI-MP2 —285.3 56.4 75.4 —51.2 —234.1 107.5 126.6
0 00-SCS-RI-MP2 —305.0 62.6 76.0 —55.5 —249.6 118.1 131.5
70 B2PLYP —316.4 61.0 84.3 —57.0 —250.4 118.1 141.3
70 CCSD —318.1 50.0 79.3 —62.9 —255.1 112.9 142.2
70 CCSD(T) —310.3 56.1 78.6 —58.5 —251.8 114.6 137.2
1H RI-MP2 272.5 274.9 297.9 281.8 —9.3 —6.9 16.2
1H SCS-RI-MP2 243.3 245.3 269.9 252.8 —95 —-76 17.1
H 0O-RI-MP2 355.2 357.3 387.6 366.7 —11.5 —9.4 20.9
'H  00-SCS-RI-MP2 315.1 317.2 345.6 326.0 —10.8 —-8.8 19.6
H B2PLYP 313.7 316.3 341.4 323.8 —10.1 -7.5 17.6
1H CCSD 276.7 202.0 313.7 204.1 —17.4 —21 19.5
'H CCSD(T) 286.5 303.6 326.3 305.5 —19.0 -1.8 20.9

Expt [183] 363 376 377 372 -9 4 5
2H,0"  0.761586 H RI-MP2 —118.3 —88.4 6.3 —66.8 —51.5 —21.6 73.1
H SCS-RI-MP2 —109.2 —79.5 14.2 —58.2 —51.0 —21.3 72.4
0.754418 H 00-RI-MP2 —1375  —107.6 -93 —84.8 —52.7 —22.8 75.5
0.754004 'H  0O0-SCS-RI-MP2 —1325  —102.9 —4.7 —80.0 —52.5 —22.9 75.4
1H B2PLYP —131.7 —102.4 —4.8 —79.6 —52.0 —22.8 74.8
H CCSD —174.4 —78.5 5.2 —82.6 —91.8 4.0 87.8
'H CCSD(T) —170.4 —75.0 8.2 —79.1 —91.3 4.0 87.3

Expt [178] —-73

70 RI-MP2 —366.5 84.4 88.0 —64.7 —301.8 149.1 152.7
170 SCS-RI-MP2 —363.8 91.1 93.4 —59.8 —304.0 150.9 153.2
170 0O-RI-MP2 —375.7 70.0 75.1 —76.9 —298.8 146.9 152.0
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(s AP ADAD A A g
70 00-SCS-RI-MP2 —374.2 74.2 78.3 —73.9 —300.3 148.1 152.2
70 B2PLYP —383.1 72.6 775 —77.7 —305.5 150.2 155.2
7o CCSD —375.1 68.8 73.9 —775 —297.6 146.2 151.4
170 CCSD(T) —372.6 71.0 75.9 —75.2 —297.4 146.2 151.1
Expt [178] —83
2CH; 0.761614 Bc RI-MP2 —18.2 —18.2 211.5 58.4 —76.6 —76.6 153.1
B¢ SCS-RI-MP2 —33.7 —33.7 197.6 43.4 —77.1 —77.1 154.2
0.754306 1Bc 0O-RI-MP2 —48 —48 224.4 71.6 —76.4 —76.4 152.8
0.753550 13C  00-SCS-RI-MP2 —15.1 —15.1 215.1 61.6 —76.8 —76.8 153.5
e B2PLYP 5.2 5.3 241.4 84.0 —78.8 —78.7 157.5
e CCSD —35 —35 225.6 72.8 —76.4 —76.4 152.8
B3¢ CCSD(T) -7.2 -7.2 221.6 69.1 ~76.2 ~76.2 152.5
Expt [184,185] 13 13 198 75 ~ — 62 ~ — 62 ~ 123
1H RI-MP2 —111.2 —68.8 —33.9 —71.3 —39.9 25 37.4
1H SCS-RI-MP2 —95.5 —53.1 —20.4 —56.3 —39.2 3.3 35.9
H 0O-RI-MP2 —118.1 —75.9 —39.0 —77.7 —40.4 1.8 38.7
'H  0O0-SCS-RI-MP2 —105.6 —63.5 —28.0 —65.7 —39.9 23 37.7
H B2PLYP —109.5 —67.9 —31.0 —69.5 —40.0 1.6 38.4
1H 2CCSD —124.4 —66.8 —29.5 —73.6 —50.8 6.8 44.0
'H 2CCSD(T) —121.4 —64.1 —27.2 —70.9 —50.5 6.8 43.8
Expt [184,185] —105 —69 —35 —70 —35 1 35
2SiH3 0.769857 2g;j RI-MP2 —3906 —111.9 —111.9 —204.8 —185.8 92.9 92.9
2g; SCS-RI-MP2 —351.0 —70.7 —70.7 —164.1 —186.9 93.5 93.5
0.764049 2g; 0O-RI-MP2 —402.6 —125.0 —125.0 —217.5 —185.0 92.5 92.5
0.761726  2°Si  00-SCS-RI-MP2 —373.3 —94.8 —94.8 —187.6 —185.7 92.8 92.8
2g;j B2PLYP —386.7 —96.0 —96.0 —192.9 —193.8 96.9 96.9
2g;j CCSD —401.5 —124.0 —124.0 —216.5 —185.0 92.5 92.5
2gj CCSD(T) —303.1 —1163 —116.3 —208.6 —184.5 92.3 92.3
IH RI-MP2 —86.7 —67.8 —64.2 —72.9 —13.8 5.1 8.7
1H SCS-RI-MP2 —68.2 —49.3 —46.2 —54.6 —13.6 5.3 8.4
1H 0O-RI-MP2 —93.0 —74.0 —70.0 —79.0 —14.0 5.0 9.0
'H  00-SCS-RI-MP2 —78.8 —59.9 —56.1 —65.0 —13.8 5.0 8.8
H B2PLYP —77.8 —59.2 —54.9 —64.0 —13.8 4.8 9.0
H 2CCSD —86.8 —66.4  —59.0 —70.7 —16.1 43 11.8
H 2CCSD(T) —83.3 —63.0 —55.6 —67.3 —16.0 43 11.7
2C3Hs®  0.833312 e RI-MP2 —47.4 —24.7 —14.4 —28.9 —18.6 4.1 14.4
e SCS-RI-MP2 —422 —18.2 -85 —23.0 —19.2 4.8 14.5
0.760583 B¢ 0O-RI-MP2 —64.0 —42.8 —31.3 —46.0 —18.0 3.2 14.7
0.760700 13C  00-SCS-RI-MP2 —60.8 —38.4 —27.1 —42.1 —-18.7 3.7 15.0
B¢ B2PLYP —61.8 —36.9 —25.2 —41.3 —20.5 4.4 16.1
Expt [186] —48
e RI-MP2 —32.4 —30.9 107.8 14.8 —47.3 —45.8 93.0
Bc SCS-RI-MP2 —40.7 —39.4 100.8 6.9 —47.6 —46.3 93.9
B¢ 0O0-RI-MP2 —13.9 —123 125.1 32.9 —46.9 —45.3 92.1
BC  00-SCS-RI-MP2 —18.3 —16.9 121.6 28.8 —47.1 —45.7 92.9
e B2PLYP -8.8 —7.2 136.4 40.1 —48.9 —47.3 96.2
Expt [186] 61
H RI-MP2 —14.5 —4.0 —34 -73 —7.2 3.3 3.9
H SCS-RI-MP2 —20.6 —10.1 -8.7 —13.1 -75 3.0 45
H 0O0-RI-MP2 1.0 9.5 11.6 7.4 —6.4 22 4.2
'H  00-SCS-RI-MP2 -1.1 7.8 9.7 5.5 —6.5 23 4.2

@Dipolar contributions are averaged over the three corresponding atoms.

bCCSD and CCSD(T) calculations were not feasible.
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(s AP ADAD A A g
H B2PLYP 3.0 11.6 14.2 9.6 —6.6 2.0 4.6
Expt [186] 12
'H RI-MP2 —60.2 —34.7 —143 —36.4 —23.8 1.7 22.1
1H SCS-RI-MP2 —49.9 —245 —5.4 —26.6 —23.3 2.1 21.2
IH 0O-RI-MP2 —71.2 —45.8 —23.1 —46.7 —245 0.9 23.6
'H  00-SCS-RI-MP2 —64.6 —39.2 —17.1 —40.3 —24.3 1.1 23.2
H B2PLYP —68.7 —43.3 —20.3 —44.1 —24.6 0.8 23.8
Expt [186] —41
'H RI-MP2 —51.5 —31.6 —10.6 —31.2 —20.2 —0.4 20.7
1H SCS-RI-MP2 —41.1 —21.3 ~16 —21.3 —19.8 —0.0 19.8
H 0O-RI-MP2 —62.2 —423 —19.1 —41.2 —21.0 -1.1 22.1
'H  0O0-SCS-RI-MP2 —55.5 —35.7 —13.1 —34.8 —20.7 —0.9 21.7
H B2PLYP —60.0 —40.2 -16.7 —39.0 —21.0 -1.2 223
Expt [186] -39
20,H 0.762838 170 RI-MP2 —315.7 60.1 76.0 —59.9 —255.9 120.0 135.9
70 SCS-RI-MP2 —325.7 57.1 74.3 —64.8 —261.0 121.9 139.1
0.752418 70 00-RI-MP2 —276.2 58.0 60.8 —52.5 —223.7 1105 113.3
0.752900 0 00-SCS-RI-MP2 —296.8 51.0 52.6 —64.4 —232.4 115.4 117.0
70 B2PLYP —301.5 59.3 63.0 —59.7 —241.7 119.0 122.7
170 CCSD —310.1 58.5 59.0 —64.2 —245.9 122.7 123.2
170 CCSD(T) —299.7 58.9 60.4 —60.1 —230.5 119.0 120.5
70 RI-MP2 —146.8 —0.2 7.3 —46.6 —100.2 46.3 53.9
70 SCS-RI-MP2 —141.3 -7.9 3.2 —48.7 -92.7 40.8 51.8
7o 0O0-RI-MP2 —139.7 22.0 27.9 -29.9 —109.7 52.0 57.8
70 00-SCS-RI-MP2 —145.4 7.0 13.0 —418 —103.6 48.8 54.8
170 B2PLYP —147.7 15.7 20.7 —37.1 —110.6 52.8 57.8
70 CCsD —133.4 9.2 15.3 —36.3 —97.1 45.5 51.6
70 CCSD(T) —136.6 12.6 16.9 —35.7 —100.9 48.3 52.6
TH RI-MP2 —56.8 —49.8 1.9 —34.9 —21.9 —14.9 36.8
1H SCS-RI-MP2 —53.1 —47.3 24 —32.6 —20.4 —14.6 35.0
1H 0O0-RI-MP2 —53.5 —41.7 5.2 —30.0 —235 —11.7 35.2
'H  00-SCS-RI-MP2 —50.0 —39.6 5.2 —28.1 —21.8 —11.5 33.3
H B2PLYP —51.3 —42.0 6.6 —28.9 —22.4 —13.1 35.5
H CCSD —39.8 —34.4 -8.8 —27.7 —12.2 —6.8 18.9
'H CCSD(T) —40.5 —36.3 -7.8 —28.2 —12.3 —8.1 20.4
Expt [168] -1 -8 20
2co; 0763529 YO RI-MP2 —148.3 —65.0  —55.6 —89.6 —58.6 24.7 34.0
70 SCS-RI-MP2 —147.1 —61.4 —53.2 —87.3 —59.9 25.9 34.0
0.753048 70 00-RI-MP2 —158.2 —81.7 —74.4 —104.7 —53.4 23.0 30.4
0.753120 0 00-SCS-RI-MP2 —155.0 —74.4 —67.3 —98.9 —56.1 24.5 31.6
70 B2PLYP —157.3 —67.2 —60.6 —95.0 —62.3 27.9 34.4
170 CCSD —156.3 —64.3 —52.1 —90.9 —65.4 26.6 38.8
70 CCSD(T) —157.9 —68.8 —57.0 —94.6 —63.4 25.8 37.6
3¢ RI-MP2 303.2 311.3 407.5 340.6 —37.5 —29.4 66.8
3¢ SCS-RI-MP2 298.2 306.6 407.2 337.3 —39.1 —30.7 69.8
e 00-RI-MP2 274.7 278.7 360.9 304.8 —30.1 —26.1 56.1
13C  00-SCS-RI-MP2 278.2 284.0 372.3 3115 —33.3 —27.5 60.8
e B2PLYP 297.2 303.3 403.4 334.6 —37.5 —31.3 68.8
e CCSD 290.1 298.5 406.4 331.7 —41.6 —33.1 74.8
e CCSD(T) 275.4 282.5 380.6 312.9 —37.4 —30.4 67.8
2NH, 0.759428 N RI-MP2 —18.8 —-183 109.2 24.0 —428 —423 85.1
14N SCS-RI-MP2 —21.3 —21.0 107.6 21.8 —43.0 —42.8 85.8
0.753988 14N 0O0-RI-MP2 —15.2 —145 112.5 27.6 —42.8 —42.1 84.9
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(s7) DAY A AR AR R
0.753602 N 00-SCS-RI-MP2 —16.8 —16.3 111.5 26.1 —42.9 —425 85.4
B\ B2PLYP —12.7 —11.8 118.6 31.4 —44.0 —43.2 87.2
N CCsD —15.8 —15.0 111.6 26.9 —42.7 —42.0 84.7
14N CCSD(T) —16.7 —16.0 110.4 25.9 —42.6 —41.9 84.5

Expt [186, 187] —17 —15 116 28 —45 —43 88
H RI-MP2 —120.3 —70.3 —34 —64.7 —55.7 —56 61.3
H SCS-RI-MP2 —107.0 —57.1 7.6 —52.2 —54.8 —5.0 59.8
1H 0O-RI-MP2 —128.5 —78.7 -9.1 —72.1 —56.4 —6.6 63.0
'H  0O0-SCS-RI-MP2 —118.6 —69.1 —0.6 —62.8 —55.9 —6.3 62.1
1H B2PLYP —120.3 —71.3 —23 —64.6 —55.7 —6.7 62.3
H CCsD —155.3 —63.4 9.8 —69.6 —85.6 6.2 79.4
H CCSD(T) —152.7 —61.3 11.5 —67.5 —85.2 6.2 79.0

Expt [186, 187] —123 —72 -1 —67 —56 -5 66
2NO, 0.770946 14N RI-MP2 129.5 131.9 182.0 147.8 —18.3 —15.8 34.2
14N SCS-RI-MP2 132.4 139.2 189.1 153.6 —21.2 —14.4 35.5
0.751284 14N 0O-RI-MP2 130.6 131.3 177.8 146.6 —16.0 —15.3 31.2
0.752347 N 00-SCS-RI-MP2 134.4 139.4 186.9 153.5 —19.2 —14.2 33.3
B\ B2PLYP 127.9 130.7 187.2 148.6 —20.7 —-17.9 38.6
N CcCcsb 121.6 126.2 187.3 145.0 —235 —18.8 423
14N CCSD(T) 122.9 126.7 183.3 144.3 —21.4 —17.6 39.0

