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Summary

This thesis introduces new methods to compute molecular properties at the level of second-
order Mgller-Plesset perturbation theory (MP2) and double-hybrid density functional the-
ory, building on a reformulation in atomic orbitals and exploiting the rank deficiency of
the (pseudo-)density matrices, thus reducing the scaling behavior with respect to the size
of the basis set. By furthermore employing the resolution-of-the-identity approximation,
low-scaling and efficient MP2 energy gradients are presented, where significant two-electron
integrals are screened using a distance-including integral estimation technique. With this,
the forces and the hyperfine coupling constants of systems larger than previously com-
putable at the MP2-level are obtained.

In the second part of this thesis, the locality of the spin density in many molecular sys-
tems is exploited in the computation of the hyperfine coupling constants, leading to further
speed-ups and allowing for a thorough investigation of the effect of the protein environment
on the hyperfine coupling within the core region of a pyruvate formate lyase. With this
efficient method, studying the effect of nuclear motion on the accuracy of the computed
hyperfine coupling constants is possible. The study presented in this thesis demonstrates
that both electron correlation and vibrational motion are crucial for an accurate theoretical
description.

When calculating magnetic properties, the dependence on the choice of gauge origins
needs to be considered. This effect is studied systematically, and in detail, in a fourth
project of this thesis for the computation of electronic g-tensors, for which it was previously
assumed that the computation is largely independent of the choice of the gauge-origin. The
study clearly contradicts this assumption and motivates the use of gauge including atomic
orbitals in future work on electronic g-tensors.

In a last part, this work transfers the algorithmic developments on the computation of
analytic gradients to the computation of nuclear magnetic resonance (NMR) shieldings at
the MP2-level. Though a sublinear scaling ansatz to compute the NMR shielding tensor
per nucleus is available, the lack of an efficient implementation and the large dependency
on the size of the basis sets prohibits the accurate computation of the shielding tensor of
medium- to large-sized molecules. Furthermore, while this ansatz in theory scales linearly
when all nuclei in a system are computed, it is inefficient due to the dependence of the
rate-determining steps on the nuclear magnetic moments. This thesis therefore presents a
new all-nuclei ansatz and introduces the methodology for the efficient computation of the

energy gradients developed in this thesis, highlighting significant computational savings.
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1 Introduction

The extensive research on efficient and accurate quantum chemical methods has lead to
their widespread application in aiding the understanding of reaction mechanisms and ki-
netics, as well as in determining molecular structures and their relationship with molecular
properties. Two such examples are nuclear magnetic resonance (NMR) chemical shifts and
hyperfine coupling constants from electron paramagnetic resonance (EPR) spectroscopy.
While the theoretical foundation for an exact description of the electronic structure of
molecular systems is well known, the computational complexity requires an introduction
of different approximations. This necessity is due to their scaling behavior, which describes
the exponent in the increase of required computational resources with respect to the size

of the molecular system.

The basis of ab initio methods is the Hartree-Fock (HF) theory, %l where the electron-
electron interaction is described by a mean field-approach. However, the neglected electron
correlation often proves vital for an accurate description. A variety of post-HF methods
exist, which build either on a perturbation theory, describing electron correlation as a
perturbation of the HF wavefunction, or on an expansion of the wavefunction in multiple
determinants. The latter includes size-consistent coupled cluster (CC) approaches, such
as the “gold standard” of quantum chemistry,) the CCSD(T) method, which includes
singles and doubles excitations!” and a perturbative description of triple excitations!®. On
the other hand, Mgller-Plesset (MP) perturbation theory, a special case of Rayleigh-
Schrodinger perturbation theory,® provides a good compromise between accuracy and

computational cost, while still being ab initio and wavefunction-based.

An alternative, popular route is density functional theory (DFT). Contrary to HF the-
ory and post-HF methods, DFT is not an a priori wavefunction-based method. Based on
the Hohenberg-Kohn theorem which states that the total energy is a unique functional of
the electron density,[” finding this functional is the quest of DFT. A common approach
is the Kohn-Sham (KS) ansatz, ' which reintroduces orbitals to accurately describe the

kinetic energy. KS-DF'T has proven to be reasonably accurate for a wide range of molecular
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1] leading to its widespread use.['? By adding exact exchange contributions in

systems,
so-called hybrid functionals, this accuracy is typically increased.® Furthermore, includ-
ing electron correlation in double-hybrid (DH-) DFT, e.g., by second-order perturbation
theory (PT2) using Kohn-Sham orbitals, can lead to increased accuracy.!'¥ Recent work
on improving these DH-DFT functionals, e.g., for open-shell systems, highlights their ap-
plicability. "> 1" The PT2 contribution to DH-DFT is from an algorithmic point of view
identical to MP2, making developments for an efficient computation of MP2 energies, en-

ergy gradients, and molecular properties similarly applicable to DH-DFT.

Recent decades have seen significant advancements in the efficient computation of the
MP2 equations. In order to reduce the scaling behavior, exploiting the local nature of the
correlation contribution is crucial. An important approach is the use of localized orbitals
based on the work by Pulay and Saebg!'® 2% and for which local MP2 energies?1?2 | energy
gradients®>?4 and NMR shieldings 26l have been introduced. A second ansatz, which
is especially efficient on parallelized architectures, is partitioning the orbital space?”3% or
fragmenting the molecule!® 37 The third idea, which is the focus of this work, is based on
a Laplace transformation®®*4%  enabling a fully atomic orbital (AO-)based reformulation
of the respective MP2 energy equation. The local nature of the AOs ultimately leads to

linear scaling behavior. 414

An accurate description of the electronic structure forms the basis of an ab initio com-
putation of molecular properties, such as spectroscopic parameters. This constitutes an
important link between experiment and theory and can help analyse and interpret exper-
imental findings. As the Hellmann-Feynman theorem[**4 only holds true for complete
basis sets, molecular properties of a specific electronic state require analytic derivatives of

451 'While numerical derivatives are often easy to implement, com-

the energy expression
putational efficiency and accuracy mandate an analytic differentiation. The computation
of these derivatives needs to be efficient with respect to computational resources and to
the scaling behavior, allowing for a thorough analysis of the influence of the environment

and solvation on the molecular property as well as of dynamic effects.

In this work, the computation of different molecular properties is investigated. Besides
the nuclear gradients, which form the basis for geometry optimizations and ab initio Born-
Oppenheimer molecular dynamics, these include different parameters from EPR and NMR
spectroscopy. Both spectroscopic techniques are important analytical tools of chemistry
due to their strong dependence on structural parameters and high sensitivity, allowing the

detection of molecules, and their structure and dynamic effects. Their ab initio computa-



tion remains challenging and often electron correlation is crucial for accurate results*6:47.

Based on the previous AO-based reformulation of the MP2 energy gradient ¥, Paper I
of this work introduces an improved implementation by employing the resolution-of-the-

[49-55] and a Cholesky decomposition of the density matrices

identity (RI) approximation
(CDD) P57 as was previously done in the realm of the energy computation®®*%. Ex-
tending the distance-including QQR-type integral estimation by Maurer et al.[*>% to the
computation of MP2 energy gradients allows the exploitation of the locality of the atomic
orbitals. This builds the foundation for a computation of hyperfine coupling constants
(HFCCs) in the absence of spin-orbit coupling. Paper IT improves on the efficient imple-
mentation of HFCCs in Paper I by taking into account the locality of the spin density in
various realistic systems. By computing the HFCCs of selected nuclei, the computational
cost is reduced further. When only the opposite spin contribution in the scaled opposite
spin (SOS) approximation!® is computed, the wall time required for the computation is
reduced by migrating to graphics processing units (GPUs), as shown in computations on

a realistic biomolecular system.

As outlined in Sec. 2.3.2, the choice of gauge including atomic orbitals (GIAOs) in
the computation of magnetic properties, such as the electronic g-tensor and the NMR
shielding, is vital. While the effect is known in the computation of NMR shieldings !,
it was assumed to be small or negligible in the case of the electronic g-tensor!%2-67. The
work presented in Paper III contradicts this commonly adopted assumption by analyzing

in detail the effect on larger molecular systems.

Furthermore, vibrational averaging significantly influences the accuracy of the computed
molecular property. While this has been studied for small molecules at the DFT-level,
Manuscript IV presents a thorough analysis at the DH-DFT and MP2-level of the influence
of both molecular dynamics and electron correlation on the computed HFCCs using the

efficient implementations presented in Papers I and II.

To allow for a description of dynamic effects in the computation of NMR shieldings, a low
scaling efficient implementation is required. While Maurer and Ochsenfeld %8 presented a
(sub-)linear scaling reformulation of the MP2 NMR shieldings in atomic orbitals, the pilot
implementation entails a significant prefactor in the overall scaling behavior and a large
dependency of the computational cost on the basis set size for fixed molecular system
sizes. Therefore, extending the RI-CDD approach of the analytic gradients in Paper I to
the computation of NMR shieldings might be beneficial. First results are discussed in Sec.

4.2.3, indicating significant computational savings.
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This thesis will start by briefly reviewing HF and Mgller-Plesset perturbation theory and
subsequently summarizing the main ideas to reduce the computational cost: the reformula-
tion in atomic orbitals and the screening of the integral products using distance-dependent
estimates, the Cholesky decomposition, and the RI approximation. After this theoreti-
cal background, a brief summary of the findings in Paper I-III and in Manuscript IV is
presented in Chapters 3 and 4.



2 Theoretical Background

Calculating the energy of molecular systems forms the basis for the computation of molec-
ular properties. This chapter therefore starts by introducing the fundamental HF theory
in Sec. 2.1, followed by an overview of the main equation and the atomic orbital-based
approach to reduce the scaling behavior of Mgller-Plesset perturbation theory in Sec. 2.2,
and ending with a brief presentation of the theory to compute molecular properties based

on the energy expression in Sec. 2.3.

2.1 Hartree-Fock theory

In order to obtain static molecular properties, the time-independent Schrodinger equation
needs to be solved. Here, the non-relativistic molecular Hamiltonian H is composed of the
kinetic energy of the nuclei and of the electrons, and of the potential energy contribution
of the electron-electron, the electron-nuclei, and the nuclei-nuclei interaction. In atomic

units, the Hamiltonian is written as:

- 1 1 1 Z VA
(ST RD LD DI D Mk Bh Rl

T
j>i 4 paa

where nuclei are represented by capital Latin letters, whereas lowercase Latin letters are
used for electrons. M4 is the mass of nucleus A, Z4 is its charge, and R and r indicate the
respective distances between the nuclei, the electrons, and the electrons to the nuclei.
The motion of the nuclei is considerably slower than that of the electrons. The common
Born-Oppenheimer approximation thus views the motion of the electrons in a field of static
nuclei. %% The wavefunction is described as a product of a nuclear y,,(R) and an electronic

wavefunction ¥, (r; R) of state n:

(e, R) = 3" Gu(r R)xu(R). (22)

Analogously, the Hamiltonian is separated into the operator of the kinetic energy of the
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nuclei T}, the nuclear-nuclear repulsion Vyyn, and the remaining electronic Hamiltonian

~

Heli

H = Ty + Van + Hy. (2.3)

In the Born-Oppenheimer approximation one assumes the change of the electronic wave-
function with respect to the nuclear coordinates to be slow and thus negligible, leading

to:

<VNN(R) + 7A—wnuc + Ee1<R>> Xn(R) = EXn(R), (24)

where Vin(R) is the nuclear-nuclear interaction, and Fy(R) is the eigenvalue of the cor-

responding electronic Schrodinger equation:

ﬁelwn(r; R) = Vn(R)wn(r; R) (2'5)

In HF theory!! 3 the wavefunction is approximated by a single Slater determinant |¥)
built from an orthonormal set of molecular orbitals (MOs) {|¢)} to incorporate the anti-
symmetry of fermionic wavefunctions. These MOs are products of a spatial single-electron
wavefunction and a spin function. In the closed-shell case, the common restricted HF
ansatz dictates that each spatial orbital is occupied by two electrons of opposite spin. For
open-shell systems, the unrestricted HF (UHF) ansatz[™ is a common choice, which can
straightforwardly be applied in the computation of molecular properties but may intro-
duce spin contamination as the wavefunction is not necessarily an eigenfunction of the 52
operator. Therefore, the UHF wavefunction may contain non-physical contributions from

higher states.

Based on the Slater determinant, the MOs are optimized by minimizing the expecta-
tion value of the Slater determinant according to the variation principle, resulting in the

canonical HF equations:

F(i)|g) = eilg), (2.6)

where ¢; is the orbital energy and F' the Fock operator. This operator can be partitioned
into a one-electron Hamiltonian iL, taking into account the kinetic energy of the electrons
and the electron-nuclei interaction, and a two-electron contribution, where both operators

for the classical Coulomb electron-electron interaction jj and the non-classical exchange
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energy K ; of the other electrons j are considered:

F(i) = i)+ (jj(i) - fcj(i)) . (2.7)
j>i
The two-electron contribution thus behaves like a one-electron operator, where the other
electrons are only considered in a mean field ansatz. This results in the missing so-called
correlation energy, which is defined as the difference between the exact energy and the HF
energy.

At this point it is worth mentioning that the Kohn-Sham (KS) theory, which forms the
basis of modern DFT computations, is analogous to the canonical HF equation in Eq.
2.6, albeit with two exceptions: first, the two-electron contributions are evaluated as a
function of the electron density p and, second, the exchange operator is replaced by the
exchange-correlation (XC) potential, whose exact form is unknown but for which a variety
of approximations exist. 171

To solve Eq. 2.6, the molecular orbitals are often described by a linear combination of
atomic orbitals (LCAO) {|x,)}:

|§02> = Zc,uib(u)a (28)

which leads to the Roothaan-Hall equations!™>7:

Z Fuycyi = Z Suuoui5i7 (29)

with the Fock matrix element F),, = (u|F|v) and the overlap S = (plv).t Accordingly,

the HF energy can be given as:

1
EHF - Z [h“’jpl“’ + §PHVGMV(P>1 + Vnuc—nuc, (210)

%

with the density matrix:

Py =Y CpCy. (2.11)

1€0cc

The term G, (P) is the matrix representation of the two-electron contribution (or of the
KS potential in KS-DFT), which itself depends on the density matrix. Due to this explicit
dependence of the potential G on the density matrix, the HF energy, as well as the KS-

Tn the following, the basis functions {|x,)} will be abbreviated by {|u)}.
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energy, needs to be obtained iteratively in a self-consistent field (SCF) ansatz.

2.2 Mgller-Plesset perturbation theory

One approach to describe the missing electron correlation is perturbation theory. Hereby,

the Hamiltonian H is partitioned in two parts:

H=Hy+\V, (2.12)

where Hy is a Hamiltonian with known eigenfunctions and eigenvalues, and V is the pertur-
bation operator. ® The perturbation parameter X is introduced for the following derivation.

Inserting the partitioned Hamiltonian in the Schrodinger equation results in:

(Ho + w) 0, = E,[0,,). (2.13)

Subsequently, the eigenfunctions and eigenvalues can be expanded in a Taylor series:

En=EY + \ELM + N EQ + ...

(2.14)
(W,,) = [UD) + AJW)) + N2[W2) + -

Inserting Eq. 2.14 in Eq. 2.13, the following expressions for the i-th order energies can be
derived:
EY = (W) Ho W)
EY = (wQ Vv (2.15)
ED = (QV[wih).

In the quantum chemical context, this has been put forward by Mgller and Plesset (",
where the perturbation operator V is the difference between the electronic Hamiltonian in
the Born-Oppenheimer approximation (see Sec. 2.1) and the sum of all Fock-operators in
Eq. 2.7. Therefore, the unperturbed energy is the sum of the orbital energies (see Eq. 2.6),
while the sum of the unperturbed energy and first-order perturbation energy is the HF en-
ergy. A first description of correlation effects is obtained with second-order Mgller-Plesset
perturbation theory (MP2), which is the most employed order of perturbation and often
viewed as a good compromise between accuracy and computational cost, leading to accu-
rate results, e.g., for hydrogen bonding energies™ ™! and NMR shielding tensors*"76:77.

Qualitatively, MP2 describes pair-wise electron correlation. It should be noted that the
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MPn-series is not convergent, i.e., taking into account higher orders does not necessarily

improve the accuracy. ["® 82

MPn methods are also used to describe open-shell systems, most straightforwardly when
based on an UHF wavefunction.®3 Due to the spin contamination, UMPn results must
be treated with care. Furthermore, MP2 has been formulated as a post-KS method in
Grimme’s DH-DFT, " which, when based on an unrestricted KS determinant, can resolve

some of the spin contamination issues. 84

2.2.1 Canonical representation

The canonical closed-shell MP2 energy reads as follows:

(ialjb)[2(ialjb) — (ib]ja)]
Eyps = — 2.16
s = = 30 3 B R, (2.16)
where 1, 7 represent occupied molecular orbitals and a,b virtual orbitals. To obtain the

two-electron integrals in Eq. 2.16, the following transformations are necessary:

(ia]jb) = Z CiCva (v | AT)CjCop. (2.17)
Ao

When this transformation is performed consecutively, its formal scaling behavior is O(N?),
where N is the number of basis functions. This is rate-determining and limits the applica-
bility of canonical MP2 to small- to medium-sized molecules. This issue has been researched
over the past decades, resulting in different anséatze to overcome the large scaling behav-
ior. What they have in common is that they aim to exploit the locality of the correlation
contribution, which is not taken into account in the canonical formulation in Eq. 2.17.
This can be achieved by using local orbitals, as pioneered by Pulay and Saebg 182085~ A
different approach is partitioning the system either directly by fragmenting the molecule
in the fragment molecular orbital (FMO) method®*37 or by separating the orbital space

[27-32] " This work focuses on a third ansatz,

in the divide-expand-consolidate (DEC) ansatz
which builds on a reformulation of the MP2 energy in atomic orbitals {x,}, thus exploiting

their locality.
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2.2.2 Reformulation in atomic orbitals

For a reformulation of the MP2 energy expression in Eq. 2.16 in atomic orbitals the energy
denominator needs to be avoided. This can be achieved by a Laplace-transformation, as
introduced by Almlof and Héser 38401

T

1 . g 1
- = e Ut = wee e ~ wee Catcemenle it pfite
x /0 ; ¢ Eot+Ep— € —€j ; ¢
(2.18)

with the linear and exponential Laplace expansion coefficients w¢ and ¢.. With this Laplace

transformation, the MP2 equation can be rewritten as:

Eromp2 = — ZT:WCSC
cjl (2.19)
== we Y (17| X6) 2 (uv | Ao) — (po | W),
¢=1

12X

where |p) and |7) are transformed with occupied and virtual pseudodensities:
|H> = ZB;J/M|:M,>
w

— (2.20)
7) => P |v).

The pseudodensities arise from the Laplace transformation:

git
P, = § :C#’ie e

-~ ' (2.21)
PV’V = Z Cylie_gatgcm'.

To fully exploit the locality of the atomic orbitals and to achieve linear-scaling behavior,
an efficient and accurate screening method for the required integral products is necessary.

This will be outlined in the following section.



2.2 Mgller-Plesset perturbation theory 13

2.2.3 Distance-dependent screening of significant two-electron

integrals

Preselecting significant two-electron integrals in the computation of the AO-MP2 contri-
bution is necessary to achieve a reduction in the scaling behavior. A rigorous upper bound

for the value of a specific two-electron integral is the classical Schwarz estimate: [*%

(v [ Ao)| < [(uv | )| (Mo | Aa)|2, (2.22)
Qv Qs

with the Schwarz-matrices Q. When screening two-electron integrals using these Schwarz
estimates, only a quadratic scaling behavior can be achieved since with the common Gaus-
sian basis functions only a linear number of basis functions {v} surrounding g will have
significant overlap. Thus, a linear number of basis function products is significant in both
in the bra and the ket, i.e., a quadratic number. To accurately screen transformed two-
electron integrals as in Eq. 2.19, the Schwarz estimates in Eq. 2.22 need to be transformed

analogously.

To further reduce the scaling behavior, the dependence of the integral value on the
distance between the bra and the ket charge distribution needs to be considered by a
multipole expansion. 8788 To this end, Maurer et al.[**%% introduced a new screening ansatz
named QQR, which incorporates the distance-dependence of the two electron integral over

the charge distributions Q. and Qye:

bra

(Qbra | let Z Z Z Z qmz}%ﬁ:j_?nj ) (223)

m=0 n=0 t=—m j=—n bra-ket

with the m-th order multipoles g2, of the charge distribution A and the individual spherical
multipoles . Rpraker indicates the distance between the two charge distributions and T

takes into account the relative orientation of the multipole moments.

The monopoles of transformed charge distributions are zero due to the orthogonality of

the occupied and the virtual subspace:

qOO = S,uy ZBMH' M/,//FV/,, = 0. (2.24)

W'
Therefore, when both bra and ket are fully transformed, as in Eq. 2.19, all terms with

m < 1 or n < 1 will be zero, resulting in the slowest distance dependency being R _ ..
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[42]

As proposed by Maurer et al.'**, this can be exploited by screening the fully-transformed

two-electron integral as follows:
ZyinZixz
(47 | A5) ~ s . (2.25)
(R — extyy —ext Ag)

Hereby, Hiser’s pseudo-Schwarz matrices Z are employed.*” To correctly describe the
distance between the charge distributions, their extents need to be taken into account. A
thorough discussion of the extents can be found in Ref. 42. At this point it has to be noted
that QQR estimates do not represent a rigorous upper bound although they do provide a
fully controllable accuracy.*? Thompson et al.® recently introduced distance-including
rigorous upper bounds, which, at this stage, are not yet applicable to AO-MP2, as they only
incorporate the distance-dependency of the operator. They do not include the additional

distance dependency due to the orthogonality of the occupied and virtual subspace.