Expt [182] 131 138 190 153 —22 —15 37
70 RI-MP2 —166.0 —17.3 —10.9 —64.7 —101.3 47.4 53.8
70 SCS-RI-MP2 —164.5 —145 —4.6 —61.2 —103.3 46.7 56.6
7o 0O0-RI-MP2 —177.6 —33.6 —27.7 —79.7 —98.0 46.0 52.0
70 00-SCS-RI-MP2 —176.0 —28.7 —21.8 —755 —100.5 46.8 53.7
170 B2PLYP —171.5 —11.1 —74 —63.3 —108.1 52.2 56.0
170 CCSD —169.1 —6.4 1.5 —58.0 —111.1 51.6 59.5
70 CCSD(T) —171.6 —13.6 —5.1 —63.4 —108.2 49.9 58.3

Expt [182] —160 ~ =7 ~5 —47 —106 47 59

—61
2NF, 0.764471 14N RI-MP2 -7.2 -38 144.8 44.6 —51.8 —48.4 100.2
14N SCS-RI-MP2 —7.2 —35 147.1 45.5 —52.7 —49.0 101.6
0.753535 14N OO-RI-MP2 —38 -13 136.6 43.8 —47.7 —45.1 92.8
0.753792 N 00-SCS-RI-MP2 -1.0 1.9 143.1 48.0 —49.0 —46.1 95.1
N B2PLYP —1.4 1.7 147.5 49.3 —50.7 —475 98.2
14N CCSD —-1.0 1.8 147.1 49.3 —50.3 —475 97.8
14N CCSD(T) —43 -1.7 140.5 44.8 —49.1 —46.6 95.7
F RI-MP2 —61.5 —4.0 616.1 183.5 —245.1 —187.5 432.6
OF SCS-RI-MP2 —58.7 40.1 595.7 192.4 —251.1 —152.3 403.4
9E 0O0-RI-MP2 —128.1 —90.5 626.1 135.8 —263.9 —226.3 490.2
¥F  00-SCS-RI-MP2 —71.6 —50.1 631.5 169.9 —2415 —220.1 461.6
E B2PLYP —90.6 —65.2 653.6 165.9 —256.5 —231.2 487.7
OF CCsD —91.9 —22.1 612.2 166.1 —258.0 —188.2 446.2
oF CCSD(T) —97.8 —48.1 617.7 157.3 —255.1 —205.4 460.4
>NFy 0.784752 YN RI-MP2 —343 —343 121.3 17.5 —51.9 —51.9 103.7
14N SCS-RI-MP2 —40.2 —40.2 117.7 12.4 —52.6 —52.6 105.3
0.754225 14N 0O0-RI-MP2 33.1 33.1 170.6 78.9 —45.8 —45.8 91.7
0.754666 N 00-SCS-RI-MP2 40.5 40.5 182.2 87.8 —47.2 —47.2 94.4
“N B2PLYP 31.5 31.5 176.6 79.8 —48.4 —48.4 96.7
14N CCSD 53.6 53.6 201.5 102.9 —49.3 —49.3 98.6
N CCSD(T) 2.7 2.7 186.5 90.6 —47.9 —47.9 95.9
Expt [168] 276

E RI-MP2 —134.6 —75.3 659.4 149.8 —284.4 —225.2 500.5
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(s7) AP ADAD A A g
E SCS-RI-MP2 —145.3 —53.0 629.4 143.7 —289.0 —196.7 485.7
E 0O0-RI-MP2 —77.8 25.5 814.9 254.2 —332.0 —228.7 560.7
¥F  00-SCS-RI-MP2 —24.8 59.4 831.0 288.6 —313.3 —229.1 542.5
E B2PLYP —82.0 20.7 836.4 258.4 —340.4 —237.7 578.0
E 2CCsD —243 129.2 853.7 319.6 —343.8 —190.4 534.2
OF 2CCSD(T) —41.4 76.2 825.9 286.9 —328.3 —210.6 539.0
Expt [168] 468
205 0.788861 e RI-MP2 —39.9 174.2 180.8 105.0 —144.9 69.1 75.8
70 SCS-RI-MP2 —87.5 160.3 163.1 78.6 —166.1 81.7 84.5
0.751039 170 0O0-RI-MP2 —184.7 10.8 14.9 —53.0 —131.7 63.8 67.9
0.753723 70 00-SCS-RI-MP2 —238.9 —29.4 —21.3 —96.6 —142.4 67.1 75.3
70 B2PLYP —205.0 20.5 24.1 —53.4 —151.5 74.0 77.6
70 Cccsb —251.8 1.1 5.3 —81.8 —170.0 82.9 87.0
170 CCSD(T) —220.4 7.0 10.9 —70.5 —158.9 77.5 81.4
170 RI-MP2 —109.9 60.1 115.5 21.9 —131.8 38.2 93.6
70 SCS-RI-MP2 —100.4 48.0 114.1 20.6 —121.0 27.4 93.5
70 0O-RI-MP2 —105.9 30.0 33.7 —14.1 —91.8 44.1 47.8
Y0 00-SCS-RI-MP2 —128.7 4.2 19.3 —35.0 —93.7 39.3 54.4
7o B2PLYP —131.5 27.3 20.6 —24.9 —106.7 52.2 54.5
170 CCSD —136.3 12.6 17.8 —35.3 —101.0 48.0 53.1
170 CCSD(T) —129.7 19.6 21.5 —29.5 —100.2 49.1 51.0
2Cl0,>  0.788737 70 RI-MP2 —111.4 44.9 49.3 —5.7 —105.7 50.6 55.1
70 SCS-RI-MP2 —121.0 36.4 44.1 —13.5 —107.5 49.9 57.6
0.751049 7o 0O0-RI-MP2 —120.4 35.6 37.4 —15.8 —104.6 51.4 53.2
0.757835 70 00-SCS-RI-MP2 —141.7 13.3 26.7 —33.9 —107.8 47.2 60.6
170 B2PLYP —143.8 33.0 33.3 —25.8 —118.0 58.8 59.1
el RI-MP2 —45.6 —44.0 169.0 26.5 —72.1 —70.4 142.5
e SCS-RI-MP2 —10.2 —6.6 213.3 65.5 —75.7 —72.1 147.8
el OO-RI-MP2 —38.7 —36.0 155.0 26.8 —65.4 —62.8 128.2
%Cl 00-5CS-RI-MP2 2.6 7.7 205.7 72.0 —69.4 —64.3 133.7
e B2PLYP —43.8 —39.6 176.1 30.9 —74.7 —70.5 145.2
Expt [168] —-83 —77 46

Table 5.13.: Hyperfine coupling constants in [MHz] for a variety of small S>1/2 systems.

(s AV AD AR AR AR AR
3NH 2.016491 N RI-MP2 —28.0 37.8 37.8 159 —43.8 21.9 21.9
B\ SCS-RI-MP2 —29.6 37.1 37.1 149 —445 222 222

2.007690 N 00-RI-MP2 —25.6 40.0 40.0 18.1  —43.7 21.9 21.9
2.006912 “N  0O-SCS-RI-MP2 —26.5 39.7 39.7 17.7 —442 22.1 221

14N B2PLYP —23.4 44.3 44.3 217  —45.1 22.6 22.6

13N CCSD —26.6 38.9 38.9 17.1  —43.6 21.8 21.8

14N CCSD(T) —27.0 38.4 38.4 16.6 —43.6 21.8 21.8

Expt [168] —26 43 43 20 —46 23 23

1H RI-MP2 —08.8 —98.8 —-55 —67.7 —31.1 —31.1 62.2

H SCS-RI-MP2 —-87.0  —87.0 47 —56.4 —30.6 —30.6 61.2

H OO-RI-MP2  —103.1 —103.1 —-86 —716 —315 —315 63.0

'H  0O0-SCS-RI-MP2 —94.2 —942 —-05 —629 —31.2 —31.2 62.4

H B2PLYP —91.8 —91.8 1.1 —608 —31.0 —31.0 620

@Dipolar contributions are averaged over the three corresponding atoms.
bCCSD and CCSD(T) calculations were not feasible.
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(s D AR A AR AR AR Al
H CCSD —98.9 —98.9 —49 —676 —31.4 —314 62.7
H CCSD(T) —97.3 —97.3 —-36 —66.1 —31.2 —312 62.4
Expt [168]  —100 —100 —-10 —70 —30 —30 60
30HT  2.014161 YO RI-MP2  —1205 —120.5 1150 —420 —785 —785 157.0
70 SCS-RI-MP2  —1205 —1205 1169 —41.4 —79.1 —79.1 1583
2.006706 70 OO-RI-MP2  —1239 —1239 1105 —458 —781 —781 1562
2.006180 7O  OO-SCS-RI-MP2  —1245 —1245 1113 —459 —786 —78.6 157.2
7o B2PLYP  —1275 —1275 1128 —474 —80.1 —80.1 1602
170 CCSD  —123.6 —1236 1103 —456 —78.0 —780 1559
170 CCSD(T) —1229 —122.9 1109 —450 —77.9 —77.9 1559
H RI-MP2  —120.4 —120.4 98 —77.0 —434 —434 86.8
H SCS-RI-MP2  —115.0 —115.0 150 —71.7 —433 —433 86.7
H OO-RI-MP2  —126.1 —126.1 52 —823 —438 —438 87.5
'H  0O-SCS-RI-MP2  —122.4 —122.4 89 786 —438 —438 87.6
H B2PLYP  —116.0 —116.0 137 —72.8 —432 —432 86.4
H CCSD  —121.4 —121.4 96 —77.7 —437 —437 87.3
H CCSD(T) —1195 —119.5 111  —76.0 —43.6 —436 87.1
3SHT  2.020489  33s RI-MP2 —58.2 82.6 82.6 356 —93.8 46.9 46.9
3g SCS-RI-MP2 —58.9 83.0 83.0 357 —94.6 473 473
2.007451 s 00-RI-MP2 —53.5 88.7 88.7 413  —94.8 47.4 47.4
2.006436 35S  00-SCS-RI-MP2 —52.8 90.3 90.3 426 —95.3 47.7 47.7
g B2PLYP —63.8 84.1 84.1 348 —986 49.3 49.3
g CCSD —44.9 96.4 96.4 493  —94.2 47.1 47.1
s CCSD(T) —43.4 97.5 97.5 50.5 —93.9 46.9 46.9
1H RI-MP2 —89.5 —89.5 —523 —77.1 —124 —124 24.8
1H SCS-RI-MP2 —78.5 —785 —415 —662 —123 —123 24.7
H OO-RI-MP2 —83.4 —83.4 —465 —71.1 —123 —123 24.6
'H  0O0-SCS-RI-MP2 —74.9 —749 —380 —626 —123 —123 24.6
1H B2PLYP —67.4 —67.4 —30.8 —552 —122 —12.2 24.4
1H CCSD —77.6 —776 —409 —654 —122 —12.2 24.5
1H CCSD(T) —76.4 —76.4 —398 —642 —122 —122 24.4
30, 2.048075 Y0 RI-MP2 —75.8 —75.8 55.4 —321 —43.7 —43.7 87.5
70 SCS-RI-MP2 —91.2 —91.2 420 —46.8 —44.4 —44.4 88.8
2.004177 Y70 0O0-RI-MP2 —84.9 —84.9 46.1 —41.2 —43.7 —437 87.3
2.006328 YO 0O0-SCS-RI-MP2  —101.3 —101.3 31.8 569 —444 —444 88.7
70 B2PLYP —03.3 —03.3 45.0 —47.2 —46.1 —46.1 92.2
70 CCSD  —102.0 —102.0 36.7 —557 —462 —46.2 92.5
70 CCSD(T) —97.0 —97.0 393 516 —454 —45.4 90.9
Expt [188] —102 —102 39 —55 —47 —47 94
3s, 2.049667 S RI-MP2 —39.9 34.7 34.7 9.8 —49.7 24.9 24.9
3g SCS-RI-MP2 —34.4 40.5 40.5 155 —49.9 25.0 25.0
2015132 s OO-RI-MP2 —33.4 41.1 41.1 162 —49.6 24.8 24.8
2018289  3S  00-SCS-RI-MP2 —27.8 47.1 47.1 221 —49.9 25.0 25.0
g B2PLYP —36.2 40.9 40.9 152 —51.4 25.7 25.7
g CCSD —26.7 49.8 49.8 243 —51.0 25.5 25.5
3g CCSD(T) —26.5 48.6 48.6 23.6 —50.1 25.1 25.1
350 2.054070 s RI-MP2 —52.0 39.2 39.2 8.8 —60.8 30.4 30.4
g SCS-RI-MP2 —44.0 48.6 48.6 17.7  —61.7 30.9 30.9
2012992 s OO-RI-MP2 —492 42.1 42.1 11.7 —60.9 30.4 30.4
2015130  3S  0O0-SCS-RI-MP2 —415 51.2 51.2 203 —61.8 30.9 30.9
3g B2PLYP —50.3 43.8 43.8 124 —62.8 31.4 31.4
Bg CCSD —423 52.0 52.0 205 —62.8 31.4 31.4
g CCSD(T) —40.8 51.5 51.5 207 —615 30.8 30.8
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A A A : A;d Aid Aid

(% A(u) Agz) A§3) Al A(u ) A(22 ) Ag?, )
70 RI-MP2 —38.2 —38.2 48.8 —92 —29.0 —29.0 58.0

70 SCS-RI-MP2 —433 —433 428 —146 —287 —287 57.4

70 0O0-RI-MP2 —57.3 —57.3 309 —279 —294 —294 58.8

0 00-SCS-RI-MP2 —63.6 —63.6 239 —344 —2902 —29.2 58.4

70 B2PLYP —65.8 —65.8 308 —336 —322 —32.2 64.4

7o CCSD —723 —723 212 —411 312 312 62.3

70 CCSD(T) —67.9 —67.9 239 373 306 —30.6 61.2

In general, the deviations from CCDS(T) that are obtained with OO-RI-MP2 and OO-SCS-RI-MP2
methods do not appear to be systematic. In fact, the orbital optimized MP2 (OO-MP2) methods do

not generally tend to either underestimate or overestimate the hfccs neither in magnitude nor in absolute

value. This behaviour is well reflected in the mean error statistics presented in Table 5.14. The mean

error of the OO-MP2 methods is close to zero and is very similar to the mean error of the CCSD method.

Table 5.14.: Error statistics in [MHz] for a variety of small S>1/2 systems in comparison to CCSD(T) results.

WD AR A An AR a9 AR
Mean error RI-MP2 -24 =27 -19 —24 -1 —4 5
Mean absolute error RI-MP2 49 49 44 45 16 9 16
Mean error SCS-RI-MP2 -26 26 21 —24 -2 -2 4
Mean absolute error SCS-RI-MP2 55 53 47 50 16 11 18
Mean error OO-RI-MP2 3 -5 -1 -1 4 —4 0
Mean absolute error OO-RI-MP2 30 30 28 27 7 6 7
Mean error OO-SCS-RI-MP2 5 -3 -0 0 5 —4 -1
Mean absolute error OO-SCS-RI-MP2 24 23 23 21 7 5 5
Mean error B2PLYP 2 -2 6 2 0 —4 4
Mean absolute error B2PLYP 28 26 26 24 7 6 8
Mean error CCSD —4 -1 -3 -3 -2 2 0
Mean absolute error CCSD 15 17 15 16 3 3 2

Regarding the mean absolute errors, CCSD is the closest to the CCSD(T) reference data. Anyway, not

by a large margin. However, the OO-MP2 methods are only worse by about ~10—15 MHz in the total

and isotropic hfccs.