2.2.4 Cholesky decomposition

While linear scaling behavior can be achieved with the aforementioned QQR screening
technique, widespread application is hampered by a large computational prefactor and
dependence on the size of the basis set. This can, in part, be explained by the need to
screen integral products, to access and process lists of significant integral products, and to
evaluate the MP2 contribution per Laplace point. However, a further vital aspect needs to
be considered: while for large molecule sizes the sum in Eq. 2.19 involves a linear number
of atomic orbitals, when only the basis set is increased the result is an O(N®) behavior.
The canonical formulation in Eq. 2.16 only involves the summation of N2 - N . orbitals,

occ
resulting in a N - N2 . N2

occ vir

. scaling behavior in the transformation. For large basis sets,
the number of occupied orbitals will be quasi constant, and the virtual orbital space alone
increases with an enlarged basis set size, resulting in an asymptotically O(N®) scaling
behavior.

Therefore, exploiting the rank deficiency of the density matrices is vital, reconnecting the
summation in Eq. 2.19 to the number of electrons in the system. A plethora of methods
reducing the rank deficiency exist. In the case of the AO-MP2 equation a method that
preserves the locality of the (pseudo-)density matrices is necessary. This can be achieved
by a Cholesky decomposition %657
AO-MP2 energies %85,

, which was previously applied to the computation of
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Hereby, the pseudodensities are decomposed as:

Py = ZLMLM

2.26
?y’u = Z Zu’azyaa ( )

where the sums run over the ranks of the respective pseudodensity matrices. It has to
be noted that such a Cholesky decomposition is only possible when the matrix is positive
semi-definite. The pseudodensities satisfy this by definition. As shown by Maurer et
al. the numerical rank of the pseudodensity is equal to or smaller than the rank of
the density matrices, i.e., the size of the occupied or the virtual orbital subspace. When
decomposing all pseudodensities in Eq. 2.19, one obtains the following contribution per
Laplace point ¢ of the AO-MP2 energy:

occ virt

E = ZZ (i@ | jb) [2 (i@ | jb) — (ib | ja)] . (2.27)
ij ab

Therefore, when the basis set size is increased, a formal scaling behavior similar to the
canonical formulation is obtained. Furthermore, the orthogonality of the occupied and
virtual subspace is preserved, allowing for an efficient integral estimation using the QQR-
technique (see Sec. 2.2.3). The preservation of the sparsity of the pseudodensities is shown
in the work by Maurer et al.,’® who introduced the term local pseudo-MOs (LPMOs)
to describe the orbitals i, and a,b. To clearly differentiate with respect to local MO

methods, later work employed the term local Cholesky orbitals. 9091

2.2.5 Resolution-of-the-identity approximation

A further bottleneck of a widespread application of AO-based MP2 formulations is their
large prefactor in the scaling behavior. An important ansatz reducing the computational
prefactor as well as memory requirements is the RI approximation (also known as density

fitting). "9 Hereby, the two-electron integral is described by:

Naux

(v [ Ao) =D (w | P)(P| Q) (Q] M), (2.28)

P?Q
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using the auxiliary basis set {P}. Thus, the two-electron integral can be described as a

contraction of two three-center quantities:

(v | Ao) = ZB . BL

1 2.29
with: Bl = Z (v | Q)(Q | P) 2. 229
Q

This is exact for auxiliary basis sets that fully span the space of the integral products.
For finite-sized basis sets, this approximation is typically accurate with respect to relative
energies and molecular properties but, however, not for absolute energies. Therefore, a
recent work by Schurkus et al.l%? reduces the error with respect to absolute energies by
projecting out the unphysical parts of an oversized auxiliary basis set.

When applying the RI-approximation in the AO-based CDD-MP2 computation in Eq.

2.27, the fully transformed two-electron integrals can be computed by:
Z B;;Bf;, (2.30)

where the transformed three-center B matrices are obtained by step-wise transformation
with the Cholesky decomposed pseudodensities. The computation of the MP2 energy using
this RI-CDD approach has been proven to be highly efficient, outperforming canonical
implementations with decent basis sets for medium-sized molecules and providing manifold
speed-ups for large molecular systems, such as a DNA strand consisting of up to eight base

pairs. 29

2.3 Molecular properties

2.3.1 Analytic derivative theory

The computation of molecular properties using quantum chemical methods is an impor-

tant tool linking experiment and theory. As described by Gauss, *°!

one can distinguish
between three types of molecular properties: properties, (i) that are related to energy dif-
ferences, such as reaction energies, dissociation energies; (ii) that are specific for a given
electronic state, such as NMR chemical shifts, g-tensors, vibrational frequencies; and (iii)
that are characterized by transitions between electronic states, such as excitation energies,

transition strength, and electron affinities.
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The focus of this work is on the second type of molecular properties, i.e., those that
depend on a specific electronic case. These properties describe the response of the molecular
system to an external perturbation, such as an external magnetic field. Assuming this
perturbation to be weak, a Taylor expansion can be used to describe the energy in the

presence of the perturbation &:

1 d2E
2 dgz

dE

2
I 24 ... (2.31)

£=0

When considering the physical nature of the interaction with the perturbation, the different

§+

£=0

E(¢) = E(§ = 0)

orders can be assigned to molecular properties. For example, when the perturbation is
an external electric field, the first-order term is the dipole moment, whereas the second
derivative describes the polarizability and the third the first hyperpolarizability, and so
forth. As a note, the computation of the molecular property as an expectation value within
the Hellmann-Feynman theorem [*3*4 is not sufficient as it does not hold for approximate

wave functions. Similarly, numerical differentiation is often insufficient. [*°!

2.3.2 Magnetic properties

Both EPR and NMR spectroscopy involve the splitting of energy states in an external field:
in the case of EPR, this involves the splitting of electronic spin states, whereas in NMR
spectroscopy the loss of the degeneracy of nuclear spin states is studied. Therefore, the
description of parameters of both spectroscopies involves an external magnetic field. In
order to describe this perturbation, one has to extend the Hamiltonian. The interaction
of the magnetic field with the magnetic moments, which are a result of the motion of
the electrons, changes the kinetic energy operator. Hence, the momentum operator p is
replaced by the generalized momentum operator 7 according to the principle of minimal

electromagnetic coupling: 394

F=p+Alr), (2.32)

where the vector potential A is given by:

om; X (r —Ry)
r—Ry[*

N J N
~~

Ao A,

5 (2.33)

-

A(r):lB X (r—R0)+Za
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taking into account both the external magnetic field B and the nuclear magnetic moments

m; of each nucleus j. a is the fine structure constant. Consequently, the magnetic field is

given by:
B=VxA=VxAj+) VxA, (2.34)
B J
0 B]'

with the nuclear magnetic field B;.
If the interaction between the total electronic spin s; and the magnetic field is to be

considered, the Hamiltonian becomes:
HoH=H-) B;-s; (2.35)

The derivative of this additional term with respect to the nuclear magnetic moment m;
results in two terms: the anisotropic spin-dipole interaction and the isotropic Fermi-contact
term. [ In the absence of spin-orbit coupling, these two terms are the hyperfine coupling.
As such, HFCCs can be obtained as a first-order property.

When treating magnetic properties, one additional issue needs to be addressed: the
magnetic field is not uniquely defined by the vector potential A. The choice of the gauge
origin Ry in Eq. 2.33 does not change the results in a complete basis set. This, however,
is not the case for truncated basis sets.[*>%! Here, the dependence on the choice of gauge-

origin can be strong. Thus, gauge including atomic orbitals (GIAOs) are necessary:

Xu(B) = x.(0)exp (—%B x (R, —Ry) - r) (2.36)

where the field dependency of the basis function is included in the exponential gauge

prefactor. [97-101]



3 First-order properties at the
MP2-level

This chapter introduces the main theoretical developments and equations from the work on
first-order properties shown in Paper I and IT and briefly summarizes the results presented

in Manuscript IV.

3.1 Analytical RI-CDD MP2 energy gradients

The computation of first-order properties at the MP2-level is challenging. While the first
fully AO-based formulation of analytic energy gradients was put forward by Schweizer
et al.,*8 the lack of an efficient implementation prohibits the testing and application on
realistic systems. In order to achieve high computational efficiency with a reduced scaling
behavior, both the RI-CDD ansatz and an extended QQR-screening is mandatory. This is
shown and analyzed in detail in a first efficient implementation in Paper I included in this
work. This section will briefly introduce analytical AO-MP2 gradients and then summarize
the new RI-CDD ansatz in their computation. The reader is referred to the attached Paper

I for a more detailed and thorough description and discussion.

Starting from Eq. 2.19, the analytic gradient with respect to a perturbation £ involves
two terms: the perturbation of the pseudodensities and the perturbation of the basis

functions. The terms are separated as follows:

OEro. T 9&ro.
AO-MP2 _ Z w< AO-MP2

= R

—Z (22:3## gg“ +2ZRﬁya§g” +215>

(3.1)
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where the perturbation of the basis functions is included in Ig:

7= 3 22 3 (4 0) - (o am)). 5:2)

UVAO

and where the perturbed pseudodensities are contracted with the triple-transformed R-

matrices:
By, =Y (w/ | 30) 2(w | Ao) — (po | )],
. i (3.3)
Ry =Y (07| X0) 2 (w | \o) = (no | Av)].

As shown in Ref. 48 in a pilot implementation, the number of significant integrals scales lin-
early. This can, however, only be exploited by an extended QQR-type integral estimation,

which takes into account half-transformed charge distributions as presented in Paper I.

Issues challenging the computation of AO-MP2 energies similarly apply to their analyt-
ical gradients. Therefore, benefits can analogously be expected from the RI-CDD ansatz.
By introducing a Cholesky decomposition of the pseudodensities, the If term and the

R-matrices read as:

occ virt

=33 (@] 9 [2(@ | jb) - (@] ja)],

occ virt

R, ZZ (' | jb) [2 (iv | jb) — (ib | jv)], (3.4)

occ virt

=335 e ) 2 ) - G5

i
where the perturbation in parentheses indicates a perturbation only with respect to the

basis functions.

To reduce the computational prefactor, the transformed two-electron integrals are ob-
tained using the RI-approximation. In contrast to the evaluation of the RI-CDD MP2
energy, a B-matrix transformed solely with the virtual Cholesky matrix is required. Fur-
thermore, the perturbation of the two-electron integral itself needs to be accounted for. Its

RI-approximated description reads as:
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BM r 955, Z (P Q)

;w|)\a Z

: g
- 85L_ 9 (u | Q) -1 3.5

and: C’fl, = Z (v Q)(Q | P)_l
Q

This perturbed two-electron integral is fully transformed in the I g term in Eq. 3.4. To
circumvent the expensive transformation per perturbation, all perturbation-independent

contributions are collected in terms I

ZZFW o ZZFM 5 T (3.6)

A definition of the perturbation-independent contributions I' and of I'¢ can be found in

Paper 1.

By using the extended QQR-type integral estimation, a low-scaling, efficient algorithm
is possible. The computation of the perturbed pseudodensity per perturbation can be
circumvented by the Z-vector technique™%1% in its AO-formulation*® using the efficient
density matrix-based Laplace-transform coupled perturbed SCF (DL-CPSCF)4. In the
implementation presented in Paper I, the nuclear gradient of linear alkanes larger than
CgoHi2o is obtained faster than with the canonical implementation. Due to the reduced
scaling behavior, the speed-up increases for larger systems and is confirmed with glycine
chains.

While nuclear gradients are important for, e.g., structure optimizations or accurate
molecular dynamics, other first-order properties can similarly be obtained using the new
RI-CDD ansatz. As outlined in Sec. 2.3.2, the HFCCs can be viewed in the absence
of spin-orbit coupling as a first-order property, where the perturbation is the isotropic
Fermi-Contact interaction and an anisotropic spin-dipole coupling. For this, open-shell
RI-CDD gradients are necessary. A simple ansatz to describe open-shell properties is to
base the computation on an unrestricted Hartree-Fock (UHF) wave function. It has to be
noted that although this is mostly straightforward and can rely in large parts on respec-
tive developments in the closed-shell case, a drawback is the possible spin contamination!.

Nonetheless, many systems exhibit only a small spin contamination. This can be improved

!The unrestricted slater determinant is not a satisfactory eigenfunction of the spin operator 52,
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upon by double-hybrid density functional theory, which combines DFT and MP2.1" The
derivations for MP2 are equally transferable to DH-DFT with the same equations be-
ing solved using Kohn-Sham orbitals. With this, spin contamination issues can often be
overcome!® and reliable HFCCs can be obtained 0.

Based on an UHF-wavefunction, the RI-CDD-UMP2 energy gradient reads as:

8ERI CDD MP2 i oEn
CLRLCDD-MP2. WCZ

(3.7)
with: _QZRW 52“+223<" ””+2I§n,

with the unrestricted R-matrices and Ié,n term:

a,B occ virt

=323 Gl by (@@l ), —ow (@B 43), |

n'  ij ab

a,B occ virt
EE’Z - Z Z Z @V/ | ‘ig)nn’ [(zy | ‘lg) m Oy (25 | ‘ly) nn] ’ (3.8)
i a

a,B occ virt

- Z Z Z (wal ZB)W/ [(Na | ZE)W/ — Oy (10 | l’a)nn} ;

where the subscript 1 of the two-electron integrals indicates the respective spin of the
bra and the ket. In the case of the HFCCs, the Ifm term equates to zero, as the basis
functions are independent of the perturbation. With an unrestricted variant of the AO-
based Z-vector technique presented in Paper I, this allows for an efficient computation of
HFCCs for larger systems than previously computable. The largest system calculated in
Paper I, CygoHzo1, was computed five times faster than our conservative extrapolation of

the respective canonical computation.

3.2 Selected-nuclei hyperfine coupling constants

HFCCs are directly related to the spin density. In most systems, the spin density is
localized in close proximity to the radical center, which results in a small number of nuclei
exhibiting HFCCs deviating significantly from zero. In Paper II, an approach to study the
HFCCs of selected nuclei is therefore introduced, further exploiting their locality.
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If only a specific HFCC is of interest, directly computing the perturbed pseudodensity is
computationally favorable to the Z-vector technique. This results in the following equation
to obtain the HFCC of nucleus k:

8l;RIaCDD MP2 _ _ = Z we Z ag;Wk
agn occ virt _ _
with; 2 3y 23 1), (@1 58),, 0w @), ] (39

n' v

occ virt

+ZZZZ Mka ‘ ]b [(/ﬂ ‘ lg)nnr - 57771’ (/ﬁ ’ l‘g)m} )

where M}, is the nuclear magnetic moment of nucleus £ and the two-electron integrals are

transformed directly with the perturbed pseudodensities:

M M, -
(" a | jb ZP” o ’—b)nn" (3.10)

By including the perturbation in the screening, the scaling behavior of the number of
significant two-electron integrals is sublinear due to the locality of the perturbation. This
is shown in the computation of the HFCC of the terminal carbon atom of linear alkane chain
radicals in Paper II. While alkane chains do not represent realistic molecular systems, they
are the ideal test case to analyze asymptotic scaling behavior. When the RI-approximation
is utilized, this sublinear scaling behavior cannot be fully exploited since the coupling
with perturbation is lost in the ket distribution via the auxiliary basis set. Nonetheless,
a significant speed-up can be achieved, allowing the computation of the HFCC of the

terminal carbon atom in CogoHyo1.

This can be further optimized when only the opposite spin terms, i.e., ' # 1 in Eq. 3.9,
are computed. The idea of neglecting same spin contributions has been pioneered in the
evaluation of the MP2 energy. In work by Jung et al.l%!), the opposite spin terms are scaled
with ¢,s leading to scaled opposite spin (SOS)-MP2 resulting in a reliable approximation
of the full MP2 energy. In a SOS-based MP2 formulation the use of the local attenuated
Coulomb-metric 61195106 ip the RI expansion couples the locality of the bra with the ket

charge distribution.
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With the erfc-attenuated Coulomb-metric, the SOS-CDD-MP2 HFCCs read as:

a-EAO—MPQ a
s — Cos szw Ccv
oM Z Z © (3.11)
+Z;(Q)CYZy(¢)C¥)
with: .
(C“’>PQ =) (PIP)(PNQ Q). (3.12)
PQ
where erfc(wrig)
(PlQ),= <P T Q) : (3.13)

The Z-matrices are built from sparse three-center B-matrices as:

(Zw >PP’ _EM’C BP, ()
(7)., =B, (@B (w (3.14)
(%10),, = @B @

A definition of B anchan be found in Paper II. The attenuation of the Coulomb-metric
is controlled by w, for which a value of 0.1 in the work by Luenser et al.''7 demonstrated
no loss in accuracy with respect to the full Coulomb-metric while still providing the com-

putational efficiency of the local overlap metric.

A further speed-up can be obtained by migrating to massively-parallelized architectures
such as graphics processing units (GPUs). Analogous to work on the computation of SOS-
MP2 energies using the RI-CDD ansatz on GPUs, 1% the previously established J-engine
can be used to efficiently compute the HFCC on GPUs.

In Paper II the accuracy of the SOS-approach is thoroughly studied and the entailed
speed-ups are shown for linear alkane chains. With the new SOS-MP2 method employing
the attenuated erfc-Coulomb metric, the HFCC of the terminal carbon atom of CapoHyp2
was computed in 33 hours on one GPU node. The broad applicability of this new method
was shown in an exemplary study on the influence of the environment on the HFCC of
a glycyl radical enyzme, namely pyruvate formate lyase (PFL), where, despite the high
globularity of the system, the protein environment could be studied extensively, even with

taking into account over 400 atoms.



3.3 Influence of correlation and nuclear dynamics 25

3.3 Influence of correlation and nuclear dynamics

Besides electron correlation, a second important influence on the accuracy of the obtained
molecular property is, especially for structurally sensitive parameters, the contribution of
nuclear dynamics. Most measurements are performed in solution, resulting in vibrational
averaging of the measured results. Recent research has highlighted the importance of taking
this into consideration when computing HFCCs. 199112 In Manuscript IV, we analyzed in
detail the dynamic and the correlation contribution on the HFCC.

Assuming a perfect harmonic distribution of all vibrational degrees of freedom, as well as
a strictly point-symmetric relationship between the structural parameters and the HFCC,
dynamic effects would be zero. These premises are typically not fulfilled, as can be seen
in Manuscript I'V. Various approaches exist to consider dynamic contributions. The most
straightforward one is to perform a simulation of the nuclear motion and subsequently
compute a set of frames from the simulation, averaging the obtained property accordingly.
For this, the computational cost per frame needs to be sufficiently low. Using the new
methods presented in Papers I and II of this work, such an analysis taking into account
both the correlation effects and dynamic contributions is possible.

The results in Manuscript IV show that dynamic contributions are non-negligible and
their neglect can in severe cases lead to erratic results. Furthermore, electron correlation

proves to be equally important and considering both effects leads to accurate and reliable
HFCCs.






4 Second-order properties

This section will deal with two important second-order properties, namely the electronic
g-tensor and the NMR shielding. Both are of great importance in the determination and
evaluation of molecular structures and their dynamical behavior. As the interpretation of
the experimental spectra, especially for large molecular systems, remains challenging, ab
initio calculations are vital to not only aid the interpretation, support the experimental
evidence, but also link experiment to theory. The computation of NMR shieldings is well
established, especially using HF- and DFT-ansétze. %113118] However, when correlation
effects need to be adressed,!*>7 MP2 was shown to be the method of choicel47-119-121],
Similar studies with respect to the electronic g-tensor are still hampered by the lack of
an efficient implementation, although results using coupled cluster approaches indicate the

122] * Recent work by Grimme et al.['?3 highlights

influence of the correlation contribution!
the necessity to include dynamic effects in the computation of NMR shieldings and to
correctly sample the conformational space, for which highly efficient codes to compute the
molecular properties are required.

Sec. 4.1 summarizes the main findings in our systematic study of the gauge-depen-
dence of the electronic g-tensor especially for large molecular systems, shown in detail in
Paper III. The subsequent section introduces the main theory and working equations of
the previous work on nuclei-selected AO-MP2 NMR shieldings®® and discusses how the
extension of the RI-CDD ansatz in the computation of analytic gradients in Paper I and

II can be transferred in a new all-nuclei ansatz for NMR shieldings at the MP2-level.

4.1 Gauge-dependence of the electronic g-tensor

As outlined in Sec. 2.3.2, the computation of magnetic properties is challenged by the
dependency of the result on the choice of the gauge origin when using incomplete basis

sets. This is circumvented by the use of GIAOs (see Eq. 2.36). While the use of GIAOs

[45,96]

is widespread in the computation of NMR parameters, this is not the case with the
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computation of g-tensors. The g-tensor is given as a mixed derivative of the energy with
respect to the magnetic field and the electronic spin, and contains different contributions:
the relativistic mass correction and diamagnetic and paramagnetic one- and two-electron
terms. The relativistic mass correction is due to the kinetic energy correction to the electron
spin Zeeman effect and is readily computed from kinetic energy integrals and the spin
density. The one-electron contributions stem from the electron-nuclear spin-orbit coupling,
whereas the two-electron terms involve both the electron-electron spin-orbit operator and

the spin-other-orbit operator. 24

Despite the g-tensor being a magnetic property, most previous studies found this prop-
erty to be relatively insensitive to the choice of gauge origin, 5267 whereas others point

nl66:125-128] * The effect of an error due to the choice of gauge

to a significant contributio
origin is expected to be greater for larger molecular systems, whose computation remains

challenging due to the lack of an efficient low-scaling implementation.

We therefore conducted a study systematically analyzing the effect of the choice of
the gauge origin on the accuracy of the computation of the electronic g-tensor, which is
presented in the work in Paper I11. Our results highlight that for larger molecular systems
a suitable choice of the gauge origin is inevitable. If a single-choice origin is used, this
must, however, be situated in the center of the spin density. Therefore, the common
electronic charge centroid approach, which places the gauge origin in the center of mass of
the molecular system, fails dramatically in cases where the maximum of the spin density
is situated away from the center of the molecule. Paper III introduces a more physical
and accurate choice of gauge origin, based on the spin density. For a general description
of systems with delocalized spin densities or multiple spin centers, the use of GIAOs is
inevitable, and thus the GIAO ansatz is the method of choice.

Furthermore, the sparsity of the perturbed spin densities in Paper III lays the foundation
for future work on exploiting the locality of the perturbation which forms the basis for a
sublinear computation of electronic g-tensors. This requires sophisticated work, especially
with regards to the sublinear solution of the required CPSCF equations analogous to the
work on the sublinear scaling computation of NMR shieldings at the HF /DFT-level. [12?)
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4.2 RI-CDD ansatz for NMR shieldings at the MP2-level

4.2.1 AO-based MP2-NMR shieldings for selected nuclei

The magnetic shieldings tensors o; of nucleus j can be obtained as a second derivative of
the energy expression with respect to the magnetic field B and the nuclear magnetic spin

moment m;: [130,131]

O’E
= ) 4.1
o3 <8mj8B ) B,m, =0 (4.1)

For NMR shieldings at the MP2 level, the respective MP2 energy expression is chosen.
Similar to the computation of g-tensors in Sec. 4.1, gauge dependency is an important
issue. Therefore, gauge-including orbitals are used,®"3 which cancel any dependencies

on the choice of the gauge origin. 4>

Maurer and Ochsenfeld ¥ proposed a complete AO-reformulation of the computation
of NMR shieldings at the MP2-level using GIAOs. Their ansatz allows for the sublinear
computation of the shielding tensor of a specific nucleus. The sublinear computation of
NMR shieldings has previously been demonstrated at the HF- and DFT-levels by Beer et
al." The starting point of AO-MP2 NMR shieldings is a formulation of the MP2 energy
gradient with respect to the magnetic field B, following the approach by Schweizer et al.[*®]
Subsequently, the second derivative with respect to the nuclear magnetic spin moment m,;
is needed, taking into account the independence of the basis functions of the perturbation

Of mj.

Overall, the following equation for the computation of the shielding tensor of nucleus j

can be given: 08!
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T

_ ) =B,m;
U;xo MP2 _ _Zwa{4ZB,mJ LT
a=1

+2Tr (?Ian —Y+ G[?g‘i + X;’J] 1 R™ gtePoccF

occ

R (e PoF)™ - RmieTe Pl _ R (7ePue)™ ) PR | (4.2)
+2Tr PP?J?J}

+2Tr

(7;“3 i X;nj) F® 4 (Y,+Y,) F(ij)]

+2Tr [(—(Y" + RMie ePvn L R (e !ePvn®) ™) §715B5 1] }

The definition of the Y-matrices, which depend on R and R can be found in Ref. 48. A
detailed description of the recursive calculation of the derivatives of the Y-matrices with
respect to the nuclear spin moment can be found in the Appendix B of Ref. 68. The

derivatives of the R-matrices (see Eq. 3.3 for details) are defined as: [©®

Ry =" (0™ | M7) (v || o) + Y (w/ | A™7) (v || Ao)

JoNe JoNe

' (4.3)
D7 (1 55™) (v || M),
UAT
and o
Ry =Y (Wv™ | X0) (v || Ao) + ) (47 | X™97) (uv || Ao)
vAo VAo
‘ (4.4)
+ Y (W7 28™) (v || Ao).
VAo
The perturbed two-electron matrices Z%™ and o™ are given by: (68!
o™ =3 (™7 | X) (v || Ao)®,
no (4.5)

0™ =37 (™ | 39) (u || A0)®
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As the computation of R™ and R™ involves perturbed pseudo-densities, these need to be

calculated by:

m; taPoccF )™M taPoccFpm;
P = (e ) +e Poo
ij g (e_tDthirtF) mj + e_toszirtFij

v'v virt®

(4.6)

The derivatives of the matrix exponentials can be obtained in recursions and the method
of squaring and scaling!*$132133 can be employed, avoiding numerical instabilities. The
number of perturbations are three per atom, but involve highly local perturbed pseudo-

densities. (08l

The computation of the nuclear magnetic shielding tensor is a fully AO-based refor-
mulation, thus allowing for a (sub-)linear-scaling computation. To this end, the second
derivative of the density matrix PO needs to be circumvented. This can be achieved by
the Z-vector method. [*8:192103] Ty order to obtain the derivative of the density matrix, the

following CPSCF equations need to be solved for any perturbation &;:

APS = b&, (4.7)

The second derivative with respect to a perturbation & leads to:

APYE 4 ARPS = bhe, (4.8)

As A is a symmetric, positive-definite Hessian, it can be inverted. Multiplying Eq. 4.8
from the left with both the inverse of A and P leads to:

ppié — 'PA_lb&& _ pA—lA&PEl
— 'pé—l (b€1§2 _ é@P&) ) (49)

Bm;

Introducing the unperturbed Z-vector Z* = Pé_l enables the critical trace Tr [PPOCC }
to be expressed by:

Te [PPE] = T [27 (bP™ — A™PP)]. (4.10)

To achieve sublinearity, all terms that depend on P® need to be collected and a perturbed

Z-vector needs to be introduced, which is defined by:

O™iPB = (Z7)™ bB, (4.11)
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with (Z7)™ = O™ A™" (for details see Ref. 68).
Based on the pilot implementation by Maurer and Ochsenfeld[%®!, QQR-type integral
estimates were introduced and applied, showcasing the sublinear scaling behavior for small

[134]

basis sets!™*. Due to the large basis set dependency and prefactor in the scaling behavior,

this could not be applied using larger and more diffuse basis sets.
4.2.2 AO-based MP2-NMR shieldings for all nuclei

While the computation of NMR shieldings of selected nuclei is often sufficient, a method
to compute the shieldings of all nuclei of the system is also of interest. In principle, the
approach by Maurer and Ochsenfeld allows for a linear-scaling computation of all nuclei, [68!
but this entails a large prefactor. This is due to the fact that all computationally expensive
steps involve matrices depending on the perturbation of the nuclear magnetic spin moment.
When specific nuclei are computed, the dependence on the perturbation of the nuclear
magnetic spin moment is favorable as this exploits the locality of this perturbation. This
is undesirable when the NMR shieldings of all, or a large number of, nuclei are calculated,
as the number of nuclear magnetic spin moment perturbations scales with the number of
nuclei. This work therefore introduces a reversed order of differentiation of the AO-MP2
energy expression in order to obtain a dependence of these matrices on the perturbation
of the magnetic field, which involves three non-local perturbations irrespective of the size
of the molecule.

Based on the analytical AO-MP2 energy gradient by Schweizer et al.[*¥], the perturbation
of the MP2 energy with respect to the nuclear magnetic spin moment m; of nucleus j is

given by:

T

Eyb _ypy=— Zwa{2 Tr [(?2 + X2) hmj}

a=1

+ 2Ty [(?1 — Xl + G [?2 + XQ} + Eetapoch o EeftapvirtF)ij} } (412)

occ

Y w2 e 4 2 e Py
a=1

In contrast to the differentiation with respect to the magnetic field, 7™ and S;* are zero

due to the independence of the basis functions on the perturbation m;. The chemical
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shielding tensor for a nucleus j can now be obtained by a second differentiation of Eq.
4.12 with respect to the magnetic field B. This leads to the following expression for the

shielding tensor o;:

T

phO-ar2 _ _ Zwa{g Tr (Y; - Y2+ G[Y; + Y5 + GB[Y, + Y,

a=1

I RE ctaPoccF +R (etaPoch)B —~ RBe PvnF _ R (eitaPVirtF>B )ngc} (4.13)
42Ty [(?lj + X?) h™ + (V3 +Y,) hij}

2Ty [PPL’?ﬂ }
where the perturbed YB-matrices depend on the respective perturbed RB-matrices:

B2, = 3" (4P | 30) (v || Ao) + 3 (/| A%) (o || Ao)

HAC uAo

. (4.14)
+ (/[ 25%) (u || Ao) + D (w0 | A7) (v || Ao)®
J2.Ne BT
and 5
Ry =Y (W% 1 X5) (v || do) + > (17| A®7) (uv || Ao)
VAo VAo . (4.15)
+> (W7 28°) (v || Aa) + D (W7 | X3) (uv || Ao)®.
vAo VAo

The equation for the new computation of the NMR shielding tensor o; in Eq. 4.13 can be
abbreviated by:

gAOTMP2 _ Ty [OBPYY,] + Te[PPa] + Tr[X), (4.16)

j
where quantities independent of a perturbation of the density matrix are combined in X.

The CPSCF equation for Pog. is given by:

APgd = b™. (4.17)

Multiplying Eq. 4.17 from the left with O leads to:

OPPod. = OPA D™, (4.18)
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The perturbed Z-vector can now be defined as:

(Z")B =0BA ™. (4.19)

Therefore, Tr[OBPgde] is given by:

TH{OPPg&] = Tr [ (27) " b™s) . (4.20)

Similarly to Eq. 4.10, the trace Tr[PP(r,ncjf] can be computed as:

Tr [PPE’ECB} =Tr [Z" (b™P — APP™)], (4.21)
where the Z-vector ZT is defined as Péfl.

This new ansatz leads to a reduced number of perturbations in the Z-vector technique. In
the approach by Maurer and Ochsenfeld, the Z-vector in Eq. 4.11 needs to be solved for each
m; perturbation, which is desired when specific nuclei are calculated, but which will provide
a high prefactor when all nuclei are computed. In the reverse order of differentiation, the Z-
vector in Eq. 4.20 needs to be solved per magnetic field perturbation, which is independent
of the size of the molecule. It has to be noted, though, that the computation of the Z-

vectors is not rate-determining.

All computationally expensive terms have been reformulated to asymptotically allow for
a linear-scaling calculation of the three magnetic field perturbations in contrast to Ntoms

sublinear-scaling nuclear magnetic spin moment perturbations.

4.2.3 RI-CDD ansatz in the computation of MP2-NMR shieldings

Similar to the computation of MP2 energies® and of analytical MP2 energy gradients (see
Sec. 3.1 and Paper I), using the RI-CDD ansatz is beneficial to reduce the prefactor in the
scaling behavior and the basis set dependency. This work therefore extends the ansatz to
the computation of the perturbed R-matrices in the nuclei-selected approach (see Eqgs. 4.3

and 4.4), resulting in:
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occ virt occ virt

Ry ZZZ (0 | gb) (uv || 50) + ZZZ(@’M“’@(@HAB)

ol (4.22)
+2, 0 @/ [ jo™) (vl jo)
o 4]
and
occ virt 3 virt B B
ZZZ v™ | gb) (v || ) + > (Wa| A™b) (ua || Ab)
virt occ ' " (423)
+ ZZZ (,LL/E | Zﬁmj) (ME I ZO’) )
o a J
Furthermore, the ZB™i matrices in Eq. 4.5 can be obtained as:
om =33 ) Gl ) .,
(4.24)

o ZZZ (0™ | jb) (iv ||jb)

If the NMR shieldings of all nuclei following this work’s new ansatz are to be computed,

the RI-CDD approach in the computation of the perturbed R-matrices leads to:

occ virt occ virt

ZZZ V' | jb) (uv || 4b) +ZZZ iv/ | ABE) (iv || AD)

occ occ virt (425)
FD @ 1 57°) (v 1l go) + 0D (@ 1 8) (v 11 D)™
o 1] ij b
and

occ virt virt

ZZZ TR Gb) (v 11 30) + DD (wa| APD) (ua || Ab)

o (4.26)

virt occ virt occ

ESN S (Al Gl o) + YD (| B) G | )™
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The superscripted perturbation in brackets of the two-electron integrals with respect to
the magnetic field indicates a perturbation of the basis functions only. When the RI-
approximation is employed, as outlined in Sec. 2.2.5, the perturbation of the auxiliary

space has to be disregarded to maintain gauge invariance?%3% resulting in:

Naux

—_ 1 B B B
(i | )™ =3 [B2y o+ Buar B

P
1 (B) - (B)
with: B z'p = Z LaB,, p, (4.27)
N
= 0 (uv | Q) -3
B
and: Bz(w,)P:Za—B(Q|P) z.
Q

The perturbed pseudodensity matrices are not positive semi-definite per definition. There-
> and R thus exhibit a 1

iy A0 vy, thus exhibit a less
pronounced reduction of the scaling behavior with respect to the size of the basis set than
in RI-CDD MP2 energies and energy gradients, namely from N5 to N3 - N2 .. Other de-

composition techniques proved so far to be incapable of retaining the sparsity and locality

fore, a Cholesky decomposition is not possible. Both R

of the perturbed pseudodensities.

With the formulation in Eqgs. 4.22-4.26, the efficient code to compute R-matrices using
the RI-CDD approach, presented in Paper I, can be employed. If a selected nucleus is
computed, accordingly, ten R-, ten R-type matrices, and the ZB™ matrices need to be
computed. These R-type matrices involve the transformation with the local perturbed
pseudodensities either instead of with the occupied or with the virtual decomposed pseu-
dodensity. In the computation of all nuclei, similarly ten R- and R-type matrices are
required per x-, y-, and z-direction of the magnetic field, though transformed with the less
favorable non-local perturbed pseudodensity. The pseudodensity perturbed with respect
to the external magnetic field is sparse, as can be seen in Fig. 4.1, where PB and P are
shown for for CgoHygs using the basis set pcS-1.1 In addition, the perturbed two-electron
integrals need to be evaluated explicitly in Eqgs. 4.25 and 4.26.

Fig. 4.2 shows the computational cost of the computation of the rate-determining per-
turbed R-matrices in the new all-nuclei ansatz compared to the computation of its un-
perturbed variant. This clearly shows that while the computational effort is larger for

a second-order molecular property, the favorable characteristics, i.e., the scaling behavior

1peS-n are basis sets that were shown to provide accurate NMR shieldings. [*7136] pcS-1 corresponds to
a double-( basis set in size.
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() P™
Figure 4.1: Sparsity patterns for the perturbed occupied and virtual pseudodensities with
respect to the external magnetic field B obtained from DL-CPSCF for CgoHi9

using the basis set pcS-1. The sparsity patterns are taken from the first Laplace
expansion point and elements smaller than 10™° are discarded (white).
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Figure 4.2: CPU time in the computation of the R and the RB matrices of linear alkanes.
The inset is a double-logarithmic plot of the CPU time of the three largest
systems, on which the slope indicated in the legend is based. Basis set: pcS-
1/def2-SVP-RI. Values taken from the first Laplace expansion point.

shown in Paper I, can be exploited in the computation of the NMR shieldings. Nonetheless,
the necessity to store a multitude of transformed B-matrices, including those transformed
with the perturbed pseudodensities, constitutes a memory bottleneck.

The sacrifice of the RI-CDD ansatz is the linear scaling behavior, which is lost due to
the auxiliary space. While SOS-methods, in combination with local metrics such as the
attenuated Coulomb-metric, can asymptotically regain this favorable scaling behavior, as,
e.g., shown in work on MP2 energies® and on a linear-scaling AO-based reformulation of
the random phase approximation %7, this is not possible for computations including both
the opposite and the same spin contribution. Although work by Maurer and Ochsenfeld
introduces new scaling parameters to make SOS-MP2 NMR shieldings accurate, *” ap-
proaches including both contributions can be considered to be more stable and reliable.
The new approaches introduced in this chapter already constitute a significant improve-
ment in the computation of perturbed R-matrices, though memory requirements and the

scaling behavior remain issues for future work.
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In this work, new efficient methods to accurately compute analytic gradients, hyperfine
couplings, and NMR shieldings were introduced. Based on previous studies on linear scal-
ing algorithms to compute these molecular properties at the MP2-level, the methodology
introduced in the realm of MP2 energies to reduce the basis set dependency and the pref-
actor in the scaling behavior was applied and extended. The reduction of the basis set
dependency is achieved by decomposing the pseudodensities, thus exploiting their rank
deficiency. By combining with the RI approximation, the memory requirements and the
prefactor in the scaling behavior is reduced. Furthermore, to efficiently exploit the locality
of the atomic orbitals, or Cholesky orbitals in the case of Cholesky decomposed pseudo-
densities, an extension of the previously introduced distance-including QQR-type integral

estimation is required.

With these new algorithmic developments, the computations presented in Paper I show-
case the reduction of the computational cost in the computation of the analytic gradients
and an early cross-over with respect to the canonical implementation. By extending the
methodology to unrestricted MP2, taking into account both spin cases in the evaluation
of the MP2 contribution, HFCCs can be obtained in the absence of spin-orbit coupling.
The computation of the HFCCs is highly efficient and, similarly to the analytic gradients,
exhibits a cross-over to the canonical implementation for medium-sized molecules. Using
the new ansatz, larger molecular systems become accessible at the MP2-level than before

the present work.

The size of computable systems can be extended further by computing the HFCCs of
selected nuclei. Hereby, the locality of the perturbation is exploited by a perturbation-
including extended QQR-type integral estimation. In the work presented in Paper II,
this leads to a sublinear number of significant integrals. While this significantly reduces
the computational cost, the RI approximation hampers the efficient exploitation of this
reduced scaling behavior. Within the SOS-approximation, this can be circumvented by

the use of an attenuated Coulomb-metric, as shown in Paper II. Furthermore, by adapting
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the previously introduced J-engine-type scheme, the computation can be transferred to
massively parallelized architectures such as GPUs, leading to a further significant speed-
up. Thus, studies on the influence of the environment on the HFCC of the radical center

are possible, as showcased using the pyruvate formate lyase, a glycyl radical enzyme.

This efficient implementation to compute HFCCs lays the foundation for widespread ap-
plications. As shown in previous work, reliable HFCCs can only be obtained when taking
into account vibrational averaging. Since the HFCCs are strongly dependent on the struc-
ture, anharmonicity in the distribution of bond angles, bond lengths, or dihedral angles,
as well as deviations from the point-symmetric relationship between the structure and the
HFCCs, results in considerable dynamic contributions. The study in Manuscript IV clearly
shows that both electron correlation and incorporating dynamic effects can significantly

change the computed HFCCs and must therefore be included in future studies.

When computing magnetic properties, the choice of the gauge origin can significantly
alter the results. While in the computation of NMR shieldings, GIAOs, which overcome the
gauge origin problem, are used, this is not commonly the case in computations of electronic
g-tensors. In the benchmark presented in Paper III, the influence of the choice of gauge
origin on the accuracy of the results is analyzed, highlighting a strong dependence for larger
molecular systems. By introducing GIAOs, this error can be removed completely - though
at a higher computational cost. Paper III therefore additionally presents a new pragmatic
approach to determine a more reliable approximation of the gauge origin based on the spin
density, which largely improves the results for systems with localized spin densities. For
systems with delocalized spin densities or more than one radical center, GIAOs will need

to be employed and constitute the basis set of choice.

This analysis of the necessity to employ GIAOs in the computation of electronic g-tensors
forms the basis for future developments towards their efficient calculation, exploiting the lo-
cality of the (perturbed) spin density. In the case of NMR shieldings, the strong dependence
on the choice of gauge origin is well known. Therefore, all recent developments towards
(sub-)linear scaling AO-based MP2 NMR shieldings resort to GIAOs. Their widespread
application is, however, hampered by the lack of an efficient implementation. Analogous
to AO-MP2 energies and energy gradients, AO-MP2 NMR shieldings suffer from a strong
basis set dependency with respect to the computational cost. In this work, a first attempt
towards a reduced prefactor in the computational scaling behavior as well as a reduced
basis set dependency of the computation of the NMR shieldings of all nuclei is presented
by extending the RI-CDD ansatz. A Cholesky decomposition of the perturbed pseudo-
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densities in order to exploit rank deficiency is not possible as they are skew-symmetric
and indefinite. The results presented in this work show that a significant reduction in
the computational cost for medium-sized molecules can be achieved. While the significant
computational cost and large memory requirements remain and warrant future work on
their reduction, this work already provides fundamental research results forming the basis
for following studies.