The deviations in the dipolar hfccs are small for both the CCSD and OO-MP2

methods. Interestingly, it can be seen from Table 5.14 that the spin component scaled variant of the
00O-RI-MP2 method (OO-SCS-RI-MP2) improves upon the results of the initial OO-RI-MP2 method.

Though, comparison of individual entries shows, that this improvement is not systematic.
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Table 5.15.: Error statistics in [MHz] for a variety of small S>1/2 systems in comparison to experimental results.

A A A ; Aid Ad Ad
A(u) A§2) Ag3) Al Agl) Agz) A(33)

Mean error RI-MP2 —-51 —-55 -39 —57 -2 -7 8
Mean absolute error RI-MP2 61 65 56 67 9 8 14
Mean error SCS-RI-MP2 —-56 —60 —42 —60 -3 -7 9
Mean absolute error SCS-RI-MP2 72 77 61 7 9 9 14
Mean error OO-RI-MP2 -1  -17 -8 -23 1 -5 3
Mean absolute error OO-RI-MP2 40 41 36 45 7 6 9
Mean error OO-SCS-RI-MP2 -5 —6 2 -19 -2 -3 4
Mean absolute error OO-SCS-RI-MP2 30 32 31 36 4 4 7
Mean error B2PLYP —4 -3 10 —18 —4 —4 8
Mean absolute error B2PLYP 27 27 28 36 5 6 9
Mean error CCSD -23 -16 -—11 —-27 -5 1 4
Mean absolute error CCSD 35 31 33 37 8 5 8
Mean error CCSD(T) -25 —-19 13 -33 -5 -1 4
Mean absolute error CCSD(T) 30 28 27 39 8 5 8

In Table 5.15 we compare the results of our calculations to experiment. The scaled error statistics in
Table 5.17 displays the same overall trends. Obviously, the performance of the OO-MP2 methods is
extremely good - in fact as good as what is obtained for CCSD and even CCSD(T). This excellent
behavior should certainly be taken with a grain of salt as one is neither close to the basis set limit nor

have vibrational effects been included in the calculations.

In Table 5.16 the individual deviations with respect to the CCSD(T) results are scaled with the corre-
sponding P, factor for each element A. Due to the possibly large magnitude of the P4 factor (e.g. for the
hydrogen atom Pp=533.5514 MHz/au?, cf. Table 5.10), the scaling by P, offers an element independent

insight into the error statistics.

Table 5.16 shows a slight tendency for overestimation of the total and isotropic hfccs by the OO-MP2
methods, which is indicated by the overall positive mean error. The mean absolute error confirms the
slightly superior performance of CCSD, when compared to the CCSD(T) reference. Importantly, the OO-
MP2 methods reduce the errors of the MP2 method itself by a factor of 2—3 and hence they represent a

definite improvement.
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Table 5.16.: Error statistics in [au®] for a variety of small S>1/2 systems in comparison to CCSD(T) results.
Error scaled by the corresponding element-specific factor P4 [MHz/au®].

AV AR A a0 A AP AR
Mean error RI-MP2 —0.1440 —-0.1502 —-0.2197 —-0.1713 0.0273 0.0211  —0.0484
Mean absolute error RI-MP2 0.5025 0.4262 0.3541 0.4108 0.1832 0.0974 0.1771
Mean error SCS-RI-MP2 —0.1316 —0.1391 —0.2166 —0.1624 0.0313 0.0237  —0.0550
Mean absolute error SCS-RI-MP2 0.5236 0.4538 0.3619 0.4329 0.1957 0.1184 0.1951
Mean error OO-RI-MP2 0.0293 0.0375 0.0609 0.0426 —0.0134 —0.0051 0.0186
Mean absolute error OO-RI-MP2 0.1792 0.1742 0.1795 0.1684 0.0557 0.0344 0.0472
Mean error OO-SCS-RI-MP2 0.0739 0.0722 0.0891 0.0784 —0.0046 —0.0064 0.0110
Mean absolute error OO-SCS-RI-MP2 0.1365 0.1508 0.1463 0.1363 0.0429 0.0325 0.0373
Mean error B2PLYP 0.0627 0.0287 0.0783 0.0566 0.0062  —0.0283 0.0220
Mean absolute error B2PLYP 0.1800 0.1605 0.1743 0.1539 0.0559 0.0433 0.0540
Mean error CCSD 0.0453 0.0352 0.0315 0.0373 0.0083 —0.0023 —0.0060
Mean absolute error CCSD 0.0818 0.0840 0.0762 0.0765 0.0230 0.0163 0.0208

Table 5.17.: Error statistics in [au®] for a variety of small S>1/2 systems in comparison to experimental results.
Error scaled by the corresponding element-specific factor P4 [MHz/au?].

D AR A A A apd AR
Mean error RI-MP2 —0.3488 —0.2950 —0.2067 —0.4179 —0.0641 —0.0146 0.0781
Mean absolute error RI-MP2 0.4852 0.5436 0.4465 0.5444 0.0893 0.0718 0.1132
Mean error SCS-RI-MP2 —0.3622 —0.3085 —0.2276 —0.4365 —0.0616 —0.0123 0.0732
Mean absolute error SCS-RI-MP2 0.5410 0.5943 0.4488 0.5860 0.0838 0.0770  0.1083
Mean error OO-RI-MP2 —0.0259 —0.0283 0.0261 —0.1578 —0.0172 —0.0216 0.0382
Mean absolute error OO-RI-MP2 0.2755 0.2821 0.2790 0.3121 0.0484 0.0327  0.0672
Mean error OO-SCS-RI-MP2 —0.0411  —0.0402 0.0121 —0.1568 —0.0186 —0.0198 0.0377
Mean absolute error OO-SCS-RI-MP2 0.2429 0.2508 0.2572 0.2914 0.0394 0.0303  0.0594
Mean error B2PLYP —0.0449 —0.0535 0.0332 —0.1570 —0.0235 —0.0340 0.0570
Mean absolute error B2PLYP 0.2144 0.2079 0.2044 0.2753 0.0357 0.0412 0.0615
Mean error CCSD —0.1463 —0.1514 —0.1217 —0.2378 —0.0067 —0.0142 0.0203
Mean absolute error CCSD 0.2272 0.2148 0.2220 0.2861 0.0505 0.0356  0.0554
Mean error CCSD(T) —0.1859 —0.1809 —0.1480 —0.2815 —0.0143 —0.0121 0.0258
Mean absolute error CCSD(T) 0.2180 0.2117 0.2056 0.3031 0.0422 0.0302  0.0509

In order to gain more insight into the individual description of different nuclei, the scaled error statistics

are broken down into the contributions of H, C, N, O, and F atoms and compared to CCSD(T) results.
From the results in Table 5.18 it is seen that the 'H hfccs are well described by all employed MP2

methods. However, for 13C, N, 170 and '°F hfccs the orbital optimization leads to large improvements



120 5 Results

in the results. This is most clearly seen in the N hfccs. In the case of the 3C and °F hfccs, the
0O0-SCS-RI-MP2 method even performs almost as well as CCSD.

Table 5.18.: Mean absolute error in [au’] for H, C, N, O, and F atoms in a variety of small $>1/2 systems
in comparison to CCSD(T) results. Error scaled by the corresponding element-specific factor Pa

[MHz/au?].
DA D A AR Al g
H
RI-MP2 0.0294 0.0189 0.0171 0.0135 0.0216 0.0123 0.0133
SCS-RI-MP2 0.0496 0.0280 0.0226 0.0315 0.0220 0.0123 0.0142
0OO0-RI-MP2 0.0379 0.0351 0.0336 0.0255 0.0208 0.0132 0.0111
OO-SCS-RI-MP2  0.0318 0.0173 0.0148 0.0113 0.0222 0.0137 0.0124
B2PLYP 0.0302 0.0179 0.0145 0.0091 0.0226 0.0138 0.0129
CCSD 0.0064 0.0066 0.0062 0.0064 0.0007 0.0003 0.0009
13¢
RI-MP2 0.2474 0.2490 0.2892 0.2386 0.1163 0.1120 0.2238
SCS-RI-MP2 0.4293 0.4155 0.3528 0.3634 0.1371 0.1328 0.2570
OO0O-RI-MP2 0.2312 0.2376 0.3368 0.2684 0.0440 0.0444 0.0887
OO-SCS-RI-MP2  0.2247 0.2278 0.3144 0.2500 0.0448 0.0414 0.0800
B2PLYP 0.3605 0.3556 0.4326 0.3827 0.0609 0.0621 0.1214
CCSD 0.2603 0.2560 0.2427 0.2531 0.0181 0.0177 0.0311
14y
RI-MP2 1.1529 0.4874 0.4263 0.6750 0.4779 0.3177 0.2902
SCS-RI-MP2 1.1944 0.5582 0.4660 0.7283 0.4711 0.3258 0.3061
OO-RI-MP2 0.1817 0.1561 0.2209 0.1608 0.0540 0.0276 0.0811
OO-SCS-RI-MP2  0.1570 0.1589 0.1252 0.1460 0.0286 0.0262 0.0526
B2PLYP 0.1465 0.1358 0.1666 0.1494 0.0311 0.0245 0.0292
CCSD 0.0833 0.0777 0.1066 0.0852 0.0239 0.0175 0.0380
170
RI-MP2 0.6826 0.7025 0.5474 0.6294 0.2976 0.1167 0.2851
SCS-RI-MP2 0.6256  0.6857 0.5297 0.6023 0.3047 0.1517 0.2823
OO-RI-MP2 0.1559 0.1417 0.1388 0.1343 0.1194 0.0606 0.0700
OO-SCS-RI-MP2  0.0581 0.1356 0.1157 0.0911 0.0772 0.0504 0.0478
B2PLYP 0.0851 0.0760 0.0740 0.0484 0.0729 0.0474 0.0454
CCSD 0.0704 0.0660 0.0538 0.0540 0.0470 0.0258 0.0303
19F
RI-MP2 0.1182 0.1816 0.1711 0.1562 0.0513 0.0273 0.0497
SCS-RI-MP2 0.1333 0.1911 0.2181 0.1711 0.0431 0.0505 0.0936
OO-RI-MP2 0.0572 0.0794 0.0172 0.0476 0.0096 0.0319 0.0415
OO-SCS-RI-MP2  0.0391 0.0232 0.0208 0.0156 0.0244 0.0286 0.0052
B2PLYP 0.0473 0.0688 0.0514 0.0413 0.0179 0.0490 0.0669
CCSD 0.0221 0.0710 0.0334 0.0460 0.0184 0.0327 0.0164

The OO-MP?2 results are now compared to previously published hfccs, calculated with the double-hybrid
functional B2PLYP. [1] The B2PLYP functional combines the advantages of hybrid density functional
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theory with a scaled MP2 correction to account for semi-local dynamic correlation effects, and has shown
to provide excellent results for the prediction of hyperfine structure. [155] All DFT functionals failed
to predict the hfccs of the molecules CN, AIO and NF3 properly, and therefore these molecules were
excluded from the error statistics in Ref. [155]. However, in this paper we decided to include all molecules
in our error analysis, shown in Table 5.14. The B2PLYP mean absolute error compared to the CCSD(T)
reference in the total hfccs is ~27 MHz, which is similar to the deviations of the OO-MP2 methods from
CCSD(T). The same is valid for the isotropic (24 MHz) and anisotropic (~7 MHz) contributions to the
hfccs. Thus, the OO-MP2 methods are at least not inferior to B2PLYP and it might be speculated that
they could be more reliable in situations where the self-interaction error of DFT becomes important. In
comparison to the experimental results, the OO-MP2 methods even outperforms the B2PLYP functional
concerning the isotropic hfcc, with a mean absolute error of 58 MHz, whereas the errors in the total and

anisotropic hfccs remain unchanged.

The expectation value of the total spin operator is listed in the second column of Tables 5.12 and 5.13.
The spin contamination as recalled in Section 2.9.3, i.e. the deviation of <52> from the ideal value, is in
most cases drastically reduced by the OO-MP2 methods compared to the conventional RI-MP2 methods,
that are based on UHF reference determinants. The only exception represents the MgF molecule, for
which the spin contamination in the OO-MP2 methods is slightly increased compared to the standard
MP2 methods.

The spin contamination often serves as an indicator for the quality of the underlying wave function. In the
present context, this would imply an improved wave function, due to orbital relaxation within the dynamic
correlation field. However, there is no obvious correlation between the reduced spin contamination and
improved hyperfine coupling constants. Regarding the CN molecule, where the spin contamination is
drastically reduced (RI-MP2: 0.409724, OO-RI-MP2: 0.010045), the 13C hfces are even worse for the
OO-MP2 methods than for the conventional MP2 methods. Thus, no direct conclusion should be drawn
from the decreased spin contamination in the OO-MP2 methods.

In summary, the results assembled here show that the OO-MP2 methods can rival the already excellent
B2PLYP results for the prediction of hfccs. Importantly, the results of OO-MP2 predictions are of similar
quality than the already excellent CCSD numbers. In general, the OO-SCS-RI-MP2 method represents,
at most, a modest improvement of the parent OO-RI-MP2 method.

Transition Metal Hyperfine Coupling Constants

To investigate the description of the spin density in electronically more complicated systems, i.e. when spin
polarization effects become large, the hyperfine coupling constants of some small illustrative transition
metal compounds are analyzed. In Table 5.19 the total AA) isotropic A(A€) and dipolar AR hfccs
are listed for the OO-(SCS-)RI-MP2 and CCSD(T) methods as well as for the double-hybrid functional
B2PLYP, which was found to perform best under all tested functionals in Ref. [155]. Taking the CCSD(T)
results as reference shows excellent agreement with the OO-RI-MP2 hfccs. Spin-component scaling does
generally not improve the calculated hfccs. As shown in Fig. 5.6 the OO-RI-MP2 spin densities at the
metal nuclei are almost of CCSD(T) quality. The B2PLYP functional tend to overestimate the spin
density at the metal center compared to the CCSD(T) method, but agrees best with the experimental
data. This is likely fortuitous, since the basis sets employed are far from being complete.
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at the metal nucleus in 2ScO, 2TiF3, ®MnO, and "MnH normalized to the number of
unpaired electrons dependent on the method employed. The dashed lines represent the experimentally
determined spin density.

Table 5.19.: Hyperfine coupling constants in [MHz] for a variety of small transition metal compounds.