The developments presented in this work form the foundation for future large scale
studies of HFCCs taking into account both electron correlation and vibrational averaging.
Combined with a future low scaling implementation to compute the electronic g-tensor,
EPR spectra of challenging molecular systems can be obtained reliably in silico. Further-
more, the work on the analytic gradients can be applied to methods that involve MP2-like
equations. For example, in the case of the random phase approximation, SOS-MP2-type
equations are rate-determining, allowing for the results presented in Paper I and II to be
transferable. Furthermore, since a recent study at the HF /DFT-level shows that a compu-
tationally efficient description of medium-sized systems is sufficient when the environment
is described by molecular mechanics within the QM /MM framework, '3 the new advances
regarding the computation of NMR shielding tensors of this work provide a significant step

towards their reliable computation.
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An efficient implementation of energy gradients and of hyperfine coupling constants in second-order
Mgller-Plesset perturbation theory (MP2) is presented based on our fully atomic orbital (AO)-based
approach. For the latter, an unrestricted AO-based MP2 formulation is introduced. A reduction
in the dependency of the computational efficiency on the size of the basis set is achieved by a
Cholesky decomposition and the prefactor is reduced by the resolution-of-the-identity approxima-
tion. Significant integral contributions are selected based on distance-including integral estimates
(denoted as QQR-screening) and its reliability as a fully controlled screening procedure is demon-
strated. The rate-determining steps are shown via model computations to scale cubically in the
computation of energy gradients and quadratically in the case of hyperfine coupling constants. Fur-
thermore, a significant speed-up of the computational time with respect to the canonical formulation
is demonstrated. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4990413]

I. INTRODUCTION

Analytic energy gradients, as first introduced in a
quantum-chemical context by Pulay,' play a crucial role in
theoretical chemistry. Besides providing equilibrium and tran-
sition structures of a molecule, they are necessary to perform
on-the-fly molecular dynamics and form the basis for calculat-
ing molecular properties, such as hyperfine coupling constants
(HFCCs) and nuclear magnetic resonance (NMR) shifts.> For
accurate gradients, electron correlation needs to be accounted
for. This can be achieved by various means, e.g., by coupled-
cluster (CC)*% or second-order Mgller-Plesset perturbation
theory (MP2).”8 Such electron correlation methods entail a
large computational effort and a high-order scaling behavior
of the cost. Even the relatively cheap MP2 method scales in its
canonical formulation with the fifth power of the size of the
molecule. The computation of large molecular systems at low
computational cost therefore needs a reduction of the scaling
behavior. Several approaches exist to exploit the locality of
dynamic correlation. A group of methods is based on the work
by Pulay and Saebg®~!% using localized orbitals. Various local
correlation methods were derived,!314 including local MP2
energies'>!® and analytical gradients.!”"!3 Another approach
is to fragment the whole molecule, such as in the fragment
molecular orbital (FMO) method by Kitaura ef al.'>* This
enables large scale energy computations at the MP2-level on
massively parallel-vector computers®! and has been extended
for geometry optimizations.”>* An alternative approach
is the divide-expand-consolidate (DEC) ansatz in partition-
ing the orbital space,>?’ thus allowing for massive paral-
lelization?® and for the computation of large-scale systems.
Recently, DEC-MP2 gradients were presented, providing a fast

D Electronic mail: christian.ochsenfeld @uni-muenchen.de

0021-9606/2017/147(2)/024101/12/$30.00

147, 024101-1

computation using large computer clusters.’>** Besides these
groups of methods, an alternative ansatz exploits the locality of
the electron correlation by a formulation of the MP2 equations
in atomic orbitals (AOs) via a Laplace transformation.>!=33 AO
methods do not rely on a spatial restriction of the correlation
space. Instead significant integral contributions are determined
directly. 3436

The present work is based on the Laplace transform. A
linear scaling behavior can hereby be achieved by our effi-
cient QQR-type integral estimates that include the distance
dependency of the charge distributions in the two-electron inte-
grals.>>30 Due to redundancies in the AO basis set, this scaling
behavior cannot be expected when the basis set is enlarged at
a constant size of the molecular system. Using a Cholesky
decomposition,’” Maurer et al.* introduced an approach
to reduce the redundancy of the basis set in the computation of
AO-MP2 energies whilst maintaining its locality. Furthermore,
the prefactor in the scaling behavior can be reduced by the
resolution-of-the-identity (RI) approximation.*'*7 Combin-
ing the Cholesky decomposition of the pseudodensity matri-
ces (CDD) with the RI-approximation to form the RI-CDD
ansatz and using the QQR-estimation technique, a low-scaling,
efficient computation of the MP2 energy is achieved.*’

We introduced the theory for the computation of MP2
energy gradients*® avoiding any transformations between the
AO and the molecular orbital (MO) basis. While the working
equations and first results of a preliminary implementation
have been presented earlier,”8 an efficient implementation has
not yet been put forward. This is achieved with the present
work, where we apply the RI-CDD approach to the compu-
tation of AO-MP2 energy gradients and present an efficient
implementation with extended QQR-type integral estimates.

Furthermore, based on an open-shell formulation of the
RI-CDD MP2 energy gradients, the efficient computation of

Published by AIP Publishing.
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HFCCs in the absence of spin-orbit coupling becomes possi-
ble. The equations to compute HFCCs at the MP2-level using
the RI-CDD approach are presented, accounting for both spin
cases by an extended Laplace expansion. We want to point
out at this point two approaches for improving the reliabil-
ity and accuracy of the computed HFCCs. The first one is
to use spin-component scaling, as introduced by Grimme,*
which, in combination with orbital optimization, provides reli-
able HFCCs.>® The second one is the double-hybrid density
functional theory (DH-DFT).’>! DH-DFT combines density
functional theory and perturbation theory thus overcoming the
pitfalls and short-comings of the MP2 approach. It was shown
for bond dissociation energies that including MP2 contribu-
tions improves the results while not being as sensitive with
respect to spin contamination as a pure MP2 computation.>?
With the use of analytical gradients of the DH-DFT energy,>
reliable HFCCs can be computed.>* Both approaches can also
be used within our RI-CDD ansatz by adapting the respective
MP2 terms.

In this work, we first briefly summarize the main equations
for the calculation of AO-MP2 gradients and present the algo-
rithm to compute unrestricted MP2 energy gradients by the
RI-CDD ansatz. We then introduce the extension of the QQR-
type integral estimates. Subsequently, we derive the equations
to compute closed-shell nuclear gradients and HFCCs based on
the RI-CDD approach. Finally, we analyze both the accuracy
and the efficiency of our approach.

Il. THEORY
A. AO-MP2 energy gradients

Following the Laplace-transform approach by Almlsf and

Hiser,3'=33 we introduce the unrestricted AO-MP2 energy as
T(ra
EAOMPZ—__Z wg Z Hy | M’ , W 1)
((ur ,UV}\U'
RLL
Z w(ﬁﬁ Z uv ‘ Lo-)ﬁﬁ (uv || Ao)
fﬁﬁ ;M»rr
Tap
- Z W | 4T) (v D). (1)
Sap vho

where integration over the spin coordinate is applied. The
two-electron integrals are transformed with the local pseudo-
densities (PDs),

N
(EVME)W: > PZ”PVVP;Z,)\PUU(//V’IK'U"). )
,u’v’h’(r’

Different Laplace expansions are chosen for the three spin
cases, indicated by the linear Laplace expansion coefficients
w™’ which depend on the Laplace point ¢, - The number of
Laplace points is given by 7,,,,. The Laplace expansions of the
different spin cases depend on a generalized range, which are
given by

R (Egax + Eglax) B (GZﬂn + E:iun) (3)

' = o o
(/o * Eumo) ~ (Efiomo * €homo)
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In the closed shell case, only one range is necessary (7 =n").
In a similar manner, we propose a simplification for the open-
shell case by taking the maximum range of the three different
spin cases leading to the Laplace points {. In the unrestricted
formulation, this leads to the following equation for the AO-
MP2 energy:

T N
Exowrs = —= Y we 3 [(47 | 57) (v 1l o)
2 é/ aw

Hvho
(v | 17) Gy 1l o)

+2(uv ‘ }»0') (uv |2 |, 4)
which can be abbreviated as
T af
EAOMP2———Zw(Zg7(() )
with
N
e =), (v |1) v llho)
Hvho

+(w | 27) Gy o), ©)
- 71

which depends on the Laplace expansion via the PDs and
where 1’ represents the opposite electron spin state of 7.
To obtain the energy gradients, this energy expression is
differentiated with respect to the perturbation &,

OE = 86”7(4“)
AOMP2: 22 (Z

T (lﬁ N
:"ZWZ [2ZRW
n Hu

7 an’v 7,
+2;I_€va<£>a—§+21'f<;>]. )

Hereby, the terms depending on the derivative of the two-
electron integral are sorted in opposite-spin (OS) and same-
spin (SS) I’ contributions, given by

I"0) = IIE QO + 10 )
3 (uv || ho)

N
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and the terms contracted with the derivative of the PDs are
included in so-called R-matrices,
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and

R () =REPQO+REP Q@)
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Following the density matrix-based formulation of the
PDs,’*% Schweizer er al.*® introduced an efficient formula-
tion of their derivative based on an equivalent formulation of
the energy-weighted density matrix,>6-’

7 t P R 7
6£ = MPZ&:C + et(chan %

KT o€
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The perturbed matrix exponentials can be obtained by expan-
sion in power series’®>° and numerical difficulties can be
avoided by using the method of squaring and scaling.”® As
shown by Schweizer et al.*® the corresponding equation for
the computation of the MP2 gradient using Eq. (11) can be
re-ordered, leading to the following asymptotically linear-
scaling equation for the computation of AO-MP2 energy
gradients:

66”] —
91D _ o 4 ome [(V1 + Y2) 9]
¢ =
+2Tr [(?’1’ —Y7 + GIYS + Y1+ 0Ys +Y]
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+2Tr S’7§S‘1] , (12)
o¢

where F7¢) denotes the derivative of the Fock-matrix with
respect to the basis functions only, and where G = J — K
denotes the usual two-electron contributions by the Coulomb
term J and the exchange term K.

The Y-matrices are built in recursions from the corre-
sponding R-matrices; a detailed description can be found
in Ref. 48. The expensive determination of the explicit first
derivative of the density matrix can be avoided using our
AO-based reformulation of the Z-vector method*® that had
been originally formulated by Handy and Schaefer in the
MO-basis.?*%! Hereby, Eq. (12) can be abbreviated as

9E"(0)
(24

6]‘)20(3

_ 7
—2Tr[77' 9¢

] +2Tr [X'%f] , (13)
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where the contributions independent of the perturbed density
matrix are collected in X. Subsequently, the Z-vector technique
can be applied,

P!
73”65_?0 = PI(A") B¢ (14)
* @n’

with B¢ as the right hand side of the Coupled-Perturbed
Self-Consistent Field Theory (CPSCF) equations. This leads
to the following reformulation of the trace summation in
Eq. (13):

) .
Tr [P’?W] =Tr [(Z")'B"¢]. (15)

Using the efficient density matrix-based Laplace-transformed
CPSCF (DL-CPSCF) by Beer and Ochsenfeld,®? one obtains
the following unrestricted Z-vector equation:

T
Zn-vo _ Z w(FU (,P;]—vo _@gnve [ZI]—UO + Zr]—av]
7
_Jrve [Zn’—vo 4 7 -ov ] )Bn, (16)

where the Coulomb-type two-electron integral J7~"° depends
on the Z-vector of the opposite spin n’. It has to be noted that
for real perturbations in the unrestricted open-shell case, the
two Z-vectors need to be determined simultaneously. Here,
the n—vo superscript describes the virtual/occupied-projection
into the n-space.®

B. RI-CDD approach

Based on this linear-scaling AO-MP2 energy gradient the-
ory, an efficient algorithm with a non-redundant local basis set
can be obtained via the RI-CDD ansatz,*Y combining the RI
approximation (also known as density fitting)*'~7 to reduce
the prefactor in the scaling behavior with a Cholesky decom-
position of the PDs to remove redundancies in the AO basis
set.3”3? The use of density fitting is advisable in the case of
AO-MP2 gradients, as this avoids the tedious and computa-
tional time- and memory-intensive book-keeping necessary
to obtain a linear scaling computation of the transformed
two-electron integrals.

In the RI-CDD approach, the PDs in the AO-formalism
are decomposed using a completely pivoted Cholesky decom-
position®*% to account for their semi-definiteness,

rank (P )=0cc

PTI _ LU L’I
—H'u - =p'i=pi’
i
rank(Py; )=virt ( 1 7)
Y F/al
Pv’v = Z LV'ELVE'

a

L and L can be considered as coefficient matrices of localized
occupied and virtual pseudo-MOs (LPMOs).*’ The number
of occupied and virtual LPMOs is equal to or smaller than the
rank of the PDs, which is linked to the size of the respective
MO space.

Decomposing the PDs in the computation of the
R-matrices and of "¢ accordingly leads to
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1—377 ~ occ virt . E 3 E
on(0) = Z Zb: (,u @ ‘ J ),,,7('““ H J )nn
J o a
occ virt

w2 > walp), (ua|p), . a8
j ab

RI(D) = ZZ v |b),

occ virt

+ ZZ v’ _'_ - gv |j_'5)7m,, (19)

lV H ]b)'m

and
occ virt (f)
4 = ZZ ia ‘jb - za ” jb)m]
ij ab
occ virt

+2.2.(@|®),,

ij ab

la | jb) (20)

m’’

where (£) indicates the perturbation with respect to the basis
Sy L |u) and [@),, = 3, Lyglv).

Following the approach by Maurer et al.,** we further-
more introduce the RI approximation. The RI-approximated
calculation of the fully transformed two-electron integrals
using the Coulombic metric** reads as

functions only, and |}, =

Naux

@|7),,-3,(@ |7, e 107(e] 7, e

where P and Q denote the auxiliary basis. The inverse Coulomb
metric (P | Q)~! is separated to describe the RI-approximated
two-electron integral as a contraction of three-center
matrices B,

dUX /
Z Bza P jb P
N“IUX
with B’
ia,

= ZQ] (@] Q) ©@1Py7.

The necessary transformed matrices B’

(22)

iv,P B
obtained from the untransformed three-center integrals in the

AO-basis as follows:

ﬂa P Z LiaB.p,

B 7
- p and Bua, p are

B

iv, p= L B/lV,P7 (23)

u

n
za P Z LWJBW P

The transformation with the coefficient matrix of the occu-
pied LPMOs is an asymptotically quadratic scaling step with
respect to the size of the basis set at constant size of the molecu-
lar system, as is the consecutive transformation with its virtual
variant. The transformation of B, p to obtain BZE, P however,
scales in a cubical manner.
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The description of the perturbed two-electron integral
using the RI-approximation reads as

aB?»o',P
73

N,
0 M 2 9B
durti) N30y

a9& L 9
Naux

- Z Cup(P | O Crr 0,

oB a( | 0) 29
ith uv,P _ nv py-s
with =2 zQ] 32 Q| P)?
Naux

and Cuop = ) (0 1 Q@ P
Q

For the computation of RI-CDD MP2 energy gradi-
ents, perturbed two-electron integrals need to be fully trans-
formed with the Cholesky decomposed PDs [see Eq. (20)].
This computationally expensive transformation would thus
need to be performed per perturbation. In order to circum-
vent this, we aim to pre-compute all perturbation-independent

quantities.
First, E-matrices are computed for the SS- and the OS-
case,
occ virt
=1,08 ZZ n (= | .7
“iaPp i BjE,P(La |J_b)m7”
j b=
occ virt
=17.8S _ Z Z n — T
Tiap T L 2 B.ZE»P(W ”]-b)mf
S (25)
occ virt

—~17,08

BV = BT (lﬁ) E)
jb,P ZZ ia,p\- ‘l ny’
- i a

occ virt

2= S S
“jbp ia

which form the basis of I'-matrices. These correspond to the
corrections to the two-particle density matrix in canonical
RI-MP2 analytic gradient theory*>® and include all
perturbation-independent quantities,

ia H jb o’

occ virt
=188 | =1,08 a
Lo ZZ—W( =er +Zae ) L
occ virt occ virt (26)

7] =1,58 77 Z Z 7' =n,08 ’7
Z Z =N jb.P crb + LM jb.P (Tb
Furthermore, the perturbation of the auxiliary space needs to

be considered,

Naux occ virt

0= 2,22,

ij ab

D
laPChp

a| ),

716 v
mPch ia ‘jb) )

Naux occ virt

* 202

ij ab
Naux

i & _ 3
with D%, = 3" Cl (@ P,
0

With these matrices, I"¢ () is computed by
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aux 63 P aux aB)\ P
€)= n MY n 22k P
TSI WAL S ) yivane
nv P - Mo P ;
- I4(Q). (28)

C. QQR-type integral estimation

To exploit the asymptotic scaling behavior, significant
integral contributions to the R-matrices and to the I'¢ term
need to be determined. The standard estimates for the two-
electron integrals in quantum chemistry are the classical
Schwarz estimates.*!” In order to obtain the asymptotic scal-
ing behavior, the distance-dependency of the two-electron
integrals needs to be incorporated in the estimation technique.
This can be achieved by the so-called QQR-estimation.3>3

The decay behavior of the two-electron integral with the
separation of the charge distributions Q4 and Qp in bra and in
ket can be concluded from a multipole expansion,3

A 1 ’ B
Db N 900 (Zj=—1 Too,uqu)
Rap Rz,

N (Zil:—l q?iTl,i,()()) a0
R

Transforming the two-electron integral with PDs as in Eq. (2),
the monopoles ggp are zero due to the orthogonality of the
occupied and the virtual subspace.’® This also applies to the
transformation with the Cholesky decomposed matrices, as
proven in Appendix B of Ref. 40. Therefore, fully transformed
two-electron integrals exhibita 1/ (R')? decay behavior, as both
fully transformed monopoles gy, and ¢, are zero and the decay
behavior is controlled by the (’)(Rgg) term in Eq. (29). This
leads to the following QQR-type estimate:

Q4 | Qp) =

+OR).  (29)

A
— | T b
(ga |J_b)m], ~ 3 (30)
_ /RN
(R extﬁ ethE

where the Z-matrices are the common pseudo-Schwarz matri-

ces introduced by Hiser.’! The following equation gives the

definition of the fully and half-transformed pseudo-Schwarz

matrices, where the transformation is performed with the
Cholesky decomposed PDs:

1
. . 2
X = |2)),

1
Y= (ud | pia),, (€29

1
— | =\2
Z; = (ga ‘ ga)lm.
The multipole expansion used to determine the decay behavior
of the two-electron integrals in Eq. (29) is only valid when
the charge distributions Q4 and Qp are well separated.36 The
criterion chosen in the present work is given by

Ra_p —exta —extg > 1, (32)

where the distance between Q4 and Qp is corrected by their
extents. The extents of the untransformed integrals are com-
puted as shown in Appendix B of Ref. 35. The extents for
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fully transformed bra or ket are also used for RI-CDD-MP2
energies.*® Their formulation, as well as the computation of
the extents of half-transformed charge distributions required
in Egs. (34) and (35), is shown in the Appendix of our present
work. If the criterion in Eq. (32) is not met, common Schwarz
estimates are used.

With this, the QQR-type estimate for "¢ in Eq. (20) can

be written as
(z2)(z2)’
— 1 (=] T\ b
(@] p),,(@]p),, ~ P
L 4b

Hereby, we exploited the fact that the perturbed integral can be
screened using the estimates of the nonperturbed integral. %30

In the computation of R-matrices in Egs. (18) and (20),
the QQR-type estimates read as follows:

(wa|jb), (ua|jb)

nn nny’

n Z”/ y" ZU’
Hajp Ha”jp

~ - - (34)
» 7\ 2 0 7\ 2

(R—ext ,7—extf) (R—ext 7—ext,7)
wa jb pa jb
and
. en . g
(o |2),, (v ]P),
X" z7 X1z

¥jb ¥7jb

~ - = . 35)

(R - ext?v, - extg)2 (R - ext?v - ext]’%)2

These triple-transformed integrals have a decay behavior of

1/(R")? because only the monopoles of qjébo of the multipole
expansion are zero.

The computational cost of the screening procedure can be
reduced by pre-screenings. In the computation of I"¢ using
the RI-CDD approach, significant electron pairs (i, j) are pre-
selected by

2 A2
(maxazz) maxEZz
— | = NG ta b
(la ‘jb) (ta |]b) b . (36)
= =gy = L=y - 2\
(RZZ] - extz7 - ext]j )

The respective centers and extents can be found in the
Appendix.

In the computation of R using the RI-CDD approach,
significant electron pairs (i, j) are preselected, followed by
a determination of the significant (i, j, b) combinations, while
for ﬁ, significant (a, b) pairs are determined first, for which
significant (a, b, j) combinations are selected afterwards.

D. First-order properties: Closed-shell nuclear
gradients and hyperfine coupling constants

With the introduced theory for the computation of energy
gradients at the MP2-level using the RI-CDD approach,
nuclear gradients and first-order properties can be computed.
In this work we present both the computation of closed-shell
nuclear gradients and of HFCCs.
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In the case of a closed-shell system, the above introduced
equations simplify considerably. In the RI-CDD approach, the
closed-shell gradient contribution at Laplace point £ is given
by

n P
- 21f(§)+2ZRW(§> +ZZI_€W(£> 5
(37)
with the closed-shell I¢ term,
occ virt
o= (@) (@] ) - (@ | @) 69
ij ab

and the closed-shell R-matrices,

occ virt

Rewr= 3, 3 | ) 2 | )~ 47 | )]
J

oce vt (iv | 8) - (i | jv)]-

R0 =, ('] ) [2
ij b

The integral estimates introduced in Egs. (33)—(35) can be
adapted straightforwardly.

HFCCs in the absence of spin-orbit coupling can be
obtained as a first-derivative of the unrestricted MP2 equation
with respect to the nuclear magnetic moment My of nucleus %,
given by the isotropic Fermi-contact term and the anisotropic
spin-dipole interaction.?> As the basis functions are indepen-
dent of the nuclear magnetic moment, only the R-matrices
need to be considered in Eq. (7) leading to

(39)

oP"

W(O BZV@) Vk", 40)

oMy

2ZRW(4) B +2

where the R-matrices can be computed using the RI-CDD
approach as in Eqs. (18) and (19).

In both the computation of closed-shell nuclear gradients
and of HFCCs, the R-matrices are not directly contracted with
perturbed pseudodensities, but instead the Z-vector technique
outlined in Eq. (14) is used to compute the contribution per
Laplace point as in Eq. (12).

lll. COMPUTATIONAL DETAILS

The RI-CDD MP2 energy gradients and the HFCCs were
implemented in the program package FermiONs++.”%7! The
reference RI-MP2 nuclear gradients®® were computed using
the implementation in Q-Chem 4.0.7> The reference HFCCs
at the RI-MP2 level were obtained with the program pack-
age ORCA.”? In the non-canonical computations, the PDs are
scaled with the coefficients of the Laplace expansion. The
selection of linear and exponential Laplace expansion coeffi-
cients is performed according to the minimax-approximation
by Hackbusch and co-workers.” Closed-shell nuclear gradi-
ents were obtained using five Laplace expansion points, based
on the study by Schweizer ef al.*® The extents of the QQR-type
integral estimates are determined with the same thresholds as
in Ref. 36, i.e., the threshold of the untransformed AO extent
is 0.1 and the threshold of the transformed extents is 1073,
The SCF equations were converged at least to a threshold of
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1078, The DL-CPSCF equations for the determination of the
Z-vector are converged to a threshold of 10~ for the nuclear
gradients, whereas a tighter threshold of 107° is chosen for
the HFCCs. The basis sets def2-SVP” and cc-pVTZ7%"7 are
used. For the auxiliary space in the RI-approximation, opti-
mized basis sets def2-SVP-RI*"78 and cc-pVTZ-RI’*80 are
used.

The sparsity of the L-matrices is exploited by the use of the
efficient block-compressed sparse row (BCSR) matrix multi-
plications®>8! with a sparsity criterion of 10~7. A reordering
of the atoms in the molecule according to the reverse Cuthill-
McKee algorithm®? is performed by reducing the bandwidth
of the connectivity matrix. Subsequently, the structure of the
Cholesky decomposed matrices is reestablished as described
in Ref. 40. The computation of the right hand side of the DL-
CPSCEF equation for the nuclear gradients in Eq. (15) involves
a contraction of the term PS* P with the exchange two-electron
integral. Here, the sparsity of PS* P was exploited by the BCSR
scheme.

The scaling behavior is computed based on the number of
basis functions. The scaling behavior at the first Laplace point
is assumed to represent the overall behavior.

The timings were performed on a single core of an Intel
Xeon E5-2620 using up to 128 GB of RAM.

IV. RESULTS

The following analyzes the accuracy and efficiency of
both our closed-shell nuclear gradients and HFCC computa-
tions using the RI-CDD ansatz. We start by investigating the
accuracy with respect to the canonical formulation, followed
by an analysis of the scaling behavior of the rate-determining
steps. Finally, we compare our computational cost to the
canonical variants for molecules of increasing size.

A. Accuracy

We will first start by analyzing the accuracy of the com-
putation of closed-shell nuclear gradients. Therefore, we com-
puted a set of molecules comprising linear alkanes, glycine
chains, and DNA base pairs with our RI-CDD ansatz using
different screening thresholds.

Preliminary studies suggested the use of separate screen-
ing thresholds for the R-matrices and for the I¢ term in
Eqgs. (18)—(20). The deviation from the RI-MP2 gradients
is shown in Table I, highlighting a fully controllable accu-
racy. We furthermore compare the accuracy of our RI-CDD
gradients of Glys to the canonical MP2 gradient without the RI-
approximation, which confirms the correct QQR-screening. A
screening threshold of 1076 for the R-matrices and 1078 for
I¢ is sufficient for sub-mhartree/bohr accuracy.

Following this analysis of the accuracy of closed-shell
nuclear gradients, we investigated the computation of HFCCs.
The accuracy of the computation of HFCCs at the RI-CDD
MP2-level with respect to its canonical variant depends on
different factors: In addition to the QQR-type screening thresh-
old, whose influence was investigated above for the closed-
shell nuclear gradients, the dependency of the accuracy on the
number of Laplace expansion points needs to be taken into
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TABLE 1. Root mean square deviation in mhartree/bohr of RI-CDD MP2
energy gradients with respect to conventional RI-MP2 energy gradients for
different QQR-type screening thresholds (for R-matrices/for I €) with the
basis set def2-SVP. Furthermore, the results of Glys are compared to the MO-
MP2 result and the DNA| computation is additionally performed using seven
Laplace expansion points.

Molecule 10751077 1076/1078 1077/1070
CsHy, 0.50 0.01 0.02
CioHn 0.71 0.03 <0.01
CooHan 1.15 0.08 0.04
Glys 0.56 0.07 0.10?
Glys (MO-MP2) 0.56 0.08 0.10?
DNA; (5LP) 3.74 0.48 0.38
DNA| (7LP) 3.92 0.41 0.29

2The remaining small deviation can be attributed to the number of Laplace expansion
points. Using seven Laplace points, an error of 0.04 mhartree/bohr to RI-MP2 and 0.05
mhartree/bohr to MO-MP2 using screening thresholds of 1077/107 is achieved.

account. In contrast to the nuclear gradients, whose depen-
dency of the accuracy on the Laplace expansion has been
studied in previous work,*® a similar investigation is not avail-
able for the computation of HFCCs, as a Laplace-transform
based ansatz for HFCCs has not yet been presented to our
knowledge. Additionally, the use of a Laplace expansion based
on a generalized range may result in the need for more expan-
sion points. Owing to the open-shell nature, the convergence
of the CPSCF equations is also critical.
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In order to single out the effect of the different contrib-
utors to the accuracy, we varied only one parameter and set
the others to their tightest value. These were chosen to be ten
Laplace expansion points, a QQR-type screening threshold
of 107'°, and a CPSCF-convergence criterion of 1078. For
demonstration purposes, we chose a set of radicals: CHO,
NF,, CH3, CsHjj, CioHz;, and a p-benzosemiquinone rad-
ical coordinated with four water molecules abbreviated by
BQ*". The HFCCs of BQ*™ have previously been studied using
both DFT and MP2-approaches.’*3> We used the reference
structure from Ref. 83 for our benchmark. Furthermore, we
included two small triplet systems in our benchmark, namely,
30 and 3S0. As we compare to the canonical results, the struc-
tures used in this work were not extensively optimized using
advanced optimization techniques. We want to point out that
those radicals and triplets do not represent all the different
challenges to the theoretical computation of HFCCs as at this
stage we want to focus on the feasibility of our approach and
aim to present a proof of principle.

Our comparison of the isotropic HFCCs to their canonical
implementation can be found in Table II. The results indi-
cate that the dependency on the different parameters varies
between the different systems. The small molecular systems
converged faster with a tighter QQR-threshold. QQR-type
integral estimation is only performed when the charge dis-
tributions are sufficiently separated, else a common Schwarz
screening is performed. Thus, the convergence with the
QQR-threshold for the small systems is in fact a convergence

TABLE II. Root mean square deviation in MHz of the computed isotropic RI-CDD MP2 HFCCs with respect to
the canonical RI-MP2 result for radicals, triplets, and anions using the basis set def2-SVP for different number of
Laplace points, QQR-type screening thresholds, and CPSCF convergence criteria.

QQR-threshold®

Number of Laplace points® CPSCF-threshold®

Molecule Atom 1076 1078 10710 5 7 10 1073 1073 1077
NF 4N 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0
2 19g 0.1 0.0 0.0 12 0.2 0.0 13.3 0.0 0.0
CH 3¢ 0.0 0.0 0.0 0.0 0.0 0.0 6.8 0.0 0.0
3 'H 0.0 0.0 0.0 0.0 0.0 0.0 24 0.0 0.0
B3¢ 0.5 0.5 0.5 23.0 5.4 0.5 16.6 0.5 0.5

CHOP 'H 0.1 0.1 0.1 6.4 1.5 0.1 43 0.1 0.1
170 0.3 0.4 0.4 16.8 3.8 0.4 142 0.4 0.4

30, 170 0.0 0.0 0.0 0.0 0.0 0.0 1.4 0.0 0.0
350 s 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0
170 0.0 0.0 0.0 0.3 0.1 0.0 12 0.0 0.0

CeH B3¢ 0.2 0.0 0.0 0.1 0.0 0.0 2.7 0.0 0.0
SH 'H 0.2 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0
CrH B¢ 2.6 0.0 0.0 0.1 0.0 0.0 1.9 0.0 0.0
107521 H 25 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0
B¢ 9.4 0.0 0.0 0.5 0.1 0.0 0.4 0.0 0.0

BQ*~ 70 1.8 0.3 0.0 1.2 0.6 0.0 0.5 0.0 0.0
'H 2.0 0.3 0.0 0.1 0.1 0.0 0.0 0.0 0.0

The other parameters were each set to their maximum value, being ten Laplace points, a QQR-threshold of 107'°, and a CPSCF-

threshold of 1078,

bThis system requires more than ten Laplace points for a converged description, resulting in the remaining errors, which can be

removed completely with 14 Laplace points.
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with respect to a Schwarz screening. This is not the case for
our larger systems, namely, CsH;;, CioHz1, and BQ®*™. As
expected, a systematic deviation to the canonical result can
be observed when loose QQR-thresholds are chosen, which
is overcome with tighter thresholds. All computations show
a fully controllable accuracy with the QQR-threshold and
their deviation is in the sub-MHz region for a QQR-threshold
of 1078

Most of our studied systems are sufficiently described
with at most seven Laplace expansion points, except for CHO.
This electronically challenging system requires a high num-
ber of Laplace points for a sub-MHz description. When 14
Laplace expansion points are chosen, the remaining errors of
0.5 MHz for 1*C, of 0.1 MHz for 'H, and of 0.4 MHz for 7O in
Table II are removed completely, confirming the fully control-
lable accuracy. In all our computations a CPSCF-threshold of
107> was sufficient to ensure a converged result with sub-MHz
accuracy.

B. Scaling behavior

In order to analyze the performance of our new RI-CDD
MP2 ansatz for first-order properties, we take a closer look
at the rate-determining steps. For large-scale systems, the
scaling behavior of these steps is of great importance. The
scaling behavior can be determined with respect to the num-
ber of significant two-electron integrals and with respect to
the wall time needed. The former allows the asymptotic limit
to be determined, whereas the wall time provides the effec-
tive scaling behavior and indicates computational overheads.
As discussed in Ref. 84, quasi-one-dimensional systems are
ideally suited for a systematic study of the formal asymptotic
scaling behavior and possibly remaining higher-order scaling
steps. Throughout this work, the scaling behavior is computed
based on the number of basis functions.

In the computation of closed-shell nuclear gradients, the
evaluation of both the R-matrices and of I¢ in Eqs. (38) and
(39) has to be taken into account. The number of significant
integrals based on a QQR-type integral estimation is shown in
Table I1I for linear alkanes with increasing length and show that
linear alkanes larger than C49Hg, exhibit a scaling behavior
below N3

This optimal scaling behavior with respect to the num-
ber of integrals is not directly reflected in the scaling of the

TABLE III. Number of selected integral products (10°) at the first Laplace
point according to the QQR-type integral estimation in the computation of
I¢ and of the R-matrices in the RI-CDD-MP2 approach using a QQR-type
integral screening threshold of 10~ for the R matrices and 103 for I with the
basis set def2-SVP. The respective scaling exponent is indicated in brackets.
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wall times, which is usually shifted to larger system sizes.
In addition, when the Coulomb-metric RI-approximation is
employed, the sum over the auxiliary space increases the
asymptotic scaling behavior of the wall times to quadratic.
This increase in the scaling behavior could be circumvented
by, e.g., the use of local fitting by Werner er al.% by restrict-
ing the auxiliary space. This has been shown to lead to
fast computations of the local canonical MP2 energy gradi-
ent' with good agreement to the exact MP2 energy gradi-
ent. Nonetheless, local domains need to be defined which
may introduce additional errors.3° Therefore, we follow the
different pathway by removing zero-elements instead of con-
structing local fitting domains. For RI-CDD MP2 energies, it
was shown that an effective reduction of the computational
cost by local fitting can only be achieved for larger systems
such as C;g0Hz2.0 Therefore, local fitting was omitted in this
implementation.

In Table IV, the wall times of the computation of the R-
matrices, of 1%, and of the transformation of the B-matrices
as in Eq. (23) for nuclear gradients of linear alkanes ranging
from CsHj, to CjgoHapz are shown. An asymptotic quadratic
scaling behavior for the computation of the R-matrices is con-
firmed. The sub-quadratic scaling for C4oHs, and CgoHj2s is
due to the large contribution of the linear-scaling screening to
the total wall time. The precontraction of the perturbation-
independent quantities in Eq. (25) involves cubic scaling
steps, which results in the overall cubic scaling behavior
of the computation of I¢. The same scaling behavior is to
be expected and confirmed for the transformation of the B-
matrices, due to the formation of B,z p. The apparent fluctu-
ation of the overall scaling behavior of the B-matrices and of
I¢ is caused by contributions of manifold steps of different
scalings.

Turning to the computation of HFCCs, the previous state-
ments relating to the R-matrices are relevant since the I¢ terms
in Eq. (20) are not necessary. The only cubic-scaling step of
interest is the formation of B,z p. As can be seen in Table IV,
the transformation is cheaper than the contraction of the R-
matrices for all investigated systems. Therefore, an overall
quadratic scaling is to be expected (see Sec. IV C).

TABLE IV. Wall time in minutes of the transformation of the three-center
B-matrices, of the QQR-estimation and of the computation of R-matrices,
and of the total computational time needed for the calculation of ¢ in the RI-
CDD MP2 energy gradient calculation for increasing linear alkanes using the
basis set def2-SVP. The wall times are taken from the first Laplace point and
the scaling exponent is shown in brackets. The QQR-type integral screening
thresholds were set at 10~ for the R-matrices and at 108 for I .

R-matrices

Transform I¢

Molecule (LE | ]ﬁ) (ﬁ Il {Z) R R Molecule B-matrices QQR-est. Total Total
CsHjo 0.003 0.776 3.553 CsHjo 0.01 0.60 1.07 0.16
CioHaa 0.020 (3.1) 10.192 (3.9) 25.815 (3.0) CioHa2a 0.11(3.2) 3.85(2.8) 7.55(3.0) 1.77 (3.7)
CyoHyn 0.071 (1.9) 37.627 (1.9) 74.596 (1.6) CyoHya 1.10(3.5) 13.42(1.9) 30.05(2.1) 13.40 (3.0)
CyoHgo 0.174 (1.3) 92.023 (1.3) 172.470 (1.2) CyoHgp 9.48(3.2) 30.95(1.2) 90.82 (1.6) 95.08 (2.9)
CeoHp22 0.276 (1.2) 146.886 (1.2) 272.162 (1.1) CeoHi22 30.25(2.9) 50.95(1.2) 175.45(1.6) 391.30 (3.5)
CgoHjg2 0.379 (1.1) 202.224 (1.1) 372.143 (1.1) CgoHig2 67.38(2.8) 72.22(1.2) 312.37(2.0) 993.33 (3.3)
C100H202 0.481 (1.1) 256.655 (1.1) 468.989 (1.0) CiooHa02 123.27(2.7) 97.82(1.4) 480.10(1.9) 2070.00 (3.3)
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C. Computational efficiency

To finally assess the computational efficiency of our
method, the wall times of the gradient computations of linear
alkanes, glycine chains, and DNA double strands are com-
pared to the respective RI-MP2 computations in Tables V
and VI. At the double-{ level in Table V, a crossover to the
canonical implementation can be seen for systems larger than
CeoH22, as visualized in Fig. 1(a). This matches the corre-
sponding crossover of the RI-CDD MP2 energies with respect
to their canonical variant.*’ In the case of the glycine chains,
the crossover to the canonical computation lies between a chain
length of 10 and of 20 glycine monomers, as can be seen
in Fig. 1(b). The DNA fragments consisting of one and of
two base pairs were both computed faster using the canoni-
cal approach. Using our present single-core implementation,
neither the RI-CDD nor the canonical computations of a DNA
fragment consisting of four base pairs are possible within a
reasonable time frame. However, based on the scaling behav-
ior, it is to be expected that a fragment consisting of four
base pairs will be computed faster using the new RI-CDD
approach.

By a double-logarithmic plot of the results in Fig. 1, the
asymptotic scaling behavior can be shown. This is done in
Fig. 2 for both the linear alkanes and the glycine chains,
including a linear fit for the three largest systems, highlight-
ing the asymptotic cubic scaling for our RI-CDD method and
the O(N?) scaling for the canonical RI-MP2 approach. Fur-
thermore, the curvature demonstrates that our ansatz leads
to a reduced scaling behavior with the increasing size of
the molecule until the asymptotic cubic scaling behavior is
reached. In the canonical formulation this is not the case,
where the scaling behavior increases, as the dominant low
scaling steps at small molecule sizes are outweighed by the
high scaling contributions for larger systems.

TABLE V. Comparison of the wall time in hours for different molecules for
RI-CDD MP2 and RI-MP2 energy gradient computations using the basis set
def2-SVP and a screening threshold of 10~ for R-matrices and 1073 for I .
The scaling exponent with respect to the next smaller molecular system is
indicated in parentheses. Values marked by an asterisk are extrapolated based
on the scaling behavior of the wall time of the next smaller system.

Molecule RI-CDD-MP2 RI-MP2
CsHy, 0.11 0.02
CioHa 1.02 (3.4) 0.12 (3.0)
CaoHan 5.95 (2.6) 0.78 (2.8)
CuoHsp 28.24 (2.3) 10.13 (3.8)
CeoHinz 72.61 (2.3) 62.64 (4.5)
CsoHi2 151.55 (2.6) 24242 (4.7%)
Cio0Ha202 282.43 (2.7) 715.74 (4.8")
Gly, 0.04 0.01
Glys 0.83 (3.4) 0.12 (3.00)
Glys 2,61 (2.4) 0.43 (2.8)
Glyio 13.32 (2.5) 4.40 (3.5)
Glyao 70.89 (2.5) 90.34 (4.5)
Glyso 204.81 (2.7) 613.47 (4.7%)
DNA; 16.93 3.11
DNA, 295.81 (3.8) 78.69 (4.3)
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TABLE VI. Comparison of the wall time in hours for different molecules for
RI-CDD MP2 and RI-MP2 energy gradient computations using the cc-pVTZ
basis and a screening threshold of 10~ for R-matrices and 10~ for I¢. In
addition to the scaling exponent (SE) with respect to the size of the molecular
system, shown in brackets, the SE when increasing the basis set at constant
size of the molecular system is shown. This SE is computed by comparing
the wall time using cc-pVTZ (TZ) with the calculation of the same molecule
using def2-SVP (SVP).

RI-CDD-MP2 RI-MP2
Wall time  SE basis set size ~ Wall time  SE basis set size
Molecule (SE) (SVP - TZ) (SE) (SVP — TZ)
CsHja 2.80 3.6 0.32 32
CoHaa 20.96 (3.1) 34 2.17(2.9) 32
CyoHyy  111.11(2.5) 33 13.09 (2.7) 3.2

The performance is similar at the triple-{ level which
can be seen in Table VI. The scaling behavior with respect
to the size of the molecular system is analogous to the respec-
tive molecular system sizes at the double-{ level. When the
basis set is increased at a constant size of the molecule, a
cubic scaling behavior is confirmed. Furthermore, the compu-
tation of CpoHy;, with the basis set cc-pVTZ is 8.7 times more
expensive with the new RI-CDD approach than with canonical
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FIG. 1. Comparison of the wall times for canonical RI-MP2 and RI-CDD
MP2 energy gradient computations of linear alkanes and glycine chains using
the basis set def2-S VP. Different values have been conservatively extrapolated,
indicated by an asterisk. The wall time behavior of the RI-MP2 gradient com-
putation of CjgoHog2, Gly3p, and CggH g, was based on the scaling behavior
of the previous point. (a) Linear alkanes and (b) glycine chains.
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FIG. 2. Double logarithmic comparison of the wall times for canonical RI-
MP2 and RI-CDD MP2 energy gradient computations of linear alkanes and
glycine chains using the basis set def2-SVP to highlight the asymptotic scaling
behavior. The scaling behavior of the respective three largest systems was
obtained by a linear fit. The wall time of the RI-MP2 gradient computation
of CygoHa02, Gly3p, and CgpHje, (indicated by an asterisk) was extrapolated
based on the scaling behavior of the previous point. (a) Linear alkanes and (b)
glycine chains.