AV AR A Ak a9 aG9 AR
2Sc0 0O0-RI-MP2 4Sc 17783 17783 18378 17981 —19.8 —19.8 39.7
00-SCS-RI-MP2 5S¢ 1736.6  1736.6  1797.7 1757.0 —20.4 —20.4 40.7
B2PLYP %S¢ 1008.1  1908.1  1971.4 192902 —21.1 —21.1 422
CCSD(T) 45Sc  1767.8  1767.8  1840.1 17919 —24.1 -—24.1 48.2

Expt [189] 1922 1922 1997 1947 —25 —25 50
OO-RI-MP2 70 —26.5 —26.5 —26.0 -26.3 -0.2 -0.2 0.3
00-SCS-RI-MP2 0 -236 -236 —220 -231 05 05 1.1
B2PLYP 7O 244 244 237 242 02 02 0.5
CCSD(T) 70 242 242 240 240 02 —0.2 0.1
Expt [189] —20 —04 —04 0.8
2TiF; OO-RI-MP2 4TTi  —209.6 —188.8 —187.9 —1954 —14.2 6.6 7.6
00-SCS-RI-MP2 4TTi —1922 —169.7 -—168.3 —176.7 —15.4 7.0 8.4
B2PLYP 47Ti —2054 —178.1 —178.1 —187.2 —18.2 9.1 9.1
ccsb? 4TTi -1855 —163.0 -—163.0 —170.5 —15.0 7.5 7.5

Expt [190] —199 —178 —178 —185 —14 7 7
0O0-RI-MP2 ¥F 552 158 -19 -243 309 8.5 22.4
00-SCS-RI-MP2 YF 450 —23.8 -18 -235 215 03 21.7
B2PLYP OF —36.5 —14.4 1.8 -16.4 —20.2 1.9 18.2
Cccsp? ¥ 507 202 164 —351 246 5.9 18.7

Expt [190] 8
0O0-RI-MP2 B 572 178 -14  -255 318 7.6 24.1
00-SCS-RI-MP2 ¥F 460 251 -01 -237 222 14 23.6
B2PLYP YF 365 144 1.8 164 202 1.9 18.2
CccsDe 9 507 —202 —164 —351 —246 59 187
Expt [190] 8

2CCSD results employing a (15s11p6d)/[9s7p4d] basis set are taken from Ref. [164]
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Figure 5.7.: Numbering of the atoms in the naphthalene anion radical.

Continued.
AV AR A A AR a0 AR
"MnH 0O0-RI-MP2 55Mn 224.3 224.3 260.3 236.3 —120 —12.0 240
00-SCS-RI-MP2 55Mn 209.1 209.1 244.1 220.8 —11.7 -11.7 233
B2PLYP 55Mn 261.7 261.7 294.6 2727 —11.0 —11.0 219
CCSD(T)b 55Mn 230.8 230.8 268.6 2434 —12.6 —12.6 25.2
Expt [191] 267 267 303 279 -12 -12 24
0O-RI-MP2 1y 0.2 0.2 36.0 121 -119 -11.9 238
00-SCS-RI-MP2 1H 1.9 1.9 37.7 138 -119 -11.9 238
B2PLYP 1y 12.0 12.0 47.3 238 -118 —118 235
CCSD(T)b 1H 5.3 5.3 40.7 171 -118 —11.8 236
Expt [191] 21 -8 -8 16
5MnO 0O0-RI-MP2 55Mn 439.3 535.9 535.9 503.7 —64.4 32.2 32.2
00-SCS-RI-MP2 55Mn 430.3 511.6 511.6 4845 —54.2 27.1 27.1
B2PLYP 55Mn 487.9 556.2 556.2 533.4 —455 22.7 22.7
CCSD(T)© 55Mn 425.0 478.4 478.4 460.6 —35.6 17.8 17.8
Expt [192] 448 496 496 480 -32 16 16
0OO-RI-MP2 70 -9.2 -9.2 5.3 —4.4 -4.8 —4.8 9.6
00-SCS-RI-MP2 0  -11.3  -113 5.0 -58 —-54 54 10.9
B2PLYP 70  -140 —14.0 3.4 -82 58 58 11.7
CCSD(T)© 70  -166 —16.6 9.5 -79 —87 —87 174

Naphthalene Anion

In order to demonstrate the applicability of the OO-MP2 methods to larger molecules, we have calculated
the naphthalene anion and collected the results in Table 5.20. For these calculations an augmented
EPR-III [165] basis set was employed, which contains additional core polarization functions (2s2p1d) for
all carbon atoms. The hydrogen and carbon atoms are numbered according to Fig. 5.7. The RI-MP2
method can neither reproduce the carbon nor the hydrogen hfccs correctly. Both OO-MP2 methods

bCCSD(T) results employing a (21s15p10d3f+2s)/[15s10p6d2f] basis set are taken from Ref. [164]
€CCSD(T) results employing a (15s11p6d)/[9s7p4d] basis set are taken from Ref. [164]
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underestimate the isotropic hfccs for C; and Cgs by about 5 MHz, and overestimate the hfccs for C3 and
C4 by ~2.5 MHz in magnitude. However, the hydrogen hfccs are in excellent agreement with experiment,

considering that no vibrational corrections are taken into account.

The carbon hfccs are best described by the B2PLYP functional and the error in the hydrogen hfccs is also

small.

Table 5.20.: Isotropic Hyperfine Coupling Constants of the Naphthalene anion in [MHz]. (S?) values for the
different methods are (0.785493).(0.865290).(0.750170).(0.750087).

atom AAi©)

RI-MP2  OO-RI-MP2  OO-SCS-RI-MP2  RI-B2PLYP Expt.
Cs —5.33 13.68 13.87 18.21  (—)19.9 [193]
Cs —9.62 13.76 13.96 18.26
C3 —5.06 —5.69 —5.71 —3.55 —3.4 [193]
Cy 241 —5.94 —6.01 —3.79
H7 —5.43 —14.76 —12.91 —15.27 —13.9 [194]
Hio —-3.29 —14.77 —12.94 —15.28
Hg —7.61 —6.93 —5.01 —6.01 —5.1 [194]
Hog —11.55 —6.75 —5.72 —5.85

In Table 5.21 the calculated Mulliken spin populations are shown. The spin populations for the carbon
atoms differ by ~2—4% for the OO-MP2 methods compared to the B2PLYP functional. This difference
is reflected in the corresponding isotropic hfccs. The deviations for the H; and Hyg atoms are considerably
smaller, but for Hg and Hg the spin populations vary by 4—5%. Interestingly, contrary to many qualitative
discussions, the hydrogen spin populations do not correlate well with the corresponding isotropic hfccs.

Table 5.21.: Mulliken spin populations in (%).

atom p(A)
OO-RI-MP2  OO-SCS-RI-MP2  RI-B2PLYP

Co 21.1 21.3 21.8
Cs 21.2 21.4 21.8
C3 9.0 8.6 8.0
Cs 8.7 8.3 7.8
H; -18 17 -16
Hio -18 17 ~16
Heg —0.9 —-0.9 —0.7
Ho —0.9 0.8 —0.6

In conclusion, the B2PLYP functional performs best for the hfccs of the naphthalene anion radical,
followed by the OO-SCS-RI-MP2 method. The RI-MP2 method fails completely for the prediction of

naphthalene anion hfccs.
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Quinone Radical Anion

An even larger example, solvated quinones, is studied in this subsection. These systems were studied
experimentally and theoretically (with the B3LYP functional) in Ref. [69]. Specifically, we recalculated
the hfccs of the p-benzosemiquinone radical anion (BQ®~) coordinated with one, two, four and 20
deuterated water molecules employing the double-hybrid functional B2PLYP as well as the OO-RI-MP2
method and its SCS-variant. The structures of BQ®*~ coordinated with one and two water molecules were
optimized with the TPSS meta-GGA functional [67] and a basis set of triple-¢ quality (TZVP [64, 68]).
The reference structures of Ref. [69] were used for the four and 20 water coordinated BQ®~.

For the calculation of the hfccs Barone's EPR-III basis set [165] in combination with the def2-TZVPP /JK [92]
auxiliary basis set was employed. Furthermore, core polarization functions (2s2pld) for first row elements
were added to the one-electron basis and the auxiliary basis set was decontracted. For the BQ®*~ coordi-
nated with 20 water molecules, the EPR-III basis set was only employed for all carbon atoms and for the
bridging hydrogens. A split-valence basis plus polarization functions (SVP [64,85]) was used otherwise.
The RIJCOSX [39] approximation was applied in both OO-MP2 methods, whereas the Rl approximation
was employed for the B2PLYP calculations.

The single point calculation of the BQ®™ solvated with 20 D,O molecules and an orbital basis of 1890
basis functions as well as an auxiliary basis of dimension 3596 was computed on 16 processors and took
roughly 4 days to complete.

In Table 5.22 the calculated hfccs for the bridging 2H atoms are listed. The dipolar hfccs are generally
slightly underestimated in magnitude by the OO-MP2 methods and decrease with increasing number of
D,0 molecules. The B2PLYP functional slightly overestimates the magnitude of the anisotropic hfccs,
but the trend with increasing solvent molecules is the same as for the OO-MP2 methods. The isotropic
hfccs are excellently predicted by the OO-RI-MP2 method as well as by the B2PLYP functional. The
SCS-variant of the OO-RI-MP2 method slightly overestimates the isotropic contribution but still yields
predictions of excellent quality. The BQ®~ solvated with 20 DO molecules represents the most realistic
model, and the calculated hfccs are in good agreement with experiment. All tested methods perform very

well in this respect with B2PLYP being perhaps the most successful method tested here.

Table 5.22.: Calculated ?H hfccs in [MHz] of BQ®™ in coordination with one, two, four and 20 water (D>0)
molecules (Pp=81.8989 MHz/au®). Comparison with experimental results.

method number of water molecules
one two four 20 Expt.
0O0-RI-MP2 ANY 046 —046 —044 —047 —0.49
ALY 043 —043 —040 —041 —047
ALY 08 08 08 08 095
AlAie 002 003 004 001l 003

)

00-SCS-R-MP2 AU 044 044 042 —046 —0.49
)
)

ALY _042 041 —039 —040 —047
ALY 08 085 08 086 095
AlA) 0.08 008 008 007  0.03
RI-B2PLYP AAY 050 —050 —048 —051 —0.49
ALY 048 046 —044 —044 —047
(Aid)

AL 0.98 0.96 0.92 0.95 0.95
AlAQ) 0.01 0.02 0.03 0.00 0.03
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5.3.5. Discussion

In this section, the orbital-optimized MP2 method was evaluated for the calculation of hyperfine coupling
constants. The method was benchmarked for a series of small radicals and transition metal compounds
and compared to CCSD(T) reference results. The resulting isotropic hfccs are almost of CCSD quality
but are obtained with only iterative (’)(N5) effort. The dipolar contribution to the hfccs are, however, less
well predicted by the OO-MP2 methods. On average, spin-component scaling improves the description
of the hfccs for small radicals, whereas the description of the spin density on transition metal nuclei could
not be enhanced. Overall, it seems to be the best choice among the wave function based methods.

Of the tested methods OO-MP2 is perhaps slightly inferior to the double-hybrid functional B2PLYP that is
also computationally more attractive. We do however, believe that it is highly useful to have a pure wave
function based methodology available that is not plagued by self-interaction problems that occasionally
can complicate calculations on radicals with extended m-systems. It is of course possible to also optimize
the orbitals in the double-hybrid DFT approach. It remains an open question whether this would improve

the results in a similar way as OO-MP2 improves upon MP2. Work in this direction is in progress.

The spin contamination in the OO-MP2 wave function is drastically reduced compared to the standard
UHF wave function. In combination with the RIJCOSX approximation the OO-RI-MP2 method becomes
applicable to fairly large systems, as demonstrated for the solvated p-benzosemiquinone radical anion

where calculations with almost 2000 basis functions have been performed.

From the extensive set of hyperfine coupling constant calculations on small radicals and transition metal
complexes it emerges that the OO-MP2 method represents a viable alternative to double-hybrid function-
als, although the computational effort for OO-MP2 is considerably higher. Nevertheless, using various

approximations discussed in this thesis, the method is still applicable to fairly large molecules.

5.4. The Orbital-Optimized RI-MP2 Gradient

5.4.1. Motivation

In the previous Section 5.3.5 the orbital optimized MP2 approach has shown to provide a reliable de-
scription of the electronic structure for a series of open-shell compounds. In the present section the
OO-MP2 gradient as example for a basis function dependent first-order property is benchmarked against
the more rigorous Coupled Cluster Singles Doubles approach. The influence of the improved description
of the electronic structure on the resulting geometrical parameters is investigated. The goal is to obtain
structures of CCSD quality at the cost of iterative MP2 theory. The working equations for the OO-MP2
gradient have been derived in Section 2.9.1.

5.4.2. Benchmark of the OO-RI-MP2 Gradient

In this section the performance of the OO-(SCS-)RI-MP2 method is benchmarked for the prediction
of geometrical parameters. Therefore, a series of small radicals shown in Fig. 5.8 with complicated
electronic structures has been optimized at the CCSD(T) [162] level and the geometrical parameters have
been compared to the OO-(SCS-)RI-MP2 methods as well as to routinely applied methods, namely DFT
(BP86 [71,72], B3LYP [71,195,196]) and MBPT2. The structures have been optimized employing the
TZVPP [66, 68] basis set under tight optimization criteria with the ORCA program package [25]. The
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Figure 5.8.: Benchmark set for OO-RI-MP2 gradient calculations (1=CsHse, 2=c-C,H4sNOze, 3=H,CNOe,
4:C_)/C/O-C3H6N., 5:H2C2NO, 6:H2C20+0, 7:H2CN., BZHCO3O, 9:n-C2H4N020, ].OZNOQ.,
11202H0, 12:PC|20, 13:C3H6C|0, 14:cyc/o—C5Hgo, 15=n—C3H7NOo).

energy convergence was chosen to be 1078E;, and 1073 for the orbital gradient. The 'Resolution of the
Identity’ [22,37,38] approximation was employed for the gradient corrected density functional BP86 as
well as for all MP2 variants. Since, analytic gradients for the CCSD(T) method are not yet available in

the ORCA program package, numerical gradients have been calculated.

The errors in the structural parameters compared to the CCSD(T) reference geometries are listed in
Table 5.23. The mean absolute errors in bond lengths for the gradient corrected density functional
BP86, which is known to provide reliable structures for systems with negligible dispersion interactions, is
about ~1—1.5 pm. The only exception represents the phosphorus dichloride radical (12) whose structure
was described worse. The B3LYP hybrid density functional performs considerably better than the BP86
functional. The mean errors in bond lengths are in few cases close to zero, whereas the corresponding
mean absolute error is comparable to the OO-MP2 methods. Nevertheless, B3LYP demonstrates once
again that it benefits from an enormous error compensation, but has, just like BP86, three outliers
with mean absolute errors >1.5 pm. The maximum error in bond lengths, which is at the same time
the overall maximum error of ~7 pm for all methods, is obtained for the formaldiminoxy radical (3).

Analogous conclusions can be drawn for the deviations in the bond angles.