RI-MP2. This corresponds to the ratio of 7.6 at the double-{
level. Accordingly, a crossover in analogy to the double-{ level
is to be expected at systems larger than CgoHj2s.

The higher computational cost for small system sizes in
comparison to the canonical approach can be attributed to var-
ious factors. The gradient of a MP2 energy expression needs
to be evaluated per Laplace point. The locality of the AOs
will not lead to particularly sparse matrices for small sys-
tems; thus, the effort per Laplace point is not considerably
reduced with respect to the canonical implementation. In addi-
tion, QQR-type and Schwarz screening has to be performed.
Besides the computational cost of the screening itself, this also
results in a more expensive contraction per element, as per
contraction a list of significant elements has to be accessed.
This overhead is largely outweighed by the fact that for
larger systems the number of significant elements is drastically
smaller than the number of all elements, but renders canonical
formulations more suited for gradient computations of small
molecules.

Similar results can be obtained when analyzing the overall
performance of the computation of HFCCs in Table VII. An
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TABLE VII. Comparison of the wall time in hours of RI-CDD MP2 and RI-
MP2 HFCC computations of different molecules with the basis set def2-SVP
using seven Laplace points and a screening threshold of 1078, The scaling
exponent is indicated in parentheses. Values marked by an asterisk are con-
servatively extrapolated based on the scaling behavior of the wall time of the
next smaller system.

Molecule RI-CDD-MP2 RI-MP2
CsHy 0.65 0.03
CioHa 5.90(3.3) 0.22(3.0)
CaoHu 30.57(2.4) 176 3.1)
CaoHg: 104.75 (1.8) 33.59(4.3)
CeoHia1 209.28(1.7) 226.83(4.7)
CsoHig1 375.15(2.0) 880.95 (4.7%)
Ci0Hao1 535.69(1.8) 252531 (4.7%)

overall asymptotic quadratic scaling behavior is confirmed.
The efficiency crossover for HFCCs occurs below CgoHiz;
with respect to the canonical implementation. In both the
RI-CDD and the canonical approach, the computations are
more expensive than the nuclear gradient computations of
systems of comparable molecular size. In the case of the RI-
CDD approach, this is due to the fact that R-matrices for the
different spin cases need to be screened and contracted sep-
arately for the HFCCs. All computations were performed on
a single core. We have not yet implemented a parallel ver-
sion. The effectiveness of the parallelization of the RI-CDD
MP2 energies*’ suggests that with our new RI-CDD ansatz,
energy gradients and HFCCs can now be computed for large
molecular systems in a reasonable time frame. This can fur-
thermore be improved in the future by a migration to graphics
processing units (GPU), which sped up the computation of
RI-CDD MP2 energies.8” This will equally be of importance
when aiming for molecular properties, which we want to focus
on in the future and will make our new approach preferable
to its canonical variant for medium- to large-sized molecular
systems.

V. CONCLUSION AND OUTLOOK

In this work, we presented a new approach to the compu-
tation of MP2 energy gradients, using the RI approximation
and a Cholesky decomposition of the pseudodensity matri-
ces in an AO-based formulation. This approach significantly
reduces the computational effort with respect to its canonical
variant and thus provides an efficient calculation of nuclear
energy gradients and HFCCs at the MP2-level. Low scaling
with respect to the size of the molecular system is achieved by
an extension of the QQR integral estimation method to screen
significant integral contributions in a fully controlled man-
ner. With the use of QQR-type integral estimates, the number
of two-electron integrals necessary in the computation of the
gradients is reduced to linear, whilst the contraction step of
the two-electron integrals is reduced to quadratic. Overall an
asymptotic N scaling behavior is expected and shown due to
the formation and transformation of the three-center integrals
as well as the transformation of the perturbed two-electron
integral.
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A crossover to the conventional RI-MP2 energy gradient
computation is shown, which, combined with a future par-
allelization of the existing code and a migration to GPUs,
will render large-scale gradient computations feasible. HFCCs
were computed with a reduced computational effort and scal-
ing behavior in comparison to the canonical approach, making
our RI-CDD ansatz the method of choice for the computa-
tion of HFCCs at the MP2-level for medium- to large-sized
molecular systems. Furthermore, our RI-CDD ansatz for ana-
Iytical MP2 gradients forms the basis for efficient second-
order molecular properties such as the calculation of NMR
chemical shieldings, for which we presented an AO-based
formulation.3® As NMR shieldings can be obtained reliably
at the MP2-level® and can be further improved by the use
of spin-component scaling,’® we plan to extend the RI-CDD
approach to the computation of NMR shieldings in future
work.
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APPENDIX: CENTERS AND EXTENTS

The description of the centers and extents in the com-
putation of RI-CDD-MP2 energy gradients follows the corre-
sponding work for MP2 energies.’®*° To determine the extents
of transformed charge distributions, the relative weights of the
AO contribution need to be computed. For every fully trans-
formed pair, the relative weights of the AO contribution are
given by

-,
o LSuvLyal
cﬁﬂ] = ﬁ (Al)
2k Ly SkrLig]

Here, K, L, M, and N denote shells, and the corresponding
matrix elements are defined as the maximum of all atomic
orbitals within the shell,

Suyny = max

Suvls L7 = max |L"|. A2
[,uEM,veN]| ol =MiT e Lyl (A2)

In the computation of the extents, solely AO contributions with
a relative weight exceeding a threshold ¢, are used,

n _ n MN
exty, = {Merrc]{‘i{iﬁ)’: o {rﬁMN + Cﬁ’neXtMN}- (A3)
The centers of the LPMO products are defined as
2
Smn Ly Sun Lz | Pun
rl% = > = (A4)
: 2mn Ly Sun Lzl

In contrast to the computation of energies, the QQR-type inte-
gral screening for RI-CDD-MP2 energy gradients requires the
computation of the extents and centers of half-transformed
charge distributions. Therefore, the transformation with the
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Cholesky decomposed pseudodensity is replaced by a trans-
formation matrix 7}, connecting the shells to the atomic
orbitals.

For pre-screenings as in Eq. (36), extents assigned to a
single orbital are required. Based on the respective work by
Maurer et al.,*° the following extents are defined:

ext! = max {r:’ v+ C%N eXtMN} ,
Lo mNaeyey LY “n

o 7 MN (AS)

max {rEMN +cz extMN} .
Nl v,y U i

ext? =
a
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ABSTRACT: We introduce a new ansatz to compute hyperfine coupling constants of selected nuclei at the level of second-order
Moller—Plesset perturbation (MP2) and double-hybrid density functional theory with reduced computational effort, opening the
route to the analyis of hyperfine coupling constants of large molecular structures. Our approach is based on a reformulation of
the canonical MP2 term in atomic orbitals, thus exploiting the locality of electron correlation. We show that a perturbation-
including integral screening reduces the scaling behavior of the number of significant two-electron integrals to sublinear. This
selected-nuclei approach allows for an efficient computation within scaled-opposite spin (SOS) RI-MP2 on massively parallelized
architectures such as graphical processor units (GPUs), thus enabling studies on the influence of the environment on hyperfine
coupling constants.

1. INTRODUCTION correlation method, is often a good compromise between
computational cost and accuracy. On the other hand, density
functional theory (DFT) often already provides reliable
results'>"® that can be improved upon by using the
restricted-unrestricted approach'*"® or by combining with
perturbation theory in double-hybrid DFT (DH-DFT),'® which
was shown to improve the reliability.'” The latter includes a
term analogous to the unrestricted MP2 equations, which is the
focus in our present work. It has to be noted that although an
unrestricted formulation includes spin polarization and
delocalization, the resulting spin contamination introduces an
error that may lead to meaningless results in severe cases. This
is especially true for transition metal compounds.'®"”

We recently introduced an efficient method for computing

Molecules with nonzero spins, such as organic radicals, can be
studied by electron paramagnetic resonance (EPR) spectros-
copy." One important quantity in EPR spectroscopy is the
hyperfine coupling, which can be seen as the analogon to the J-
coupling in nuclear magnetic resonance (NMR) spectrometry
and which is based on the interaction of the electronic spin with
the nuclear magnetic moment. Thus, it is directly related to the
spin density in the vicinity of the nucleus and can therefore be
described in the nonrelativistic limit by the Fermi contact and
an anisotropic magnetic dipole—dipole interaction of the
nuclear-electronic spins.”

The theoretical description and computation of hyperfine
coupling constants (HFCCs) is a challenging task, especially in ! i ) : :
regards to accuracy and reliability. For accurate results, both HECCs using MP2,” where we exploit the locality of atomic
EPR-specific basis sets and electron correlation need to be orbitals (AOs) and reduce the computational overhead by a

taken into account.*”” Due to the large computational cost and Cholesky decomposition of the required (pseudo)densities

the scaling behavior of canonical electron correlation methods, (CDD)*"** and by the resolution-of-the-identity (RI) approx-

these are still limited to small molecules. This is especially true imation.”*™*" Significant two-electron integral contribu(tions are
for elaborate methods such as coupled-cluster theory,®’ selected based on a QQR-type integral screening.””*" This
multireference configuration interaction,'® and multireference

perturbation theory."' Second-order Moller—Plesset perturba- Received: February 3, 2018

tion theory (MP2), as the cheapest wave function-based Published: May 15, 2018
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enables the computation of larger molecular systems than
previously accessible.

In this work, we push the limit of computable molecular
systems further. For this, we exploit the fact that the spin
density of large molecular systems is often highly localized,
especially for systems that are well described by single-reference
methods. Thus, only a small number of nuclei will have a
HFCC deviating considerably from zero. For systems with
localized spin densities, it can be sufficient to compute the
HEFCC:s of these selected nuclei by exploiting the locality of the
perturbation. In addition, this opens the route to study the
effect of solvation and the environment on the HFCCs, e.g, of
spin labels 1n the study of distances in large molecular
systems.”' >* Similarly, the effect of long-range spin polar-
ization on the HFCCs of specific nuclei can be computed.
Studies on the influence of the protein environment on
flavoprotein radicals®® and on plastocyanin®® have previously
been conducted using a hybrid quantum mechanical and
molecular mechanical (QM/MM) approach at the DFT-level.
The influence of the solvent on the hyperfine coupling has for
example been studied theoretically on methyl and CIO,
radicals.”’

In order to enable such selected-nuclei studies, we need to
explicitly compute the response (pseudo)density matrix with
respect to the perturbation. When the perturbation is local, this
results in a sublinear scaling number of significant two-electron
integrals in an AO-based formulation using a perturbation-
including integral screening. The locality can be further
exploited in the transformation of the three-center quantities
in an RI-based algorithm when only the opposite-spin term in
MP2 is com}guted and an attenuated Coulomb-metric is
employed.”®* So-called scaled opposite-spin (SOS) MP2
was introduced by Jung et al. for the computation of correlation
energies*’ and was shown to provide accurate results in the
computation of the energy at reduced computational cost. To
our knowledge, SOS-MP2 has not been studied in the context
of HFCCs, whereas the promlsmg results of SOS-MP2 for the
computation of NMR shieldings** motivate the use of the SOS-
ansatz to compute HFCCs as well. We thus introduce a new
attenuated Coulomb-metric SOS-MP2 ansatz to compute the
HFCCs of selected nuclei and present their computation
employing an extended version of our adapted J-engine-based
ansatz® on massively parallel architectures such as GPUs.

With our new methodoloy, we furthermore analyze the effect
of the environment on the HFCCs in a typical molecular
system, namely that of a glycyl radical enzyme, by increasing
the size of the protein environment surrounding the catalytic
site.

2. THEORY

At the nonrelativistic level, ie., in the absence of spin—orbit
coupling, the HFCC can be computed as first derivative of the
energy with respect to the nuclear magnetic moment M, of
nucleus k.** This perturbation is separable into the isotropic
Fermi-contact term and the anisotropic spin-dipole interaction.
At the MP2-level, the unrestricted MP2 equation needs to be
perturbed. To achieve low scaling and to exploit the locality of
electron correlation, the use of either local molecular orbitals
(MOs) or AOs is beneficial. The latter requires a Laplace
transformation of the energy denominator, as introduced by
Almlsf and Hiser.” ™" In a Laplace-transform AO-based
ansatz, computational overhead and the large dependenc on
the basis set size can be reduced by the RI approximation™~

3015

and a Cholesky decomposition,”"** resulting in an efficient
ansatz to compute the HFCCs of all nuclei.”® The MP2 energy
perturbed with respect to the nuclear magnetic moment M, of

nucleus k using a generalized Laplace range*® reads as
OByomp2 _ _ 1 iw % a&"(£)
oM, 2 &S oy,
1

ap "

1 _ op’
SRR ) P9 ek

¢ n Wy k

+2 Z_W(C)
(1)

where 7 is the number of Laplace expansion points { with
corresponding linear expansion coefficient w, and the exponent
tr. P and P are local pseudodensities (PDs)
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with the molecular orbital coefficients ¢, and the orbital
energies /. The R-matrices in eq 1 are defined as
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where ' # 1.

Here, the two-electron integrals are transformed with local
Cholesky orbital matrices L and L, obtained by a Cholesky
decomposition of the PD matrices:

N
(ialjb),, = Y, LILk(ule) LY
pvic (5)

The local Cholesky orbitals inherit the locality of the AOs,
while the number of occupied and virtual local Cholesky
orbitals is equal to or smaller than the size of the canonical MO
space.*® Thus, the dependency on the basis set size is reduced.
For an eflicient implementation for all nuclei in the
molecular system, the contraction of the R-matrices with the
perturbed PDs in eq 1 is performed for all perturbations
simultaneously using the Z-vector method* ™' in a density
matrix-based Laplace-transform unrestricted coupled-perturbed
self-consistent field (DL-UCPSCF) algorithm.zo’52
Furthermore, the prefactor in the scaling behavior is reduced
by the RI-approximation. The two-electron integral is hereby
described as a contraction of two three-center quantities:

DOI: 10.1021/acs.jctc.8000116
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with: B, , = )" (ialQ), (QIP)™/2
- ©)

As shown in our previous work, an effectively quadratic scalin%
computation of all nuclei can be achieved using this approach.”
The number of integrals needed for the computation, based on
a QQR-type integral screening,zg‘30 is linear. Due to the
auxiliary space of the RI approximation, this results in a
quadratic scaling behavior.

For our new ansatz, we aim to compute only the HFCCs of
selected nuclei while exploiting the locality of the perturbation.
Herefore, the contraction of the perturbed PD matrix with the
respective R-matrix is performed directly, resulting in the
following contribution per Laplace point {:

af

9E" & -
YEO_ Y40 +4,0
" k n (7)
with
N occ virt
4,(0) = X X X (im™)B),, (ivlljb),,
v ij b
N ]occ virt
+ 220 Y (ir™jb),, (ivljb),,
voij b (8)
and
N  occ virt
1,0) = 2 2 X (waljb),, (ualb),,
i ab
’ NI occ  virt
+ Z Z Z (u*aljb),, (ualjb),,
uojoab 9)

where the two-electron integrals are transformed with the
perturbed PDs as, e.g.

(L‘Mkﬁlly)nn’ = Z BZ/JA%(C)(”/EQE)W’
W (10)

The perturbed PDs can be obtained as outlined in eqs 15 and
16 in ref 53. Provided that the perturbation is local, i.e., that the
perturbed PDs are local, the number of significant integrals in
both A and A is constant with increasing size of the molecule.
This can be exploited by a QQR-type integral estimation which
includes the perturbation in the screening procedure. Based on
the distance-including QQR-type integral estimates by Maurer
et al,””*° the perturbation-including estimate of the Coulomb-
type integral contraction in eq 8 reads as

(—ingll E)rm’(iyu E)*M’
20 wZ ;’5 X"z jy

~

~ ) N2
(R - ethng - eXtZg) (R —ext, — extzg) (11)

Here, Hiser’s pseudo-Schwarz matrices are employed,*” with
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N2
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N (=M —Ma/2
2= (7T,

(12)

and the distance between the two charge distributions is
determined taking into consideration their extents (ext). The
centers and extents are computed as described in refs 20, 30,
and 48. The exponent in the denominator is based on a
multipole expansion and on the orthogonality of the virtual and
the occupied subspace of the unperturbed PDs.

In analogy, the Coulomb-type integral contraction in eq 9
leads to

—~~

_Mkally)ﬂv’(”ﬁlly)rm’
i Vil

~

~ N2 \2
(R — ext’;MkE - extzg) (R - ethH - extzy)

(13)

The additional summation over the auxiliary space in eq 6 will
result in an overall asymptotic linear scaling behavior of the
contraction. The formation and transformation of the three-
center quantities in eq 6 are only linear-scaling when only
integrals significant in the final contraction are computed. This
requires prior screening and bookkeeping of significant two-
electron integrals, which is computationally demanding and
memory intensive.

In the Coulomb-type contraction of the two-electron
integrals, this can be circumvented by the use of an attenuated
Coulomb-metric.**"**** The idea of scaling the Coulomb-type
opposite spin contribution and neglecting the same spin
contribution that includes both Coulomb- and exchange-type
contractions was shown to be an economical but still reliable
ansatz in the realm of correlation energies.*' This was similarly
shown to be beneficial in the computation of NMR shieldings**
which motivates the computation of SOS-MP2 HFCCs. Only
the opposite spin-terms are computed in SOS-MP2 approaches
and scaled accordingly with c,. In analogy we propose the
computation of erfc-attenuated Coulomb-metric SOS-MP2
HECCs by

T ap
Oronwr _ _ > ) @ee)crzoec”
oM, T -
+ Z,/()C"Z;(£)C?) (14)
with
NAux
(Cq = 2 (PIP),'(P1Q)(QIQ),
i (15)
where
(PIQ), = [P erfelwrsy) Q]
N (16)

Hereby, the attenuation of the Coulomb-metric is controlled by
o, for which in work by Luenser et al.>* a value of 0.1 was
shown to lead to no loss in accuracy with respect to the full
Coulomb-metric while still providing the computational
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efficiency of the local overlap metric. We confirmed this
behavior for a small selection of test cases.
The Z-matrices in eq 14 are defined as

N virt

@O = 3 Y (W aP) )

nooa

occ N

ZyOep = D 2, (GTMP)"(inlP)
i v
occ virt

Z0 (e = D, D (BIP)S(jBIP')"
i b

J

(17)

where the overline or underline indicate the transformation
with the perturbed PD (virtual or occupied respectively) and
the subscript @ indicates the erfc-metric as in eq 16.

To reduce the computational effort in the formation of the
Z-matrices and to efficiently exploit the sparsity using the
block-compressed sparse row (BCSR) format,”*® we follow
the ansatz by Maurer et al.*® and formulate the transformed
three-center quantities as

@P(w) = LI'B"(w)P
i — pMe
B,(0) = LB’ (w)P™

EPMk(w) = p"8"()P (18)

with

B, () = (uP), (19)
We thus omit the Cholesky decomposition of the virtual PD
and exploit the sparsity of significant basis function pairs. The
occupied perturbed PD cannot be Cholesky decomposed as it
is skew-symmetric and not positive semidefinite by definition as
the PD matrices. The drastic locality of the perturbed PDs
renders the transformation of the three-center integral with the
perturbed PDs computationally efficient even without exploit-
ing their rank deficiency. This leads to the following Z-matrices:

(Z(O)pp = By (0)B" (o)
(Z)(©)p = By ()8 (@)

22y = B (0)8" (o) (20)
It has to be noted, that this formulation does not rely on a
screening of significant integral products but directly exploits
the sparsity via the BCSR format.>>*® This can also be extended
to the use on GPUs by employing the J-engine as outlined in
ref 43.

Furthermore, the presented MP2 ?)proaches can straight-
forwardly be extended to DH-DFT:'® For this approach the
perturbative contribution according to Moller—Plesset to the
second order is constructed by unrestricted Kohn—Sham
orbitals instead of unrestriced Hartree—Fock orbitals. This
has been shown to be especially advantageous in the
computation of open-shell properties, as it is less susceptible
to spin contamination, as shown in work on bond dissociation
energies.”” Reliable HFCCs can be computed with the use of
analytical gradients of the DH-DFT energy.'”>®

3017

3. COMPUTATIONAL DETAILS

The algorithms to compute the HFCCs at the MP2-level using
the RI approximation and CDD are implemented in the
program package FermiONs++.°”®" The Laplace expansion
coefficients are selected based on the minimax-approximation.®'
The extents of the QQR-type integral estimates are determined
with the same thresholds as in ref 30, i.e., the threshold of the
untransformed AO extent is 0.1 and the threshold of the
transformed extents is 107, The QQR-screening threshold was
set to 1078 and seven Laplace expansion points were chosen,
based on the study of the accuracy in ref 20. The DL-UCPSCF
was converged to a threshold of 107* in the case of the linear
alkane systems and to 1072 in the case of the PFL systems. A a-
value of 0.1 was chosen for the attenuated Coulomb-metric
throughout. Deviations of less than 1 MHz can be expected
with these thresholds.”® The basis set def2-SVP and its
respective auxiliary basis set has been used throughout.”*®
The SOS-computations are scaled with cog = 1.3, as suggested
for SOS-MP2 energy computations,” except if stated
otherwise. Reference canonical RI-MP2 computations were
performed with the program package ORCA.®* Values that
could not be obtained with the canonical method or the all-
nuclei ansatz were extrapolated conservatively based on the
scaling behavior of the next smaller computable system.