The averaged mean absolute error for the RI-MP2 method is ~1 pm, and the corresponding error range is
0.5—2.6 pm. The bond lengths are overall too short and the largest errors occur for the 1-chloro-2-propyl
radical (13). The mean absolute errors for OO-RI-MP2 are ~1 pm as well, whereas spin-component
scaling reduces the error to ~0.75 pm. The bond lengths of the nitrogen dioxide radical (10) are
considerably too long, but there is no consistent trend observable. The mean absolute error in the bond
angles is for all methods about 1 degree, which represents a satisfactory result. A graphical representation
of the mean absolute errors in the structural parameters is shown is Fig. 5.9. In general, it turns out that

orbital optimization has only a minor influence on the geometrical structures.
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Table 5.23.: Statistical analysis of errors in the optimized geometries of molecules 1-15 from the BP86, RI-MP2
and OO-(SCS-)RI-MP2 methods compared to the reference CCSD(T) method. Errors are given
relative to the parent MP2 method. All calculations were done with the TZVPP basis set (distances
in pm, angles in degrees).

mean absolute

mean 1
distances

) max
distances

‘ distances

mean
angles

mean absolute
angles

max
angles

1 BP86 0.673 0.673 1.010 0.001 0.452 1.010
B3LYP —0.084 0.221 0.540 0.002 0.447 0.950
RI-MP2 —0.863 0.863 1.610 —0.000 0.047 0.070
OO-RI-MP2 —0.456 0.456 0.530 —0.000 0.100 0.200
0O0-SCS-RI-MP2 —0.359 0.359 0.370 —0.001 0.050 0.100

2 BP86 0.885 1.012 2.250 0.531 0.695 2.120
B3LYP —0.006 0.411 0.910 0.770 0.966 2.300
RI-MP2 —0.504 0.531 1.520 0.433 0.729 1.650
OO-RI-MP2 0.011 0.464 0.780 0.037 0.319 0.850
0OO-SCS-RI-MP2 0.029 0.284 0.560 —0.001 0.143 0.330

3 BP86 0.820 0.820 1.080 0.512 0.772 2.040
B3LYP 3.108 3.108 6.990 —5.553 5.932 22.200
RI-MP2 —1.838 1.838 4.340 1.672 1.962 6.690
OO-RI-MP2 0.277 0.683 1.400 0.390 0.830 1.560
0OO-SCS-RI-MP2 0.207 0.572 1.360 0.262 0.602 1.050

4 BP86 0.659 0.677 1.150 0.027 0.375 1.170
B3LYP —0.019 0.251 0.540 0.031 0.232 0.680
RI-MP2 —0.709 0.709 1.120 —0.004 0.066 0.250
OO-RI-MP2 —0.617 0.617 1.030 —0.003 0.094 0.290
00-SCS-RI-MP2 -0.373 0.373 0.450 —0.005 0.041 0.110

5 BP86 0.387 1.148 1.520 0.000 0.687 1.030
B3LYP —0.413 0.612 1.760 0.000 0.580 0.870
RI-MP2 —0.817 1.438 3.170 0.000 0.360 0.540
OO-RI-MP2 0.027 0.633 1.320 —0.003 0.137 0.210
00-SCS-RI-MP2 0.058 0.448 0.830 0.003 0.077 0.110

6 BP86 0.450 1.320 1.740 —0.003 1.377 2.070
B3LYP —0.367 0.717 1.980 0.000 1.180 1.770
RI-MP2 —0.425 0.525 0.820 0.000 0.040 0.060
OO-RI-MP2 —0.065 0.760 1.390 0.000 0.253 0.380
0OO-SCS-RI-MP2 —0.075 0.500 0.850 0.000 0.133 0.200

7 BP86 0.860 1.033 1.420 0.003 0.943 1.410
B3LYP —0.050 0.610 0.990 0.000 0.560 0.840
RI-MP2 —1.563 1.563 3.790 —0.003 0.010 0.010
OO-RI-MP2 —0.213 0.213 0.270 —0.003 0.203 0.310
0OO-SCS-RI-MP2 —0.197 0.257 0.340 0.003 0.010 0.010

8 BP86 1.185 1.185 2.150 0.137 1.372 2.470
B3LYP 0.098 0.893 1.600 0.320 1.630 2.620
RI-MP2 —0.257 0.257 0.500 —0.040 0.155 0.210
0OO-RI-MP2 0.802 0.802 2.030 —0.155 1.350 2.390
00-SCS-RI-MP2 0.537 0.747 1.880 —0.122 1.283 2.310

2N(distances) for molecules 1-15=7.8.4.10.4.4.3.4.8.2.2.2.9.13.10, N(angles) for molecules 1-15=9.10.4.19.3.3.3.4.11.1.1.1.15.24.16.
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Continued.
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9 BP86 0.925 1.077 1.380 —0.018 0.482 1.750
B3LYP 0.063 0.330 0.780 0.154 0.452 1.310
RI-MP2 —0.464 0.476 0.930 0.025 0.125 0.440
OO-RI-MP2 —0.170 0.562 1.090 —0.055 0.263 0.860
O0O-SCS-RI-MP2 —0.067 0.348 0.500 —0.017 0.128 0.360

10 BP86 1.005 1.005 1.010 —0.410 0.410 0.410
B3LYP —0.465 0.465 0.470 0.060 0.060 0.060
RI-MP2 0.050 0.050 0.060 —0.040 0.040 0.040
OO-RI-MP2 3.495 3.495 3.500 —0.720 0.720 0.720
OO0O-SCS-RI-MP2 2.225 2.225 2.230 —0.420 0.420 0.420

11 BP86 1.495 1.495 1.910 1.160 1.160 1.160
B3LYP 0.235 0.455 0.690 1.500 1.500 1.500
RI-MP2 —1.270 1.270 2.480 0.590 0.590 0.590
OO-RI-MP2 1.150 1.150 1.950 —1.420 1.420 1.420
0O0O-SCS-RI-MP2 0.895 0.895 1.590 —1.050 1.050 1.050

12 BP86 3.645 3.645 3.670 1.320 1.320 1.320
B3LYP 3.085 3.085 3.110 0.960 0.960 0.960
RI-MP2 —1.550 1.550 1.550 —0.230 0.230 0.230
OO-RI-MP2 —1.100 1.100 1.100 0.030 0.030 0.030
OO0O-SCS-RI-MP2 —0.430 0.430 0.430 —0.020 0.020 0.020

13 BP86 —0.997 1.650 5.250 —0.014 1.206 2.710
B3LYP —1.634 1.841 5.450 —0.009 1.167 2.630
RI-MP2 —2.630 2.630 5.910 0.006 0.849 1.900
OO-RI-MP2 —2.532 2.532 5.940 0.004 0.867 1.890
OO0O-SCS-RI-MP2 —2.278 2.278 5.370 0.005 0.919 2.060

14 BP86 0.622 0.800 1.290 0.055 0.398 1.470
B3LYP 0.012 0.298 0.480 0.046 0.325 1.040
RI-MP2 —0.695 0.695 0.950 —0.020 0.063 0.170
OO-RI-MP2 —0.609 0.609 0.990 —0.011 0.102 0.280
OO-SCS-RI-MP2 —0.380 0.380 0.430 —0.016 0.033 0.070

15 BP86 0.349 1.311 3.920 0.358 1.889 6.320
B3LYP 0.020 0.240 0.940 0.036 0.966 2.630
RI-MP2 —0.561 0.561 0.810 —0.055 0.504 1.700
OO-RI-MP2 —0.602 1.116 3.740 0.203 1.520 3.670
O0O-SCS-RI-MP2 —0.260 0.416 0.780 0.046 0.131 0.780

Timings

The timings for an illustrative gradient calculation with the OO-RI-MP2 method on the example of the
adenine-thymine base pair, shown in Fig. 5.10, are listed in Table 5.24. Ahlrichs’ TZV [63] basis set
augmented by Pople's 2p and 2d polarization functions [10,197,198] for first and second row elements,

respectively, has been chosen.

threshold for the orbital gradient was 1073.

The energy convergence criteria was chosen to be 10~ E;, and the
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Figure 5.9.: Graphical representation of the mean absolute errors in the structural parameters.
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Figure 5.10.: Adenine-Thymine (AT) base pair (30 atoms).

The timings presented in Table 5.24 nicley reflect the iterative nature of the OO-RI-MP2 method. The
time required for the solution of the SCF equations is saved, and is replaced by the cost of an iterative
solution of the OO-MP2 equations. The calculation of the OO-RI-MP2 gradient takes ~3.5 times as
long as the evaluation of the RI-MP2 gradient. The time-consuming solution of the z-vector equations,
required for the calculation of the RI-MP2 relaxed density, is replaced by the much cheaper DIIS step.
The evaluation of the gradient is identical for both methods. The RIJCOSX approximation applied to the
OO-RI-MP2 method (OO-RIJCOSX-MP2) accelerates the formation of the Fock matrix and the response-
type matrix significantly. The calculation of the separable gradient also profits from the semi-numeric
exchange gradient treatment, eq. 2.227. Overall, the RIJCOSX approximation yields a speedup of ~1.2
compared to the parent OO-RI-MP2 method. Further speedup in the solution of the OO-MP2 equations

can be obtained by an incremental Fock matrix formation, which is not implemented at the moment.

Table 5.24.: Timings in [s] for one gradient calculation of the AT base pair in a TZV(2d,2p) basis set (555 basis

functions).
Gradient Components RI-MP2  OO-RI-MP2  OO-RIJCOSX-MP2
Solution of SCF eqgs. 4464.2 — —
(12 cycles)

Fock matrix construction — 4015.4 3396.8
Integral Transformation 84.9 1297.3 1204.5
Ki(a,b) 485.8 6876.5 6849.8
Ti(a,b) 21.1 339.0 333.9
D(virtual) 206.6 2931.0 2896.7
D(internal) 116.7 2089.9 2060.2
W(virtual) 4128 5863.6 5782.4
W(internal) 313.9 4784.6 4718.4
re 478.4 6762.3 6715.7
L(3-ext) 97.2 1511.0 1408.3
L(3-int) 3.0 57.8 49.1
R(D) 330.5 4848.4 708.5
R(2) 3303 — —
z-vector solution 2184.6 — —
DIIS step — 15.4 11.3
Solution of OO-MP2 egs. — 42148.2 36873.4

(13 cycles) (13 cycles)
Separable Gradient (S) 2791.5 2791.1 540.1

Non-separable Gradient (NS) 243.3 707.1 759.7
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Continued.
Gradient Components RI-MP2  OO-RI-MP2  OO-RIJCOSX-MP2
Gradient (S + NS) 3034.8 3498.2 1299.8
Total Time 12622.3 45657.3 38190.7

5.4.3. Conclusions

In the present section the performance of the OO-(SCS-)RI-MP2 method is benchmarked for gradient
calculations. The relaxed density required for the calculation of the conventional MP2 gradient is ob-
tained by minimizing an extended Hylleraas functional in the OO-MP2 approach. At convergence, the
relaxed density matrix and the one obtained as an expectation value over the first-order wave function
become identical. The calculation of the OO-MP2 gradient is of the same computational effort as the
conventional MP2 gradient, once the OO-MP2 calculation has converged. In general, the OO-RI-MP2
gradient calculation takes about 3—5 times longer than the conventional RI-MP2 calculation, strongly
depending on the convergence of the OO-MP2 equations. The mean absolute error in the geometrical
parameters amounts to ~1 pm and ~1 degree for bond lengths and angles, respectively, compared to
CCSD(T) results. Spin-component scaling reduces the error in the bond lengths to ~0.75 pm. Therefore,
the OO-SCS-RI-MP2 structures are superior to the geometries obtained with conventional DFT methods.
Nevertheless, the high computational effort of the OO-MP2 methods make them only routinely applicable

for medium sized molecules with basis sets of at most triple- quality.

5.5. Calculation of RI-MP2 Second-Order Molecular Properties

5.5.1. Polarizabilities

In Table 5.25 calculated and experimental static isotropic polarizabilities for a series of small organic
compounds are listed. The theory for the calculation of static polarizabilities has been already discussed in
Section 4.1.1. The polarizabilities have been calculated with two ab initio methods, i.e. Hartree-Fock and
MP2, as well as with density functional theory employing a hybrid functional (B3LYP [71,195,196]) and
a double-hybrid functional (B2PLYP [1]). The 'Resolution of the Identity’ approximation was employed
throughout the calculation of the MP2 correction. [21] The structures have been optimized at the RI-
MP2/TZVP [64,68] level. A polarized triple-¢ (TZVPP [66,70]) and a quadruple-¢ (QZVP [66, 135])
basis set have been used for the property calculations. The energy convergence criterion was set to
10710 E,.

Table 5.25.: Calculated and experimental isotropic polarizabilities for a series of small organic compounds in [au].
Structures have been optimized at the RI-MP2/TZVP level.

Molecule TZVPP QzZVP Expt.?
HF  B3LYP RI-B2PLYP RI-MP2 HF  B3LYP RI-B2PLYP RI-MP2

CHgy 14.87 15.55 15.34 15.11 15.34 16.16 15.93 15.69 16.52

CoHo 20.31 20.43 20.04 19.44 21.79 22.02 21.57 20.89 23.53

CoHa 25.42 25.41 25.08 24.46 26.49 26.55 26.21 25.60 28.26

CoHe 26.31 27.58 27.25 26.92 26.82 28.32 27.95 27.58 28.52
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Continued.

Molecule TZVPP QZVP Expt.?

HF  B3LYP RI-B2PLYP RI-MP2 HF  B3LYP RI-B2PLYP RI-MP2
C3Ha 32.77 34.00 33.29 32.38 34.29 35.73 34.93 33.94 41.76
cyclo-C3Hg 33.92 35.30 35.01 34.75 34.46 36.15 35.83 35.55 38.06
C3Hg 37.63 39.74 39.24 38.75 38.28 40.72 40.16 39.63 39.96
1-Butyne 44.63 46.72 45.81 4471 46.25 48.60 47.61 46.44 50.07
1-Butene 48.90 50.47 49.76 48.74 50.15 52.02 51.27 50.21 53.85
trans-2-Butene 49.06 50.95 50.13 48.96 50.20 52.39 51.54 50.35 57.36
CeHs 64.12 65.71 65.22 64.55 66.25 67.90 67.44 66.80 67.57
cyclo-CgHiz 66.11 70.00 69.25 68.57 66.85 71.22 70.39 69.65 74.32
CH3OH 18.13 19.32 19.08 18.83 18.92 20.35 20.10 19.84 20.79
CH3CHO 26.34 28.33 27.98 27.53 27.28 29.61 29.21 28.71 28.87
CoHsOH 29.57 31.64 31.22 30.78 30.45 32.86 32.41 31.95 34.50
MD —4.39 —2.85 —3.35 —3.96 —3.34 —1.56 —2.09 —2.74
MAD 4.39 2.85 3.35 3.96 3.34 1.80 2.16 2.74
RMSE 4.96 3.50 4.00 4.64 4.01 2.44 291 3.55

All of the employed methods tend to underestimate the static polarizabilities, which is reflected in the
negative mean deviation (Table 5.25) and a mean absolute deviation, that is almost of the same mag-
nitude. Hartree-Fock performs worst for the prediction of isotropic polarizabilities and the inclusion of
dynamic correlation effects can not significantly improve the results. This is the case for both tested basis
sets and has also been reported in Ref. [199]. Both density functionals outperform the ab initio methods,
whereas the famous B3LYP demonstrates again its success when applied to simple organic compounds.
Although, the B2PLYP results deviate by ~0.5 au compared to the B3LYP hybrid functional, the values
are still reasonable.