4. RESULTS

4.1. Locality of the Perturbation. The idea of the present
ansatz to compute HFCCs of selected nuclei is based on the
locality of the perturbation, i.e, of the Fermi-Contact term and
of the anisotropic contribution. The locality of the Fermi-
Contact operator for nuclear spin—spin coupling at the DFT-
level has been shown by Luenser et al.** Two quantities can be
analyzed to support this approach for open-shell systems at the
MP2-level: (i) the sparsity of the perturbed PD matrices and
(ii) the number of significant integrals in the computation of A
and A in egs 8 and 9.

Figure 1 shows the PDs perturbed with respect to the Fermi-
Contact term and to the anisotropic spin-dipole interaction for
CigoHyo; obtained by DL-UCPSCE. In our case, C,oH,o; has
the radical center at the C, position and the perturbed PD of a
spin with respect to this atom is shown. It clearly highlights the
locality for both the occupied and the virtual perturbed PD.
Figure 2 shows the number of significant integrals for the
computation of the isotropic HFCC at the MP2-level of the C,
atom in linear alkanes based on a perturbation-including QQR-
type integral estimation as in eqs 11 and 13. The O(1) scaling
behavior of the integrals with the system size can clearly be
seen.

4.2. Selected-Nuclei HFCCs. To investigate the computa-
tional performance, we calculated the isotropic HFCCs at the
MP2-level of linear alkanes where the radical center was located
at the C; position. Linear alkanes in general are well-suited to
demonstrate the asymptotic scaling behavior and additionally
show locality of the spin density which makes them an ideal test
case for a selected-nuclei approach.

The isotropic HFCCs of the linear alkane chains were
computed using the all-nuclei approach with the canonical
implementation in ORCA,®® our RI-CDD variant,”’ and the
new selected-nuclei ansatz with the Coulomb-metric RI as in eq
7 on one central processing unit (CPU) node using 12 cores. A
perturbation-including QQR-type integral screening as in eqs
11 and 13 was performed in the contraction in egs 8 and 9. To

DOI: 10.1021/acs.jctc.8000116
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term (b) Fermi-Contact term

(virtual)

(a) Fermi-Contact
(occupied)

(¢) Anistropic spin-dipole (d) Anistropic spin-dipole
(occupied) (virtual)

Figure 1. Sparsity patterns for the perturbed occupied and virtual PDs
of a spin with respect to the Fermi-Contact term in (a) and (b) and to
the anisotropic spin-dipole interaction in (c) and (d) obtained from
DL-UCPSCEF for C,oH,;. The absolute values of the different spatial
contributions to the anisotropic term are summed. The sparsity
patterns are taken from the first Laplace expansion point, and elements
smaller than 1075 are discarded (white).
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Figure 2. Number of significant integrals in the computation of A and
A in eqs 8 and 9 for linear alkanes with increasing chain lengths using a
perturbation-including QQR-type integral threshold of 107%. Numbers
are shown for the first Laplace point.

reduce the necessary bookkeeping we omitted the external
QQR-type integral screening to determine significant trans-
formed three-center quantities. Instead, a shell-pair-based
screening is used to compute only significant untransformed
three-center integrals, and then the sparsity and locality of the
PDs in the transformation procedure are exploited.
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The wall times are shown in Figure 3 and clearly highlight a
reduction in the computational cost for large systems with
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Figure 3. Computational wall time for the calculation of isotropic
HFCCs using the all-nuclei RI- and RI-CDD MP2 ansatz and the
selected-nuclei RI-CDD MP2 method on a CPU node using 12 cores.
Values indicated by an asterisk were conservatively extrapolated. The
upper inset shows a double-logarithmic plot for the four largest
systems and a linear fit to obtain the scaling behavior at those system
sizes. The lower inset shows a detailed view of the crossover of the
canonical method to the all-nuclei computation.

respect to the canonical implementation for both AO-based
approaches. Furthermore, the scaling behavior for the four
largest systems is obtained by a linear fit of the double-
logarithmic plot. It clearly shows a reduced scaling behavior for
the selected-nuclei approach. The overall nonquadratic scaling
behavior can be attributed to expensive I/O operations. Every
selected-nuclei computation was faster than the all-nuclei
ansatz. For CyyH,, this amounts to a 10-fold decrease in wall
time. We show the MP2 contribution to the HFCC of C, H,,
in Figure 4 for a detailed analysis. The total HFCCs and the
MP2 contribution decay fast with the distance to the C,;
position. Only eight nuclei in total have a MP2 contribution
to the HFCC larger than 5 MHz, with the largest contribution
being from the selected C; nucleus. Thus, if one is, for example,
only interested in HFCCs larger than S MHz, the resulting
computational cost using the selected-nuclei approach would
still be smaller than computing the HFCCs of all nuclei. The
speed-up will be even more significant for nuclei with small
MP2 contributions, as the smaller MP2 contributions also lead
to less significant integrals and thus a faster computation than
that of the C, nucleus.

For an intermediate size of molecules larger than C,,H,,, the
computation of the selected-nuclei HFCCs is dominated by the
transformation of the three-center B-matrices so that the speed-
up does not increase. As we do not perform an external
screening, the fully transformed matrix Bzp needs to be
computed irrespective of the perturbation. However, for larger
systems, the computational cost of the transformation in the
case of the all-nuclei approach is dominated by the formation of
the half-transformed B, p, which is not necessary in the case of
the selected-nuclei ansatz. Thus, as can be seen in Figure 3, the
speed-up increases again for very large systems.

4.3. SOS-MP2 HFCCs. 4.3.1. Accuracy. SOS-MP2 is an
economical and often accurate variant to obtain the correlation
contributions and allows for the use of an attenuated Coulomb-
metric in Rl-based methods. This can be exploited in the

DOI: 10.1021/acs.jctc.8000116
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Figure 4. Isotropic HFCCs at the HF- and the RI-MP2-level of the a)
carbon and the b) hydrogen atoms with increasing distance to the
radical center of C,oH,;.

computation of the HFCCs of selected nuclei. Furthermore, a
migration to GPUs using the efficient modified J-engine
algorithm as presented in ref 43 can be achieved. Scaling the
opposite spin contribution with respect to more accurate
methods using extended basis sets, as was previously for
example performed for NMR shieldings,** can lead to highly
accurate results. In our present work, we do not aim to correct
the error due to an incomplete basis set, nor the method error
by adjusting the scaling parameter with respect to accurate
reference results, as obtained, e.g., by coupled cluster theory.
Instead we aim to highlight that the assumption of neglecting
the same spin contribution and correspondingly weighting the
opposite spin terms is a useful approach in the case of HFCCs.
We computed the isotropic HFCCs for a variety of molecules
with both RI-MP2 and DH-DFT and compared the standard
unscaled RI-MP2/DH-DFT HFCCs to their SOS variant in
Table 1. Most of the correlation can be attributed to the
opposite spin (OS) contribution, thus the average deviation of
the SOS-computation is small. When the OS contribution is
scaled with cyg = 1.3, the value determined for the computation
of SOS-MP2 energies,*' these deviations decrease considerably.
Further, when comparing to spin component scaled (SCS) RI-
MP2/DH-DFT HFCCs, where both the opposite and the same
spin contributions are scaled,” the values indicate that SOS-
MP2 HFCCs are a good approximate to SCS results, notably
better than unscaled RI-MP2/DH-DFT. The same spin
contributions are especially important when long-range effects
are considered, which is not the case for the local HFCCs.
Despite the fact, that the deviations are small, an element-
specific and basis set-dependent scaling factor might be

3019

Table 1. Average Deviation (A) of Isotropic SOS-MP2
HFCCs with cgg = 1.0 and cgg = 1.3 to RI-MP2/DH-DFT
HFCCs (PT2) and to SCS-RI-MP2/DH-DFT for NF,, CH;,
CHO, %0,, and 3SO for Different Basis Sets”

RI-MP2 RI-MP2 B2-PLYP

def2-SVP cc-pVIZ (cc-pVTZ)
P P

A(SOS,,, - 10 — PT2) 23.6 MHz 16.4 MHz 6.0 MHz (62%)
(70%) (64%)

A(SOS,,, .15 — PT2) 16.5 MHz 11.6 MHz 5.0 MHz (66%)
(77%) (72%)

A(SCS — PT2) 11.0 MHz 7.7 MHz 3.3 MHz

A(SCS - SOS,,. - 13) 5.5 MHz 3.9 MHz 1.7 MHz (89%)
(92%) (91%)

“The percentage of the recovery of the RI-MP2/DH-DFT and the
SCS-RI-MP2/DH-DEFT result using the SOS-approximation is shown
in brackets.

beneficial, as, e.g, in the case of NMR shieldings.42 Further
extensive benchmarks with respect to higher-level results and
the according adjustment of the scaling parameter cog for
different elements might even render the SOS-HFCCs more
reliable than nonscaled results.

4.3.2. Computational Efficiency. We computed the SOS-
MP2-HFECCs of linear alkanes using our new approach with
and without the attenuated Coulomb-metric, indicated by w,
both on CPUs and on GPUs. The GPU computations were
performed using the modified J-engine,” whereas the Z-
matrices were obtained using BCSR-algebra in the case of the
CPU computations. For efficiency reasons, BCSR was only
used for w-SOS-CDD computations and only for systems larger
than C4H,,,. In the GPU algorithm, only the contraction in eq
20 is performed on GPUs. The timings are shown in Figure S.

Number of carbon atoms
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Figure 5. Comparison of the computational wall time for the selected-
nuclei calculation of isotropic HFCCs of the C; atom of linear alkanes
using the RI-CDD MP2 ansatz and the SOS-CDD approaches both on
CPUs and on GPUs with and without the attenuated Coulomb-metric
indicated by an ®. The scaling behavior for the four largest systems is
obtained by a linear fit of the double-logarithmic plot shown in the
inset.

As expected, the GPU computations outperform those on
CPUs for all systems. Only for even more extended systems will
the »-SOS-CDD MP2 implementation on CPUs be more
efficient than their GPU variant. This is due to the formation
and the contraction of the Z-matrices, which asymptotically
scale sublinearly in the CPU code by the use of BCSR algebra.
In contrast, the highly efficient J-engine used in the GPU
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implementations does not rely on BCSR and scales cubically.
The linear fits of the double-logarithmic plot in Figure
confirm the reduced scaling behavior of the @-CPU variant
with respect to the @w-GPU implementation. The reported
scaling behaviors are not (sub)linear, which is due to
computation of all three-center quantities without memory
intensive prior screening and bookkeeping and due to
expensive I/O-processes.

When comparing to the selected-nuclei RI-CDD ansatz, the
SOS-computations on CPUs perform less efficiently than the
computation of both the opposite and same spin contributions.
While at first this seems contradictory, the reason is that the RI-
CDD ansatz is based on the highly efficient perturbation-
including QQR-type integral screening, whereas our present
SOS-code only resorts to BCSR algebra. The latter is more
efficient for more extended systems, as can be seen for C,50H,0;
in Figure §.

4.4. Environment Effects on HFCCs. In order to
demonstrate the overall performance and applicability of our
new method, we investigated HFCCs of catalytic residues
found in pyruvate formate lyase (PFL). This glycyl radical
enzyme catalyzes the reversible transformation of pyruvate and
coenzyme-A into formate and acetyl-CoA involving three
residues:*>®” The Cys418 thiyl radical acylates the carbon atom
of the pyruvate carbonyl, the Cys419 thiyl radical administrates
hydrogen-atom transfers, and the Gly734 glycyl radical transfers
the radical to and from Cys418 using Cys419.

We analyze the effect of the protein environment on the
radical center in PFL based on the crystal structure®® (PDB
code 2PFL) by computing HFCCs of the radical centers taking
more and more surrounding residues of the protein into
account.

The crystal structure depicts the structure of the nonradical
form of PFL in its complex with the substrate analog oxamate
and the C418A/C419A double mutant. Gly734 and Cys419
positioned at the tips of opposing hairpin loops meet in the
apolar barrel center, whereas oxamate fits into a compact
pocket where C2 is juxtaposed with Cys418, which in turn is
close to Cys419.%® The model of the active site is suggestive of
a snapshot of the catalytic cycle when the pyruvate-carbonyl
awaits attack by the Cys418 thiyl radical proposed as a
homolytic radical mechanism for PFL that involves Cys418 and
Cys419 both as thiyl radicals with distinct chemical functions.

Starting from the X-ray crystal structure, force field MD
minimizations were performed with the NAMD 2.10 package®
and the AMBER 99SB force field.”’ Parameters were taken
from GAFF’' and 99SB’® force fields. MD minimizations
employed the particle mesh Ewald method periodic boundary
conditions.”

Four different molecular clusters with different sizes
resembling increasing molecular environments for involved
catalytic residues were cut out of the minimized crystal
structure, using 2, 3, and 4 A around catalytic residues. Cut
structures were then modified to resemble specific radical
species on respective catalytic residues by abstracting
corresponding hydrogen atoms and then optimized subse-
quently using the GFN-xTB”> method as doublets using soft
constraints on all hydrogen atoms. We name the systems
according to the residue from which we abstracted the
hydrogen atom, ie.,, Cys418e, Cys419e, and Gly734e. The
systems are shown in Figure 6.

In order to confirm the locality of the electronic spin density
we analyze the Fermi contact term of all nuclei of the smallest
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Figure 6. Cys419e in its protein environment. The system in a)
consists of the three catalytic residues Cys418, Cys419, and Gly734
(32 atoms), the system in b) contains surrounding residues within 2 A
(162 atoms), c) within 3 A (325 atoms), and d) within 4 A (411
atoms).

systems consisting of the three catalytic residues at the DH-
DEFT level in Figure 7. It confirms the high localization at the
sulfur atoms in the case of the radical systems Cys418e and
Cys419e. In the case of Gly734e, a significant distribution
along the neighboring carbon, oxygen, and nitrogen atoms can
be seen.

In the following, we computed the HFCC of the atoms from
which we abstracted the neighboring hydrogen atom of the
three catalyic residues in their protein environment. We first
compare the HFCCs obtained by B3LYP to the HFCCs
obtained using B2-PLYP with both our selected-nuclei RI-CDD
approach on CPUs and the @-SOS-CDD ansatz on GPUs for
the smallest system and the system with a 2 A sphere in Table
2. The values highlight that the SOS approximation is valid in
this case, as the SOS results mirror the behavior of the unscaled
results and the deviations are small.

To further demonstrate the applicability of our new methods
for the study of the influence of the protein environment on
HFCCs, we computed the HFCCs of the radical centers with
®-SOS-CDD taking more and more of the environment into
account. The results are shown in Figure 8 and clearly show a
convergence of the HFCCs with an increase in the size of the
protein environment. The radicals Cys418e and Cys419e only
show a small dependence on the environment of less than 2
MHz. Intriguingly, the small effect of the environment on
Cys419e is of opposite sign when correlation effects are taken
into account by DH-DFT than with B3LYP. Gly734e, however,
is highly dependent on the environment. Including residues
within 2 A leads to a change in the HFCC of 143 MHz. This
can be explained by the fact that the smallest system consists of
no covalently attached neighboring residues. By including
neighboring residues, the electron spin density is localized more
on the radical center, in contrast to the result obtained for the
smallest system in Figure 7. Nonetheless, when further residues
are taken into account, the HFCC still changes by more than S
MHz.

Using our @-SOS-CDD the HFCCs of large systems could
be analyzed with a reduced computational effort. All three
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(c) Gly734e

Figure 7. Fermi contact term of the electronic spin density of all nuclei
of the three catalytic residues at the DH-DFT-level using B2-PLYP for
the radicals Cys418e, Cys419e, and Gly734e. The values are displayed
in 107 au as the HFCCs rely also on the nuclear magnetic moment
and are thus less appropriate to highlight the locality of the spin
density.

radicals were computed including residues within 3 A in less
than 80 b, the system with residues within 4 A in less than 9
days. It has to be noted, that the systems with 2 A spheres are

46
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(b) Carbon-atom HFCC (Gly734e)

Figure 8. Dependence of the @-SOS-CDD DH-DFT isotropic HFCC
in three radicals (Cys418e, Cys419e, and Gly734e) as a function of
the protein environment. Size convergence was studied by including
residues within a 2 A (162 atoms), 3 A (325 atoms), and 4 A (411
atoms) distance around the catalytic residues. The inlay shows the
computational wall time of the Gly734 computations as a function of
the number of atoms in comparison to the respective timings with the
canonical method. Values indicated by an asterisk are extrapolated.
The SCF of the largest system of the radical Cys418 could not be
converged.

comparable in size with respect to the number of significant
shellpairs with C,4oH,o;, whereas the systems with 3 A spheres
exceed the largest computed linear alkane system (C,o0H,0;) by
a factor of 1.6. The systems with 4 A spheres have more than
twice the amount of significant shellpairs than C,poH,p,.

5. CONCLUSION AND OUTLOOK

Based on our previous method to compute HFCCs at the
MP2-level using the RI-CDD approach,”® we have introduced a

Table 2. Isotropic HFCCs of the Spin Centers of the Catalytic Center of Three Different Radical Systems (Cys418e, Cys419e,

Gly734e) with and without Surrounding Residues within 2 A”

Cys418 [MHz]

Cys419 [MHz]

Gly734 [MHz]

1 2 3 1
catalytic center 35.0 45.1 439 37.5
2 A sphere 36.8 454 442 36.5

2 3 1 2 3
45.6 44.3 81.3 92.8 97.7
45.9 44.4 211.1 234.7 240.7

“The HFCCs were computed using the functional B3LYP (1), the new selected-nuclei RI-CDD B2-PLYP ansatz (2), and our new ®-SOS-CDD

algorithm on GPUs(3).
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methodology to compute the HFCCs of selected nuclei with
reduced computational effort for systems with a localized spin
density. For this, a sublinear number of two-electron integrals
are determined to be significant by the use of a perturbation-
including QQR-type integral screening. By only contracting
screened two-electron integrals, an overall low-scaling and low-
prefactor ansatz is obtained, leading to an up to 10-fold
decrease in the computational effort with respect to our
previous all-nuclei method.

Further, we introduce the computation of SOS-MP2 HFCCs
of selected nuclei, where also an asymptotically sublinear
scaling in the contraction can be achieved by BCSR algebra,”>*°
The overall efficiency can be improved with an attenuated
Coulomb-metric,”*"**** as the scaling behavior of the
transformation of the three-center integrals is reduced. The
SOS-MP2 formulation can also be migrated to GPUs, where a
modified J-engine as in ref 43 is employed. This results in a
total CPU time spent for the computation of the isotropic
HFCC of the terminal C atom in CyyH,, on a node
containing 12 CPU cores and four Nvidia GeForce GTX Titan
GPUs of only 35 h. Similarly, the HFCC of a radical system in
its protein environment with more than 300 atoms was
computed in less than 80 h.

Our new approaches to efficiently compute the HFCCs of
selected nuclei can be used to compute, e.g., the effect of the
environment on molecular systems with a fully quantum
mechanical description of the environment (at the MP2-level)
as well as the computation of large molecular systems with high
spin localization. Further work could include long-range
solvation effects by, e.g, continuum solvation models. Our
first promising results motivate future studies on an optimal
scaling parameter in the SOS computation, in analogy to similar
studies performed for NMR-shieldings,** with which even more
reliable results at this simplified level are expected.
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We present a benchmark study on the gauge-origin dependence of the electronic g-tensor using data
from unrestricted density functional theory calculations with the spin-orbit mean field ansatz. Our
data suggest in accordance with previous studies that g-tensor calculations employing a common
gauge-origin are sufficiently accurate for small molecules; however, for extended molecules, the
introduced errors can become relevant and significantly exceed the basis set error. Using calcula-
tions with the spin-orbit mean field ansatz and gauge-including atomic orbitals as a reference, we
furthermore show that the accuracy and reliability of common gauge-origin approaches in larger
molecules depends strongly on the locality of the spin density distribution. We propose a new prag-
matic ansatz for choosing the gauge-origin which takes the spin density distribution into account and
gives reasonably accurate values for molecules with a single localized spin center. For more general
cases like molecules with several spatially distant spin centers, common gauge-origin approaches
are shown to be insufficient for consistently achieving high accuracy. Therefore the computation of
g-tensors using distributed gauge-origin methods like gauge-including atomic orbitals is considered
as the ideal approach and is recommended for larger molecular systems. Published by AIP Publishing.
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l. INTRODUCTION

A central issue in the calculation of magnetic molecu-
lar properties is the gauge-origin dependence. Unless gauge-
origin independence is enforced by appropriate methods, com-
puted values can depend on the positioning of the molecule
within the chosen coordinate system.! This unphysical effect
is only present in calculations with a finite basis set and van-
ishes in the complete basis set limit. Well-established methods
exist that use distributed gauge-origins and assure gauge-
origin independent results. The most commonly used approach
employs gauge-including atomic orbitals (GIAOs, also called
“London atomic orbitals”).>* Alternatively, the “individual
gauge for localized orbitals” (IGLO)®’ or the “localized
orbital/local origin” (LORG)?® approaches have been used in
methods employing localized molecular orbitals.’