5.5.2. Calculation of g-tensors

In electron paramagnetic resonance spectroscopy it is common to interpret the experimental results in
terms of a spin Hamiltonian. The ESR spin Hamiltonian ’HESR describes a model spin system which
magnetic sublevels of the ground-state configuration &, can be determined by solving eq. 5.20 in the
basis of electron spin functions ©,. [200,201]

HERO, = £,0, (5.20)
The basic spin Hamiltonian used in ESR spectroscopy is most commonly written as,

HER = SDS + B.BgS + Y _ SAATH (5.21)
A

where S is the total electron spin, ZA is the nuclear spin of atom A and B represents the magnetic field.
Be is Bohr's magneton. The first term in eq. 5.21 refers to the electron spin-spin dipolar interaction in
systems with more than one unpaired electron. The term is known as the zero-field splitting involving the

2Experimental results were taken from Ref. [199]
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correspondent tensor. The last term in eq. 5.21 describes the interaction between electron and nuclear
spin (hyperfine interaction), which is parameterized by the hyperfine coupling tensor AA. The quantity of
interest in the actual section is the electronic g-tensor, which characterizes the electron Zeeman interaction
between the total electron spin and the magnetic field. The expansion of the total energy in terms of the

magnetic field, the total electron spin and the nuclear spins, yields,

1 %F
S+ Bl = S,
151=0 Z Be 0B,.0S- | 510,510

E(B,S{IT")=E + = Z ] asas

+ZZS*” as az

By comparing eq. 5.22 with the spin Hamiltonian in eq. 5.21, the g-tensor can be identified as second

T2, (5.22)

T

|S[=0,Z|=0

energy derivative w.r.t. the total electron spin and the magnetic field (eq. 5.23).

1 9%E

R IH (5.23)

8kt =

|5]=0,|S|=0

The following one-electron expressions for the g-tensor can be derived by connecting the terms present in

the Breit-Pauli Hamiltonian to the parameters of the spin Hamiltonian. [201]

gir = gebur + D5 + Ng T + NgZ/%C (5.24)
a _ =
AgRMC — _ % Z po? <‘/9u ’V2’ %> (5.25)
y73%
oc_ 1 a—B Za
Ag.m = 35 PNV Pu Z = {raro — raxro-}| ¢v (5.26)
v A Ta
1 oPo; P .
AgOZ/50C — o a;é < . hfoc’ s0u> (5.27)
pv ®

The g-value of the free electron is,
ge = 2.002319304386(20) (5.28)

the second and third terms in eq. 5.24 are both first-order quantities, namely, the reduced mass correction
and the gauge correction. The cross term between the spin-orbit coupling and orbital Zeeman interactions
is a true response property. Note, that the perturbed operators are given in the form of the corresponding
one-electron operators. The SOC operator, however, is a two-electron quantity, which is approximated
here by an effective one-electron operator.

5.5.3. Numerical results for g-tensors

Table 5.26 lists the electronic g-shifts for a series of small radicals. Structures and CCSD reference data
have been taken from Ref. [202]. Calculations have been performed at Hartree-Fock, MP2 and DFT
levels of theory. In the MP2 framework g-tensors for both introduced derivative approaches analyzed
in Section 2.6 are shown ('fe/Sm’ and 'Sm/Sm’). For the DFT calculations the hybrid functional
B3LYP [71,195,196] and the two double-hybrids B2PLYP [1] and B2K-PLYP [203] have been employed.
The B2K-PLYP functional differs from the B2PLYP functional in incorporating a higher amount of exact

exchange and MP2 correlation, respectively. Furthermore, Grimme's dispersion correction [204] is by
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default added to the B2K-PLYP single point energy. The 'Resolution of the Identity’ approximation was
employed throughout the calculation of the MP2 correction. [21] All calculations were carried out using
Dunning's aug-cc-pVTZ [65] with the corresponding auxiliary basis functions. The energy convergence
criterion was set to 10710 Ej, and a large Lebedev-770 angular grid in combination with a radial integration
accuracy of 5.650 (Grid7) has been employed in the DFT calculations. An effective one-electron spin-orbit

operator has been used in all calculations. [205, 206]

As has been pointed out in Ref. [202] the g-tensor is in contrast to the chemical shielding tensor a global
property and therefore, suffers less from the gauge-origin problem. In the following calculations the center

of electronic charge was chosen as the common gauge origin.

Table 5.26.: Comparison of HF, DFT, MP2 and CCSD results for the electronic g-shift (relative to the g-value
of the free electron) in [ppm] for various radicals.

CCSD RI-MP2 HF DFT
molecule component  Re/Im Qm/Qm  Re/Im B3LYP B2PLYP B2K-PLYP
CN (33°7) Age  —2151 —2160  —2249  —2237  —2193  —2113 —2243
Agz, —126 —83 —157 —81 —134 —124 —117
cot (3%1) Agux —2576 —1628  —1794 3225 2656 —2503 —2431
Agz, —125 —67 —216 —63 —133 —120 —113
BO (3321) Ago  —1833 —1323  —1402  —2113  —1857  —1787 —1755
Agz —61 —-29 —103 27 —68 —60 —56
NH (3327) Ag 1451 1401 1407 1133 1363 1399 1408
Agz, —105 —110 —105 —109 —106 —107 —108
OHT (33°7) Agix 4101 4006 4013 3405 3704 3879 3948
Agz —173 —179 —173 —178 —174 —175 —176
H,OT (%B4) Agux —188 —233 —212 —155 —188 —196 —198
Agyy 16550 15997 16018 13123 13574 14647 15161
Agy 4905 4836 4856 4052 4681 4764 4783
CH3; (2A") Ag -85 —92 -83 —84 —89 —89 -89
Agz, 636 621 628 506 649 640 633
0; (%) Ag 2853 2002 2048 3497 2677 2490 2493
Agz, —201 —229 —187 —232 —199 —211 —215
(O (®By1) Agux —662 453 566 —1502 —555 —551 —520
Agyy 20276 29475 29541 23770 18429 16343 17272
Agy 12376 16643 16754 16102 11032 8985 9413
CO; (3A1) Agi 914 550 571 1048 932 770 777
Agyy —5176 —5327 —5305 —5709 —5122 —5033 —5157
Agy —758 —760 —730 —927 —716 —748 —762
H,CO™T (%B3) Agxx 6270 6730 6763 5806 5910 6085 6249
Agy, 145 —184 —150 662 91 41 48
Agy 945 1805 1834 3093 24 476 904
NO> (?A;) Agux 3677 2906 2032 4278 3628 3297 3307
Agy, —11952 —11313 —11288 —12588 —11837 —11280 —11389
Agz —730 —315 —278 —1195 —695 —725 —721
NF, (2B1) Agxx —694 —529 —531 —1035 —667 —666 —670
Agyy 6832 6880 6869 5768 6988 6774 6782

Agz 3858 3825 3821 2885 4126 3932 3864
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Continued.
CCSD RI-MP2 HF DFT

molecule component  Re/Im Qm/Sm Re/Im B3LYP B2PLYP B2K-PLYP
NF3 (2A%) Agw  —1990 —1469  —1452  —-3667  —1806 —2501 —1944

Ag,, 5440 6123 6117 4020 5914 5573 5630
MD 488 491 —107 —209 —310 —225
MAD 687 688 779 297 389 298
MAD (%) 31.1 31.0 425 9.0 9.6 7.8
Max. Error 9199 9265 3726 2976 3933 3004
RMSE 1794 1811 1263 680 970 776

Indeed, the MP2 results reported in Table 5.26 represent a general improvement over the Hartree-Fock
results when compared to the CCSD reference. However, they are greatly inferior to the results provided
by all density functionals. The large positive mean deviation is somewhat misleading, because it is mostly
affected by the large overestimation of the g-shift in the O3 radical. In fact, there is no general trend
observable for the RI-MP2 method. The differences in the calculated g-shifts arising from the two distinct
approaches to MP2 second derivatives are typically in the range of <100 ppm. This might be due to the
minor effect of orbital relaxation on the resulting g-shifts. [202]

The DFT results presented in Table 5.26 are outstanding. The astonishing good performance of the
B3LYP hybrid functional has been already analyzed in Ref. [202] and it was argued that the Hartree-Fock
exchange seems to damp the overestimation of the correlation effects. This appears also to be the case for
the double-hybrid functionals, for which the increased amount of exact exchange and MP2 correlation in
the B2K-PLYP functional yields the best g-shifts for the actual test set. Although, the root mean square
error is somewhat larger compared to B3LYP the percentage mean absolute deviation is the smallest.
Comparing B2PLYP with B2K-PLYP the latter performs only slightly better.

Table 5.27.: Comparison of HF, DFT, MP2 and experimental results for the components of the electronic g-tensor
(relative to the g-value of the free electron) in [ppt] for various transition metal radicals.

RI-MP2 HF DFT
molecule component  Jm/Im  Re/Im B3LYP B2PLYP B2K-PLYP Expt.
25¢0 Agi 15 1.5 -29 —0.8 —0.1 0.0 —05
Ag 0.0 0.0 0.0 0.0 0.0 0.0 —-0.5
"MnH Agy -1.9 -1.9 —-1.8 —1.4 -1.7 —~1.8 -13
Ag —0.3 -0.3 -0.3 -0.1 -0.3 —0.4 0.0
6MnO Agy -0.2 —0.2 -1.3 2.1 2.4 2.9 -7.3
Ag —-0.4 —0.4 —-0.4 -0.3 —0.4 —0.4 0.0
"MnF Agy -1.0 -1.0 -1.0 -0.3 -0.7 —-0.8 -33
Ag —0.4 -0.3 -0.3 -0.3 —0.4 —0.4 -0.3
2TiF, Agy —357.8 —357.8 —107.4 457 —88.7 —121.6 —111.9,—123.7
Ag -1.3 -1.3 -1.3 -1.3 -1.3 -1.3 —11.1,-3.7
2[Cu(NH3)q]?+ Ag 142.0 142.0 94.9 42.2 65.4 83.6 47
Ag 844.2 844.2 469.7 156.1 271.9 365.5 245
2[Fe(CO)s]* Agy 217.6 217.8 103.8 56.4 87.3 109.9 80.8

Ag —88.9 —88.7 —20.3 —2.6 —7.8 —15.2 5.7
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In Table 5.27 few calculated g-shifts of small transition metal compounds are presented. The g-shifts have
been calculated employing the RIJCOSX approximation and using an accurate triply polarized basis set,
CP(PPP), for the metal nuclei. Unfortunately, for transition metal compounds there is no good test set
available. Thus, the results can be only compared to the available experimental data and Table 5.27 can
only serve as a rough estimate for the performance of RI-MP2 and DFT methods. Expectedly, the RI-MP2
g-shifts are disastrous. However, it is well-known that MP2 often fails in the description of transition
metal compounds. Both MP2 derivative approaches yield similar results, since the introduced effects are
one order of magnitude smaller than the scale in Table 5.27. The B2PLYP functional yields fairly good
results, whereas the B2K-PLYP overshoots the magnitude of the electronic g-shifts. In summary, the
double-hybrid functionals seem to be the preferred choice for the calculation of electronic g-tensors.
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6. Application

6.1. 2,3,5,6-Tetrafluorophenylnitren-4-yl and
3,4,5,6-Tetrafluorophenylnitren-2-yl: Two Ground-State

Quartet Triradicals

In this section the application of high-level quantum-mechanical methods for the characterization of
the electronic structure of two complex organic radicals is reported. The section basically consists of
a summary of two articles [207,208] published in cooperation with the experimental group of Wolfram
Sander at the Ruhr University in Bochum. Therefore, we will focus on the computational calculations,

which have been performed.

6.1.1. Introduction

Arylnitrenes (1; see Scheme 6.2) are important reactive intermediates with triplet ground states and
large singlet triplet splittings. Convenient precursors for spectroscopic studies are the corresponding
aryl azides 2, which photochemically or thermally split off N> to produce the nitrenes 1. The kinetics,
spectroscopy, and computational chemistry of these intermediates has recently been reviewed. [209] Under
the conditions of matrix isolation a major photochemical process that diminishes the yield of nitrenes 1
is the ring expansion to 1,2-didehydroazepines 4, via benzazirines 3 as intermediates. After many years
of intense experimental and theoretical work in this field, the mechanistic details are now well established
(see Scheme 6.2).

The introduction of a radical center into phenyl nitrenes 1 can lead to three isomeric nitreno radicals with
the radical centers in ortho, meta, and para position, respectively, cf. Fig. 6.1. The electronic structure
of these nitreno radicals is best described as a o, o, w-triradical with one unpaired electron located at
the nitrogen atom in the o-plane, one at the radical center of the phenyl ring (also in the o-plane), and
the third unpaired electron delocalized over the m-system and interacting with both unpaired o-electrons.
Density functional calculations predict for ortho (o) and para (p) compounds high-spin quartet (Q) ground
states, while for the meta-nitrene a low-spin doublet (D) ground state is calculated. [210] For o- and p-
nitreno radicals quinoid resonance structures can be formulated, which suggest that these triradicals also
have some carbene (cyclohexadienylidene) character (see Scheme 6.1). In contrast, for the meta-isomer
no such resonance structure is possible. Since both phenyl nitrenes and cyclohexadienylidenes have robust
triplet ground states, a quartet state for o- and p-compounds is energetically favorable, since in this case

local high-spin triplet configurations at the formal nitrene and carbene centers are maintained.

A synthetic route to nitreno radicals starts from iodophenyl azides, which on photolysis in low-temperature
matrices split off N, to give the corresponding phenyl nitrene [211] and subsequently iodine atoms to
give the nitreno radical. [212-215] However, phenyl nitrenes are photolabile [216] and easily rearrange

to azirines [211] and ketenimines, [217] and cleavage of the C-l bond to form an additional radical
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Figure 6.1.: Lewis structures of isomeric nitreno radicals with radical centers in ortho, meta and para position.

N, Ne N
hv
-N,
S-1 3

T-1

Figure 6.2.: Mechanism of the Rearrangement of Phenylnitrene 1.

center competes with these rearrangements. Thus, photolysis of matrix-isolated (argon, 10 K) phenyl
azide 2 produces mixtures of phenyl nitrene 1, azirine 3, and ketenimine 4 in photostationary equilibria,
and the yield of nitrene 1 is low (Scheme 6.2). [209] Fluorine substituents in the ortho positions of 1
decrease the tendency of these rearrangements, [218-220] and therefore ortho-fluorinated phenyl nitrenes
are obtained in higher yields under the same conditions. [209, 217, 221] The only nitreno radicals 5
that could be matrix-isolated and spectroscopically characterized are therefore those bearing ortho-fluoro
substituents. [212,213,215] UV photolysis of azide 6a produces nitrene 7a together with ketenimine 9a
and nitreno radical 5a (Scheme 6.3).

Although the yield of 5a is low, it could be characterized by IR and EPR spectroscopy, which also
confirmed its high-spin quartet ground state. In the photolysis mixture of azide 6b, nitrene 7b, and
its rearranged products, the isomeric azirines 8b and 8b’ and ketenimines 9b and 9b’, were identified
(Scheme 6.4). [214] The meta-nitreno radical 5b was not found, but a product of its ring opening and
re-addition of iodine, namely, allene 10, was observed. The radical center in meta position of the phenyl
nitrene results in a 1,4-diradicaloid structure that has a tendency for 3-cleavage. The cleavage is even

more pronounced when two radical centers are formed in the two meta positions.

In Scheme 6.5 the photochemistry of 2-iodo-3,4,5,6-tetrafluorophenylnitren-2-yl is shown. Analog to 6a
not only the nitreno radical 5c is built upon irradiation of 6c, but a mixture of 5c together with azirine
8c, ketemine 9c and the azirinyl radical 11. 11 can be either formed by rearrangement of 5c or by loss

of an iodine atom from 8c. The nitreno radical 5c is only observed in low concentrations.

6.1.2. Electronic Structure Calculations

Theoretical background The EPR properties were calculated according to previously published meth-
ods that are implemented in the ORCA package. [25, 153, 222-231] Geometries were optimized using
the BP86 functional, [71, 72] the TZVP basis set [70] (featuring a single set of polarization func-
tions on each atom), and the 'Resolution of the ldentity’ approximation with matching auxiliary basis

sets. [22, 30,96, 232] Structures were verified to represent local minima through numeric frequency cal-
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Figure 6.3.: Photochemistry of aryl azide 6a.
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Figure 6.5.: Photochemistry of aryl azide 6c.



142 6 Application

culations. Property calculations were done with the B3LYP hybrid functional [71,196, 233], because, on
average, it has been proven to be superior to non-hybrid functionals in EPR property calculations. In
these calculations, a more extensively polarized triple-¢ basis set (TZVPP, amounting to 2d1f polarization
shells on all atoms) was used. [70] The spin-spin (SS) contribution to the zero-field splitting (ZFS) tensor
was treated in the mean-field approximation based on the Kohn-Sham determinant. The SS contribution
is given by [223,234,235]

D5 =~ S 5o =1y 2o 2 (PP = PP ) v 6 (s = Bur} ). (61

Here, « is the fine structure constant (1/137 in atomic units), ge is the free-electron g-value (2.002319...),
the indices u, v, k, T refer to atomic basis functions, and Pﬁ‘K B is an element of the spin-density matrix.
No approximations have been made to the two-electron spin-spin dipole integrals in eq. 6.1. As discussed
previously, [223] it is advantageous to apply an open-shell spin-restricted formalism for this quantity, in
conjunction with present-day DFT methods. We have used the spin densities from the spin-unrestricted
natural orbital determinant for this purpose, as discussed in detail in the work of Sinnecker and Neese. [223]
Second-order SOC contributions also have been treated throughout the study. Following the general
formulation, in terms of infinite sums over states, [226] a linear response treatment was recently proposed

in which the SOC contribution can be written as [224]
DPM = fu(S){(ROC; hO)). (6.2)

In eq. 6.2, M denotes the contributions to the SOC term (M = 0, +1) from excited states with S’ = S+1
(where S is the total spin quantum number of the electronic state for which the ZFS tensor is computed
(S > 1/2)), fm(S) is a spin-dependent prefactor (fo = — ﬁ, f= m fi1 = m) and
((h29C; h7OC)) is a shortcut notation for a spin-orbit linear response function. In a DFT framework, it is
related to the derivatives of generalized spin densities, as explained in detail in Ref. [224]. This treatment
supersedes the earlier proposals for the SOC contribution to the ZFS tensor in the reports of Neese
and co-workers [236] and, in our opinion, also the work of Pederson and Khanna. [237] For alternative
approaches, see the work of Reviakine and co-workers [238]. The spin-orbit operator used in eq. 6.2
was assumed to be of the spin-orbit mean-field (SOMF) type [239] in the multicenter implementation of
Neese [230] that is equivalent to Berning et al. [240] It is believed to provide an accurate representation of
the full Breit-Pauli two-electron SOC operator. The g-tensor has been calculated according to established
procedures. [228,230]

Electronic Structure Calculations of Q-ba The quartet ground state of Q-5a, calculated with DFT,
shows a fairly complex spin-density distribution, which involves 7- as well as o-components (Fig. 6.6).
More insight is obtained by identifying the singly occupied molecular orbitals (SOMOs) of the system.
This is most conveniently done by examining the exactly singly occupied spin unrestricted natural orbitals
transformed to a localized representation (Fig. 6.7). The analysis suggests the following interpretation:
The electronic structure of Q-5a is best described as having two parallel-spin unpaired electrons localized
on the nitrogen and one on the unsaturated carbon atom. The unpaired electron sitting in the in-plane
nitrogen 'lone pair’ is fairly well-localized and only slightly polarizes the o-system of the ring. However, the
unpaired electron sitting in the nitrogen out-of-plane lone pair is heavily delocalized into the 7-system of
the ring. Similarly, the carbon o-lone pair is fairly delocalized into the o-system of the ring. Schematically,

the electronic structure may therefore be best-represented by the following leading resonance structure:
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y

Figure 6.6.: Spin-density distribution in Q-5a. Positive values are contoured in red at the level of 0.003
e~ /(Bohr®); negative values are contoured in yellow at a level of 0.002 e /(Bohr?).

o0

Figure 6.7.: Three singly occupied molecular orbitals of Q-5a: spin-unrestricted natural orbitals in a localized
representation; Pipek-Mezey [241] localization and B3LYP/TZVPP.
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This is consistent with the notion that Q-5a is best-described as a o, o, w-triradical.

Ab initio calculations were performed to evaluate the extent to which Q-5a indeed has an isolated quartet
ground state. Because not all of the doublet states are properly represented by a single determinant, we
resorted to correlated multireference ab initio methods in form of the spectroscopy-oriented configuration
interaction (SORCI) approach, [242] as implemented in the ORCA package. [25,222] Calculations were
performed on top of a state-averaged complete active space self-consistent field (SA-CASSCF) wave
function for one quartet and two doublet states with three electrons in three orbitals. This constitutes
the proper model space for answering the question raised previously. Starting orbitals were taken from
the quasi-restricted orbitals (QROs) [225] of a calculation with the BP86 function and the TZVPP basis
set (BP86/TZVPP). The active orbitals transform in the C,, point group under the b, (in-plane nitrogen

lone-pair), by (out-of-plane nitrogen lone pair), and a; (carbon o-lone pair) irreducible representations;
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hence, the lowest quartet state of the system is designated as 1-*A,. The SORCI calculation was then
performed on top of the SA-CASSCF(3,3) solution with Tee = 107%Ey,, Tpe = 1074, and Tpae = 107*
which provides essentially converged results for state energy differences. [243] The calculations indeed
predict 1-*A, to be the lowest state, followed by the first doublet (1-2A;) at 0.26 eV (6 kcal/mol) and
the second doublet (2-2A;) at 0.95 eV (22 kcal/mol). Both low-lying doublet states are dominated by
the same (b1)*(b2)*(a1)* configuration that also applies to the 1-*A; ground state and correspond to the
two linearly independent spin-doublet couplings that can be formed for three unpaired electrons in three
orbitals. This result has two implications. First, it calls the spin-unrestricted Kohn-Sham solutions for the
lowest doublet state (but not for the quartet state) into question, because it is not described well by a
single determinant. Indeed, if no special care is taken, B3LYP DFT calculations predict the first doublet
state to be 0.7 eV above the ground state, which corresponds to an error of 0.5 eV (11 kcal/mol), relative
to the more-reliable multireference ab initio calculation. Second, the quartet nature of the ground state
becomes intelligible: The three SOMOs form an (accidentally) quasi-degenerate set (upon taking the
ROHF solution of the 1-*A, state as a reference, the orbital energies are within <2 eV of each other).
Because the SOMOs are not well-separated spatially, the exchange interactions between the unpaired
electrons must be large. Hence, the quartet state, which features the largest exchange stabilization, must
be the ground state. These results show that, in agreement with the available experimental data, Q-5a
has a clear spin-quartet ground state and a strong preference for three unpaired electrons, even in the

low-lying doublet states.

Calculations of the EPR Parameters for Q-5a The EPR properties of Q-5a (1-*A,) were calculated
with the B3LYP hybrid functional and a reasonably large TZVPP basis set, as described in the Experi-
mental Section. The agreement between theory and experiment is very good for D, with respect to sign
and magpnitude, and is still reasonable for E (see Table 6.1). The near-perfect agreement observed for
the value of D is, to some extent, certainly fortuitous; however, good agreement with the experiment is
indeed anticipated from the results of Sinnecker and Neese. [223] The decomposition of D into individual
contributions in Table 6.1 is interesting. Approximately 87% of D results from the direct spin-spin cou-
pling (DSS), and still 13% comes from the SOC contribution. Interestingly, the calculated SS contribution
is essentially local, with the largest contributions resulting from one-center integrals. Of the remaining
contributions, the two-center terms reduce the local contributions by 18%, which emphasizes the im-
portance of multicenter two-electron spin-spin integrals if quantitative agreement with the experiment is
desired. The alternative breakdown of the SS term into Coulomb and exchange contributions shows that
the latter are not negligible and possess the same sign as the Coulomb terms that are usually solely held
responsible for the SS term within a point dipole model. Indeed, the exchange terms, which, to the best
of our knowledge, have rarely been discussed in the experimental EPR literature, account for 20% of the
SS term. This means that point dipole models are not realistic in the present systems; this is, of course,
also consistent with the fact that the SS terms result from local one-center contributions, rather than

from two-center Coulomb contributions as anticipated for a point dipole model.
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Table 6.1.: Analysis of the calculated D-tensor (B3LYP/TZVPP) of Q-5a. All numbers are given in units of

[em™].

D E
total (calc) 0.261 0.017
experiment 0.285 0.043
spin—spin 0.226 0.024
spin—orbit 0.035 —0.007

spin—spin
1-center 0.273 0.034
2-center —0.049 —0.010
3-center 0.002 0.000
4-center 0.000 0.000
Coulomb 0.182 —0.018
exchange 0.044 0.042

spin—orbit
M=0(a— a) —0.002 0.006
M=0(8—p) —0.001 0.006

M= +1(8—+a) —0001 —0.003
M= —1(a—pB) 0040 —0.003

The limited SOC contributions to D are dominated by the spin-lowering spin-flip contributions, which
result from the low-lying spin doublet states. This is consistent with previous results for other systems [224,
225,244-248] for which the SOC term represents the largest contribution to D. The SS contributions
are calculated without any spin polarization. Unfortunately, it has been found previously that inclusion of
spin polarization into the calculation of the SS term (which is technically feasible, of course) significantly
degrades the agreement with the experimental values. [223] Thus, currently, there does not seem to be

a satisfactory solution to this problem in a DFT framework.

Interestingly, the easy axis of the D-tensor does not point out of the plane but rather along the C-N
bond (Fig. 6.8). The calculated g-shifts are —86.5, 588, and 1012 ppm. The small shifts are typical
of radicals that are composed of light atoms. The orientation of the g-tensor is displayed graphically in
Fig. 6.8. Interestingly, the largest g-value — which also corresponds to the largest g-shift — is oriented
perpendicular to the molecular plane and, therefore, also occurs perpendicular to the easy axis of the
D-tensor. Nevertheless, the anisotropy in the g-tensor is sufficiently small, such that it is hardly possible

to observe it under the present experimental conditions.

Electronic Structure Calculations for Q-5c The quartet ground state of 5bc, calculated with the
B3LYP functional and the TZVPP basis set, shows a fairly complex spin-density distribution (Fig. 6.9)
involving ¢ and m components. The spin-density distribution is very similar to that observed in 2,3,5,6-
tetrafluorophenylnitren-4-yl (Q-5a), cf. Fig. 6.6.

The three singly occupied molecular orbitals (SOMOs) of Q-5c were identified by examining the exactly
singly occupied spin-unrestricted natural orbitals transformed into a localized presentation (Fig. 6.10).

The conclusions that can be drawn from inspection of the SOMOs confirm the description of Q-5c as
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(a) D-tensor (b) g-tensor

Figure 6.8.: Orientation of the D- and g-tensor of Q-5a, based on the calculations (B3LYP/TZVPP).

a o,0,m-triradical. The unpaired electron in the in-plane nitrogen MO is well localized and only slightly
polarizes the o-system of the ring, whereas the unpaired electron located in the out-of-plane nitrogen MO
is heavily delocalized into the m-system of the ring. Similarly, the carbon o-lone pair is fairly delocalized

into the o-system of the ring.

To determine the extent to which 5¢ has an isolated quartet ground state, SORCI calculations were
performed on top of a state-averaged complete active space self-consistent field (SA-CASSCF) wave
function with three electrons in three orbitals. This procedure has already proven to provide essentially
converged results for state-energy differences and has also been applied in studying 5a. Quasi-restricted
orbitals from a BP86/TZVPP calculation served as starting orbitals.

The active orbitals of the Q-5¢ molecule transform into the C, point group under a’ (in-plane nitrogen
MO and carbon lone pair), and a” (out-of-plane nitrogen MO) irreducible representations. Thus, the
lowest quartet state of the system is designated as 1-*A”. In fact, the SORCI calculation predicts 1-*A"
to be the lowest state, followed by the first doublet (1-2A”) at about 0.31 eV (7 kcal/mol) and the
second doublet (2-2A"") at about 0.81 eV (19 kcal/mol). The dominating electron configuration for both
low-lying doublet states is in agreement with 5a the (a’)!(a’)!(a”)! configuration, which corresponds to

the two linearly independent spin-doublet couplings.

The three SOMOs form a quasidegenerate set of MOs, with differences in orbital energies of less than 2.3
eV. Furthermore, since the SOMOs are spatially not well separated, the exchange interactions between
the unpaired electrons must be large. Thus, from both the theoretical and experimental results, it can

be concluded that bc has a well-isolated spin-quartet ground state.

Calculations of the EPR Parameters for Q-5c Experimental and calculated EPR properties of Q-5¢
are compared in Table 6.2. The agreement between experiment and theory is reasonable. As expected, the
dominant contribution to the ZFS tensor is the spin-spin (SS) interaction, which amounts to about 92%
of the total D-value. The calculated SS contribution is essentially local, with the largest contributions
resulting from one-center integrals. This was also found in the analysis of the ZFS contributions of the

2,3,5,6-tetrafluorophenylnitren-4-yl radical Q-5a.
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Figure 6.10.: Three singly occupied molecular orbitals of Q-5c: spin-unrestricted natural orbitals in a localized

representation; Pipek-Mezey [241] localization and B3LYP/TZVPP.

Figure 6.9.: Spin-density distribution in Q-5c. Positive values are contoured in green, negative values are con-

toured in blue, both at the level of 0.003 e~ /(Bohr?).

Table 6.2.: Analysis of the calculated D-tensor (B3LYP/TZVPP) of Q-5c. All numbers are given in units of

[em™].

D E
total (calc) 0.284 0.023
experiment 0.357 0.014
spin—spin 0.262 0.022
spin—orbit 0.022 0.001
spin—spin
1-center 0.315 —0.006
2-center —0.047 0.034
3-center —0.006 —0.005
4-center 0.000 0.000
Coulomb 0.172 0.025
exchange 0.091 —0.003
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(a) D-tensor (b) g-tensor

Figure 6.11.: Orientation of the D- and g-tensor of Q-5¢, based on the calculations (B3LYP/TZVPP).

Continued.
D E
spin—orbit
M=0 (a—a) 0.006 —0.003
M=0(B—p0) 0.010 —0.003
M= +1(8—a) 0021  0.004
M= —1(a—pB) —0014  0.002

The spin-orbit coupling (SOC) contribution to D is about 8%, which is slightly smaller than the corre-
sponding value in Q-5a. The SOC contribution to the D-tensor is dominated by spin-flip contributions.
Unlike in Q-5a, the two spin-lowering and spin-raising spin-flip contributions are of opposite sign and play

an important role.

The magnetic zy-plane of the D-tensor is located in the molecular plane of Q-5c, while the x-axis points
out of the plane. An analogous result was found for Q-ba. However, while in ba the easy axis is
oriented along the C-N bond, it is rotated about 1° away from the axis in Q-5c, and the origin of the
D-tensor is shifted from the molecular axis defined by the C-N bond (Fig. 6.11). Because the nitreno
radical simultaneously exhibits nitrene and carbene character, the large E-value of ba was interpreted
by geometric considerations. The dipolar field of the nitrene contribution in Q-5a points along the C-N
bond, while the carbene contribution points parallel to a hypothetical bond angle of 180° of the carbene
moiety, and thus its dipolar field is oriented along the y-direction of the nitrene contribution. Thus, the
nitrene and carbene contributions are perpendicular to each other, and since the nitrene character prevails
over the carbene character, the easy axis of the quartet D-tensor is still oriented parallel to the C-N bond,
and the carbene contribution to the dipolar field points along the y-direction, which results in significantly
magnetically inequivalent y- and x-directions. The large E-value can therefore be interpreted as resulting

from the carbene character of the 1-*A, ground state.

The lower E-value of Q-5c can then be explained from analogous geometric considerations. Since the
carbene center in the aromatic ring is located in ortho position to the nitrene center, the dipolar field

of the carbene contribution is not located perpendicular to the magnetic z-axis of the nitrene center,
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and this results in a considerable contribution parallel to the z-direction of the nitrene dipolar field and
therefore to a smaller E-value of the quartet spin system compared to Q-5a. Like for Q-5a, the nitrene
character in Q-5c still prevails over the carbene character, but unlike in Q-5a there is no symmetry axis
along the C-N bond in Q-5c, and thus the easy axis of the spin system can be shifted by the influence
of the dipolar field of the carbene. Since the D-value is heavily influenced by the spin density at the spin
carrying centers, the higher D-value of Q-5c can be explained by larger spin density on its nitrene center
compared to Q-ba. The nitrene centers in Q-5¢c and Q-5a bear spin populations of 1.598 and 1.577,
respectively, calculated at the UB3LYP/6-311G(d,p) level of theory. The calculated g-shifts are —150,
778, and 1035 ppm. In contrast to Q-5a, the largest g value is oriented in the yz-plane of the D-tensor
(Fig. 6.11).

6.1.3. Conclusions

The EPR measurements confirm the previous assignments of the products of the matrix photolysis of
6a, based on IR spectroscopy. [212,213] As expected, the primary photoproduct is nitrene T-7a formed
in very high yield. The splitting of the C-lI bond in 7 is much less efficient and competes with the
rearrangement to 9. Nevertheless, under conditions that allow the nitreno radical ba to be detected via
IR spectroscopy, a clear EPR signal of the quartet Q-5a can be observed. It is pleasing that the previous
assignment of the quartet state, based solely on IR spectroscopy, is now unequivocally confirmed by EPR
spectroscopy. As observed in the IR experiments, [212,213] the yield of 5a is strongly dependent on the
matrix temperature. At 10-15 K, only traces of 5a are formed, whereas the highest yield is found if 6a
is irradiated at 4 K. Annealing at temperatures of >10 K results in the recombination of 5a with the |

atom, therefore, it was not possible to measure the Curie-Weiss behavior of ba.

The electronic structure of Q-5a can be best-described as a o, o, w-triradical with one unpaired electron
located in an in-plane orbital at the N atom (o) and one at the para-C atom of the phenyl ring (o), while
the third unpaired electron is in an out-of-plane orbital of the N atom and is heavily delocalized into the
m-system. Because of the significant delocalization of the out-of-plane SOMO, Q-5a is expected to show
both properties of a nitrene that is linked to a phenyl radical and of a carbene (cyclohexadienylidene)

that is linked to a nitrogen-centered radical (iminyl radical), as shown in the resonance structures below.
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In accordance with this qualitative picture, the natural spin population [249] is calculated to 1.55 unpaired
electrons at the N atom and to 1.21 at the para-C atom (UB3LYP/TZVPP). The value of D in nitreno
radical Q-5a (|D/hc| = 0.285) is typical for quartet-ground state nitreno radicals. [250-252] However,
the large E-value in Q-5a deserves a closer interpretation. In agreement with our calculations, Wasserman
assumed that the direction of the principal magnetic axis z of phenyl nitrenes lies parallel to the N-C
bond. [210, 253, 254] It is readily verified (e.g., by a calculation on linear 3CH,) that the dipolar field
created by two unpaired electrons in p, and p, orbitals indeed points along the z-direction and that
the axial symmetry of the spin distribution in such an arrangement remains untouched and leads to

|E/hc| = 0. Indeed, for carbenes, it has been reported that the z-axis lies parallel to a hypothetical 180°
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bond angle, [255] and that the E-value consequently increases with decreasing bond angle at the carbene
center. The addition of a symmetrical 7-radical in the para position, as in Ref. [252] does not change the
pseudo-cylindrical symmetry of these triradicals; the z-axis remains in the same position, and, hence, the
E-value of these quartet systems should remain zero. However, this latter assumption cannot be verified.
Our calculations demonstrate that the bulk of the E-value results from one-center contributions of the
direct spin-spin coupling interaction. This information, together with the fact that Q-5a simultaneously
exhibits nitrene and carbene character, then leads to a simple and appealing geometric interpretation of
the large value of E, in contrast to the compounds reported in Refs. [250-252], which have E-values of
zero. We assume, for Q-5a, a coordinate system where the z-axis points along the C-N bond, the x-axis
is perpendicular to the molecular plane, and the y-axis, consequently, lies in the molecular plane. In the
nitrene part of the electronic structure, the two SOMOs are comprised of p, and p, orbitals and their
dipolar field is consequently directed along the z-direction. For the carbene part of the 1-*A; ground state,
the SOMOs are comprised of p, and p, contributions and, consequently, the resulting dipolar field points
along the y-direction. Because the nitrene character prevails over the carbene character of Q-5a, the
main magnetic axis is still pointing along the C-N bond in the z-direction. However, the carbene character
is reflected by an enhanced dipolar field in the y-direction, which is strong enough to give significantly
magnetically inequivalent y- and x-directions. We, therefore, come to the conclusion that the nonzero
E-value in Q-5a mainly reflects the carbene character of the 1-*A, ground state. This carbene character,
in turn, is controlled by the properties of the m-system, because the out-of-plane spin-density arises from

the conjugation of the nitrene out-of-plane SOMO and the 7-system of the ring.

Finally, the fact that the D-value for Q-5a is a factor of 3 smaller than those of typical phenylnitrenes [256]
is readily explained by the prefactor 1/[S(2S — 1)] of the DSS term (vide infra), which amounts to 1
for a ground state spin of 1 and 1/3 for a ground-state spin of 3/2. Assuming an axial D-tensor, the
level splitting of 2D (in S = 3/2) versus D (in S = 1) is more similar for both multiplicities but is
still slightly smaller for the quartet system. This is explained by the partial cancellation of the carbene
and nitrene contributions to the D-value, which oppose each other along the magnetic z-direction, as

explained previously in some detail.

The photochemistry of phenyl azide 6c¢ is quite similar to that of the previously described 6a and the
corresponding triplet phenyl nitrenes 1 are produced as primary photoproducts.

Photolysis of the product mixtures 7c, 8c and 9c yields two unusual products: nitreno radical 5¢ with a
high-spin quartet ground state and azirinyl radical 11. The yield of bc is quite low, and it could only be
detected by the sensitive and selective EPR spectroscopy. The EPR spectrum of 5¢ could be simulated
with the ZFS parameters |D/hc|=0.357 cm~! and |E/hc|=0.0136 cm~1. The D-value of 5c is slightly
larger than that of para-nitreno radicals such as 5a, which are in the range between 0.278 and 0.291
cm~1, while the E-value is considerably smaller than that of the para-nitreno radicals, which lie between
0.040 and 0.043 cm™!.

The classical interpretation of the ZFS parameters in terms of spin-spin interactions is that D correlates
with the distance between the unpaired electrons and E describes deviations from cylindrical symmetry.
This simplified interpretation does not take into account spin-orbit contributions, which indeed contribute
less than 10% to the ZFS parameters. The higher D-value of 5c compared to 5ba correlates with a higher
spin density at the nitrogen atom in 5¢. The higher E-value in the more symmetrical para-nitreno radical
5a compared to 5c is counterintuitive, but is in accordance with our model of describing nitreno radicals
as unifying properties of both nitrenes and carbenes. In 5a the dipolar field contribution of the carbene

is perpendicular to that of the nitrene moiety, whereas in 5c there is a much smaller angle between the
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dipolar field vectors of the carbene and nitrene units. Since the spin-spin interactions in nitrenes are larger
than in carbenes (the D-values of nitrenes are much larger than those of carbenes), the nitrene structure
in ba determines the magnetic z-axis, but the carbene structure results in a large contribution in the y-
direction and thus a large E-value. In 5c the symmetry is lower and the magnetic axes are not restricted
to the Cartesian axes as in Cy,-symmetrical ba. Thus, the less symmetrical bc has a significantly smaller
E-value than 5a. This description is in accordance with the electronic structure of a o, o, w-triradical.
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7. Conclusions

The accurate calculation of molecular properties for medium-sized to large chemical systems still represents
a challenge for computational chemistry. Although the formalism for the quantum chemical calculation of
second-order properties by linear response theory has been known for a long time, an efficient implemen-
tation has not been available for a long time. The goal of this thesis was to fill this gap by implementing

an efficient algorithm for the calculation of second-order properties.

The theory of second derivatives for non-variational methods, in particular second-order Mgller-Plesset
(MP2) perturbation theory, has been rederived and in the case of imaginary perturbations an alternative
Ansatz has been found, that differs significantly in its working equations from the formulas proposed in
the literature. The formalism for MP2 second derivatives has been extended for the use of the popular
'Resolution of the Identity’ approximation. The recently developed RIJCOSX approximation, which has
been implemented for the calculation of RIJCOSX-MP2 geometries, has also been successfully applied to
the calculation of second-order RI-MP2 properties. The speedups observed for the RIJCOSX-MP2 second
derivatives combined with a semi-numerical treatment of the most expensive 4-external contribution to
the o-vector compared to the conventional RI-MP2 method turned out to be very large for medium-sized
compounds with extended basis sets. A benchmark study has been performed on a static polarizability
calculation of a 16-annulene system in a quadruple-¢ basis set (Ngas=1360, Ngas;=960, Ngasc=2992).
The calculation could be completed in ~17 days and represents, to our knowledge, the largest reported
RI-MP2 polarizability computation.

The efficiency of the RIJCOSX approximation has been compared to another current approach developed
by Weigend and co-workers (RI-JK). The error of the RI-JK algorithm for calculated SCF energies is seen
to be more smooth for the tested systems and for small compounds RI-JK is preferable over RIJCOSX.
However, the RIJCOSX approximation turned out to be more efficient for large systems with accurate
basis sets. In addition, energy derivatives can be more efficiently formulated in the RIJCOSX framework,

which is entirely derived in the AO basis.

Furthermore, the theory of second derivatives for the new class of double-hybrid density functionals
has been derived. The implementation has been validated and the numerical results showed a great
performance of double-hybrid functionals, in particular, for the prediction of magnetic molecular properties.
A benchmark study demonstrated that fairly large systems with a reasonable large basis set could be

handled with our present implementation.

MP2 often provides erratic results when applied to open-shell systems, transition metal complexes or
compounds with a complicated electronic structure, due to a reference wave function of poor quality.
Therefore, an alternative approach has been derived, which improves MP2 results through incorporation
of orbital relaxation effects. For this purpose the molecular orbitals are optimized alongside with the
double excitation amplitudes, based on the well-known Hylleraas functional. The orbital-optimized MP2
method has shown to improve the energetics of open-shell species and transition states. The calculated
hyperfine coupling constants are almost of CCSD quality with only iterative O(N®) effort. The formalism

has been extended to first and second derivatives.
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A related Ansatz has been propsed by Lochan and Head-Gordon [58] with their 'orbital-optimized opposite-
spin scaled second-order correlation’ (O2) method. In their energy functional the alpha-beta correlation in
the MP2 expression is empirically enlarged, while the same-spin contribution is completely neglected. This
reduces the computational cost to iterative O(N*) effort. However, the Ansatz presented in this thesis is

more general, and by applying 'spin-component scaling’ [102] the O2-approach can also be maintained.

Finally, the characterization of 2,3,5,6-Tetrafluorophenylnitren-4-yl and 3,4,5,6-Tetrafluorophenylnitren-
2-yl was an example of a successful combination of theory and application. The analysis of the singly
occupied spin-unrestricted natural orbitals could confirm the notion, that both nitreno radicals are best
described as o, o, m-triradicals. Multireference ab initio calculations predict well isolated *A, and *A”
ground states for the radical compounds. The calculation of the zero-field splitting tensor could provide
a detailed insight into the orientation and the individual contributions of the D-tensor It could be shown

how high-level quantum-chemical methods can help to understand and confirm experimental spectra.

Future Prospects The implemented algorithm for RI-MP2 second derivatives is for basis functions,
which do not depend on the respective perturbation. Since, computed magnetic properties strongly
depend on the chosen gauge-origin, several attempts have been made to overcome this problem. All
proposed approaches use local or distributed gauge origins. The most popular Ansatz is formulated in the
AO basis and uses local gauge origins for atomic orbitals (GIAO). In this case, the basis functions will
depend on the magnetic field. Therefore, the implemented algorithm will have to be adjusted for the use
of GIAOs and for the calculation of geometric second derivatives.

Furthermore, the actual implementation stores the o-vector and several integral types on disc. It would
be desirable to avoid this storage for large systems and, thus, to develop an integral direct algorithm.

An efficient parallelization is scheduled for the near future as well.

The formalism for second OO-MP2 derivatives has been derived and a preliminary algorithm for the
solution of the coupled-perturbed OO-MP2 (CP-OO-MP2) equations has been presented. However, the
implementation has to be done in the near future. Although it has been pointed out in Section 3.3 that
the solution of the CP-OO-MP2 equations is of high computational effort, it would be very interesting
to investigate the effect of orbital relaxation on the calculated response properties. From our knowledge,
it would be the first implementation for second derivatives amongst such orbital-optimized methods
methods.

An alternative Ansatz is to relax the orbitals in a double-hybrid DFT approach. This has never investigated
before and it remains an open question whether this would improve the results in a similar way as OO-
MP2 improves upon MP2. If this would be the case, the orbital-optimized double-hybrid DFT approach

might become the 'new’ standard for molecular property calculations.
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A. Double Hybrid Density Functionals: A
Detailed Derivation of the Third

Functional Derivatives

Formulate the derivative of the XC part of the response operator,
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