Gauge-origin dependence is also a problem in g-tensor
calculations; however, in several studies on the electronic g-
tensor, it was found to be smaller than for other magnetic
properties.>~'3 Still, some evidence of a non-negligible influ-
ence of the gauge in g-tensor calculations can be found in
the literature: Lushington ef al.'> analyzed the gauge-origin
dependence using Hartree-Fock and reported that for some
of the studied molecules g-shifts changed considerably upon
translation of the molecule by 1.73 bohrs in a Sadlej basis
set'* (30% change for Agxx of CO3; 34% change for Agyy of
C3Hs). Kaupp er al.'> observed a rather small dependence
of the g-shifts on the chosen gauge-origin in calculations
on various phenoxyl radicals, but a pronounced gauge-origin

@Electronic mail: christian.ochsenfeld @uni-muenchen.de

0021-9606/2018/148(21)/214101/11/$30.00

148, 2141011

dependence of the g-tensor orientation. Patchkovskii er al.'®

found a pronounced gauge-origin dependence of the (in most
cases relatively small) spin-other-orbit contribution to the g-
tensor. van Lenthe e al.'? studied the gauge-origin dependence
of their relativistic ansatz for g-tensor calculations based on
the zeroth-order regular approximation method and observed
for NO, with triple-{ Slater type orbital basis set changes of
around 20% upon translation of the molecule by 10 A in the x-,
y-, and z-direction. Lushington and Grein!” reported a relative
change of 18% in the g-shifts in multi-reference configuration
interaction calculations for MgF with two choices of the gauge-
origin [on the Mg atom or in the electronic charge centroid
(ECO)'8].

Despite these examples which show that the gauge-
origin dependence can have a non-negligible effect on the
g-shifts, many studies on electronic g-tensors employ a com-
mon gauge-origin.'%!1-1935 This can also be explained by the
fact that most previous studies focused on g-tensors of small
molecules.!728:3033.3436.37 By contrast, for g-tensors of large
molecules, the gauge-origin dependence of the obtained values
can be expected to be much more severe. This is because the
errors associated with the gauge-origin dependence increase
with distance from the gauge-origin;' in extended molecules
always some parts of the molecule are relatively far apart
from the origin — no matter how the molecule is positioned.
As several recent studies presented g-tensor calculations on
larger molecules,’¥* a careful evaluation of the influence of
the gauge-origin dependence in larger systems appears to be
necessary.

To this end we carried out the, to our knowledge,
most extensive study on the gauge-origin dependence of the
electronic g-tensor to date. In particular, we also discuss the

Published by AIP Publishing.
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accuracy and reliability of common gauge-origin approaches
for larger molecules and highlight the role played by the
spin density distribution. Our method of choice is unrestricted
density functional theory (DFT) because it provides a reason-
able compromise between accuracy and computational effi-
ciency. We use B3LYP*® as a functional, which has shown
a good agreement with coupled-cluster singles and doubles
(CCSD) calculations on g-tensors in a recent study by Perera
et al.*’ Further details on our employed ansatz are provided in
Sec. II.

Il. THEORY

The components of the electronic g-tensor can be com-
puted in analytical derivative theory by taking a second deriva-
tive of the energy E with respect to the magnetic field B and
the electronic spin §

2 O’E

T , ,q € 1X,¥,2), 1
@ 9B,95, 505y’ 71 {x,y, 2} (1

8prq =
where @ denotes the fine structure constant.*® Throughout
this paper, only the three g-shifts or their isotropic average
are shown; the g-shifts are the deviations of the singular val-
ues of the g-tensor from the g-value of the free electron ge;.
The contributions to the g-tensor include the relativistic mass
correction g"™°, the diamagnetic one- and two-electron terms
(g%°! and g%°?), and the paramagnetic one- and two-electron
terms (gpsol and gp502)48
8pg = Opa8el + &g &y S hy &y (@)
In the following, we summarize how these contributions are
computed in our implementation. We initially show the equa-
tions for a basis of regular atomic orbitals (AOs) and then
describe the necessary modifications for a basis of GIAOs.
g™ is readily computed from the kinetic energy integrals
T, and the spin density P,,,,

g = @ gel S0 ZP;”;"TW. 3)

S is the total spin of the electronic state (e.g., % for doublet
states and % for triplet states). The diamagnetic one-electron
contribution is given by the following expression:

&' = Zz 27
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where Z, and R, are the charge and position of nucleus A,
respectively, and g’ is the electronic spin-orbit g-factor.*’ ﬁo
is the chosen gauge-origin. The diamagnetic two-electron con-
tribution is usually rather small; we only indirectly account for
it by replacing the nuclear charges Z, in Eq. (4) by effective
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nuclear charges Z4 as determined by Koseki et al.>’ In this
way, we obtain for the diamagnetic contributions

SS ZZAZPz;ﬁ
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For the paramagnetic terms, we employ the spin-orbit mean
field (SOMF) operator.>@®-30®) It treats the two-electron spin-
orbit coupling in a mean field way and has been shown to be a
highly accurate approximation to the exact spin-orbit oper-
ators.’”® The SOMF operator  has a similar structure to
the Fock operator and contains one-electron, Coulomb, and
exchange contributions

Zoy =y + g KA g elxya), (6
(F-Rixp],
a? g [ o
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(10)

Finally, we further apply the 1X-approximation, which only
introduces minor errors, to the SOMF operator as suggested
by Neese.’%® The SOMF-1X operator is obtained from the
full SOMF-operator by neglecting all multi-center integrals in
Eq. (9).

With the SOMF operator, the paramagnetic contribution
to the g-tensor can be obtained as follows:

orPL”
psol p502
+g =~
8pq s Z

The magnetic field derivative of the spin den51ty is obtained
from the difference of the perturbed @ and 8 densities

a. (11)
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which in turn can be computed by unrestricted coupled-
perturbed self-consistent field (CPSCF) as described, e.g., in
Ref. 51.

In addition to the gauge-origin dependent theory in a regu-
lar AO basis described so far, we also implemented the SOMF
ansatz in combination with GIAOs, which are obtained from a
product of a regular AO basis function y,(7) and a magnetic
field dependent phase factor*

bu() = exp —i%(éx(ﬁ,,—ﬁo>>-r7]x,,(7>. (13)
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GIAOs have previously been used in several methods for
g-tensor computations such as the coupled-cluster approach
from Gauss et al.®® and the DFT ansatz from Schreckenbach
and Ziegler.*® If GIAOs are employed the expression for the
diagmagnetic contributions changes as follows:

8S Z “ Z P

d%ol d§02
8pg T8yq *

[/ ) 2R CER)
|7 — Ry
- / BT R
|F — R I3
(14)

In a GIAO basis, the magnetic field derivatives of the inte-
grals contributing to the Fock matrix and of the exchange-
correlation potential need to be included in the CPSCF equa-
tions as described in Ref. 52 for restricted CPSCF. The use of
GIAOs also leads to an additional paramagnetic contribution
from the B-field derivative of the SOMF matrix

pot , oz L [0P”| (0% 15
8pq + "’E (3Bp Zﬂv+ uv 8B,, s( )
j4 s=0
C{)ZZV a /> = a - -
__¢ g _ & _ q
5 = 5 (RuxRy) 2 = S [(Ru=Ro) x2f,.] . (16)

Here, R,, and R, are the positions of the atomic centers of y/,
and y,, respectively. The index v* indicates the basis func-
tion y,, whose angular momentum has been incremented in
either x-, y-, or z-direction as necessitated by the cross prod-
uct. Note that the basis functions y,; and y in Eqgs. (8)—(10)
are not substituted by GIAOs because the SOMF operator
enters the Hamiltonian as a one-electron operator. Consider-
able simplification occurs if the 1X-approximation is invoked;
in this case, no exchange terms need to be computed dur-
mg the evaluation of Eq. (16) because both R X R and
R - R vanish if all basis functions are centered on the same
atom.

lll. COMPUTATIONAL DETAILS

The theory described in Sec. II was implemented both
for a basis of GIAOs and a basis of regular AOs in a devel-
opment version of the FermiONs++ program.’3>* The ref-
erence state is obtained via unrestricted Kohn-Sham DFT
and the SCF energy converged to a threshold of 1078 a.u.
Direct inversion of the iterative subspace (DIIS)°” is employed
for updating the perturbed density during the CPSCFE. The
perturbed densities were converged below 1077, Shell pairs
with a maximum basis function overlap of less than 1072
were omitted from the calculation. The molecular integration
grid used for DFT was generated as a product of a spherical
Lebedev/Laikov® grid with 590 angular points and a Treutler-
Ahlrichs “M4” grid>” with 99 radial points. We employ basis
sets from the def2-series™® (def2-SVP, def2-TZVP, and def2-
QZVPPD?); these basis sets are well-suited for DFT calcula-
tions and have also been used in several recent DFT studies on

g—tensors.m‘“)‘44
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The structures of the small molecules used in Secs. IV A
and IV B were taken from two sources: a set of molecules
from Schreckenbach and Ziegler used for benchmarking their
g-tensor ansatz*® and a set of small main group radicals
from Ref. 60 with structures optimized by unrestricted CCSD
with perturbative triples [UCCSD(T)]. The used test set con-
tains 45 molecules, including different spin states (doublets
and triplets) as well as molecular charges (anions, cations,
and neutral species). The geometries of the molecules used
for Secs. IV C and IV D were optimized with the HF-3c
method®! using the ORCA program.5>3 All computed g-
shifts are shown in the supplementary material. The employed
geometries are available for download at http://www.cup.uni-
muenchen.de/pc/ochsenfeld/download/.

IV. RESULTS AND DISCUSSION

A. Significance of the gauge-origin dependence
in g-tensor calculations

In this section, we present calculations on a test set of
45 main group radicals for the purpose of benchmarking the
gauge-origin dependence of the electronic g-tensor at the DFT
level of theory. We quantify the gauge-origin dependence in
our calculations by performing two calculations per molecule
with different positioning of the molecule relative to the gauge-
origin: in one of these calculations the gauge-origin is posi-
tioned in the center of mass of the molecule; in the second
calculation the molecule is translated away from the gauge-
origin by 10.0 A in the x-, y-, and z-direction. The difference
in the g-shifts in these calculations is in the following denoted
as Agauge. In order to assess the relevance of the observed
gauge-origin dependence and its practical implications, we try
to compare the gauge error to the basis set error. Both of these
errors represent different aspects of the basis set incomplete-
ness and vanish for a complete basis set. Our estimate for basis
set error (which we denote as Abasis) is obtained from the dif-
ference to the g-shifts computed in a def2-QZVPPD basis set,
which we assume to be close to the complete basis set limit
(in both calculations the gauge-origin is at the center of mass).
Based on the comparison between gauge error and basis set
error, we then discuss to what extent the use of distributed
gauge-origin methods like GIAOs can improve the accuracy
of g-tensor calculations in a given basis.

Although our main interest focuses on the gauge errors
that can occur in medium-sized and larger molecules, we
exclusively employ small molecules (less than eight atoms)
in the calculations of this section. We avoid larger molecules
as the calculations with the def2-QZVPPD basis set would be
computationally very demanding. However, as we will show
in Secs. IV C and IV D in calculations on extended molecules,
the contributions to the molecular g-tensor are often local
and originate from small parts of the molecule. We there-
fore think that Agauge provides a good estimate of the errors
that can be expected when contributions to the g-tensor from
a group of atoms inside a large molecule are computed—
assuming that this group of atoms does not happen to be
spatially close to the gauge-origin. The employed translation
distance of 17.3 A (10.0 A in each spatial direction) is not
unreasonably large for this purpose as the numerous studies
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FIG. 1. Comparison of the influence of the basis set and gauge-origin on g-
shifts in our test set. Abasis is the absolute deviation of the value computed
with the def2-SVP basis set from the def2-QZVPPD result obtained with the
same nuclear coordinates. Agauge is the absolute change in the individual g-
shifts upon a translation of the molecule by 10.0 A in the x-, y-, and z-direction
(using def2-SVP as a basis set in both calculations).

using EPR spectroscopy on biological macromolecules includ-
ing, e.g., spin-labeled proteins,®*%> lipids,®® or nucleic acid
polymers,67 show. For such molecules, inter-atomic distances
can easily exceed 17.3 A. Nevertheless, we will also discuss
the implications of our findings for calculations on smaller
molecules.

In Figs. 1-4, we present how large Agauge and Abasis are
in absolute and relative terms for the molecules in our test set;
for this purpose, we sorted the computed deviations into cate-
gories in order to show how these errors vary among the test
set. The calculation with the same basis set and with the gauge-
origin in the center of mass is taken as a reference value for
the relative deviations due to gauge-origin dependence. The
relative deviations due to Abasis are computed relative to the
def2-QZVPPD values (also with the center of mass as gauge-
origin). Statistical values on the calculations are presented in
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FIG. 2. Comparison of the influence of the basis set and gauge-origin on g-
shifts in our test set. Abasis is the absolute deviation of the value computed
with the def2-TZVP basis set from the def2-QZVPPD result obtained with the
same nuclear coordinates. Agauge is the absolute change in the individual g-
shifts upon a translation of the molecule by 10.0 A in the x-, y-, and z-direction
(using def2-TZVP as a basis set in both calculations).
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FIG. 3. Comparison of the influence of the basis set and gauge-origin on
g-shifts in our test set. Abasis is the unsigned relative deviation of the value
computed with the def2-SVP basis set from the def2-QZVPPD result obtained
with the same nuclear coordinates. Agauge is the unsigned relative change in
the individual g-shifts upon a translation of the molecule by 10.0 A in the x-,
y-, and z-direction (using def2-SVP as a basis set in both calculations).

Table I. As g-shifts can vary over several orders of magni-
tude for different molecules, it is worth mentioning that the
average isotropic g-shift of our test set amounts to 3495 ppm
(def2-QZVPPD basis).

For the def2-SVP basis set and the employed transla-
tion distance of 17.3 A, the average value of Agauge exceeds
the average of Abasis significantly—both for individual g-
shifts (2318 ppm compared to 693 ppm) and for isotropic
g-shifts (1967 compared to 642 ppm). In general, we observe
that for molecules whose three g-shifts have significantly dif-
ferent magnitudes, the smallest shifts of these g-shifts show
the highest sensitivity to the gauge. This effect explains why
the mean relative deviations in the individual g-shifts due to
Agauge (346.3% for def2-SVP; 95.9% for def2-TZVP) are
much higher than the mean relative deviations in the isotropic
g-shifts (79.3% for def2-SVP; 25.5% for def2-TZVP). These
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FIG. 4. Comparison of the influence of the basis set and gauge-origin on g-
shifts in our test set. Abasis is the unsigned relative deviation of the value com-
puted with the def2-TZVP basis set from the def2-QZVPPD result obtained
with the same nuclear coordinates. Agauge is the unsigned relative change in
the individual g-shifts upon a translation of the molecule by 10.0 A in the x-,
y-, and z-direction (using def2-TZVP as a basis set in both calculations).
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TABLE 1. Mean and standard deviations (s.d.) from the calculations on our test set with either def2-SVP or
def2-TZVP basis set. Abasis is the deviation of the computed value from the def2-QZVPPD result obtained with
the same nuclear coordinates. Agauge is the change in the individual g-shifts upon a translation of the molecule
by 10.0 A in the x-, y-, and z-direction (using the same basis set in both calculations). Shown are either statistics
on the individual g-shifts (“all”), the isotropic g-shifts (“iso”), or the isotropic g-shifts between 500 and 5000 ppm

[“iso (500-5000 ppm)”].

def2-SVP def2-TZVP
Shifts Absolute (ppm)  Relative (%)  Absolute (ppm)  Relative (%)
All Agauge (mean) 2318 346.3 1193 95.9
Abasis (mean) 693 15.5 175 7.3
Agauge (s.d.) 5245 1690.4 3041 463.8
Abasis (s.d.) 1564 23.5 368 15.9
Iso Agauge (mean) 1967 79.3 1041 255
Abasis (mean) 642 14.1 156 6.3
Agauge (s.d.) 3580 121.1 2228 36.7
Abasis (s.d.) 990 14.5 253 10.8
Iso (500-5000 ppm)  Agauge (mean) 1290 102.9 387 21.2
Abasis (mean) 274 13.1 102 4.4
Agauge (s.d.) 1041 152.1 302 17.1
Abasis (s.d.) 477 17.1 263 7.2

large relative deviations can also be seen from Figs. 3
and 4.

Abasis is reduced by roughly a factor of four upon chang-
ing from a def2-SVP basis to a def2-TZVP basis (693 ppm
compared to 175 ppm); Agauge is on average only reduced by
roughly a factor of two (2318 ppm compared to 1193 ppm). If
only isotropic g-shifts between 500 and 5000 ppm are included
in the statistics, Agauge is diminished to a somewhat larger
extent upon changing from a def2-SVP to a def2-TZVP basis
set (reduction from 1290 ppm to 387 ppm) than Abasis (reduc-
tion from 274 ppm to 102 ppm). Thus the gauge-error is
of similar magnitude relative to the basis set error both for
the def2-SVP and the def2-TZVP basis sets, even though its
absolute size decreases by about 50% for the larger basis
set.

The shown data imply that the “total basis set incomplete-
ness error’” (including the gauge error and the regular basis set
error) in contributions to the g-tensor from a group of atoms
displaced 17.3 A from the gauge-origin can be reduced con-
siderably if distributed gauge-origin methods are employed as
the gauge error exceeds the standard basis set error signifi-
cantly (for def2-TZVP/individual g-shifts by a factor of 6.8).
Thus, the use of distributed gauge-origin approaches would
be beneficial in situations where the gauge-origin cannot be
positioned closer to sites of the molecule with significant
contributions to the g-tensor — especially considering that
distributed gauge-origin approaches increase the computa-
tional cost to a much smaller extent than an increase of the
basis set.

In general, the components of the g-tensor depend lin-
early on the displacement from the gauge-origin.'> The same
linear dependence also holds for the closely related NMR
shielding tensors.®® This does not imply a strictly linear depen-
dence of the individual g-shifts; only the isotropic g-shift
changes in a linear fashion with increasing distance from the

gauge-origin. Therefore one can extrapolate how large the
gauge-error in the isotropic g-shifts would be on average for
smaller or larger displacements than the employed 17.3 A.
For def2-SVP, the gauge error in the isotropic g-shift amounts
to 113.7 pprn/A on average; for def2-TZVP, it amounts to
60.2 ppm/A. For a distance of 1.0 A to the gauge-origin,
the gauge-error is clearly below Abasis suggesting that dis-
tributed gauge-origin methods would not significantly improve
the accuracy in g-tensor calculations on very small molecules.
On average, the gauge error in the isotropic g-shifts exceeds
Abasis for displacements larger than 5.6 A (def2-SVP) and
2.6 A (def2-TZVP). If only values between 500 and 5000 ppm
are included, Agauge is on average larger than Abasis for dis-
placements above 3.7 A (def2-SVP) and 4.6 A (def2-TZVP).
These results imply that the usage of distributed gauge-origin
methods can improve the accuracy considerably for extended
molecules.

We also found rather large variations of the gauge-origin
dependence among the molecules in our test set. In Table I,
data from several molecules are shown, whose g-shifts dis-
play a quite pronounced dependence on the gauge. For all
these molecules, the gauge error after displacement signifi-
cantly exceeds the changes that are caused by an enlargement
of the basis set. With the def2-SVP basis set, the isotropic
g-shifts of the molecules in Table II deviate on average
934 ppm from the def2-QZVPPD numbers; after displace-
ment this deviation grows to 6374 ppm. For the def2-TZVP
basis, the deviations relative to the def2-QZVPPD values are
increased by more than one order of magnitude by the trans-
lation away from the gauge-origin (from 155 ppm to 2197
ppm). The gauge error in the calculations exceeds Abasis on
average for more than 2.5 A (def2-SVP) and 1.2 A (def2-
TZVP) distance to the gauge-origin. This shows even more
impressively than the statistics on the entire test set how large
influences of the gauge in g-tensor calculations can be. It
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TABLE II. Examples of molecules in our test set with strong gauge-origin
dependence. The column “transl.” indicates whether the molecule was posi-
tioned close to the origin or translated away from it by 10.0 A in the x-, y- and
z- direction.

Molecule Basis Transl. Ag; (ppm) Agp (ppm) Agz (ppm)
ClO3 def2-SVP No 10056 10056 847
def2-SVP Yes 16099 15221 =25
def2-TZVP No 7581 7581 1058
def2-TZVP Yes 10185 9892 766
def2-QZVPPD  No 7316 7316 1105
GeHj3 def2-SVP No 14613 14613 -211
def2-SVP Yes 55387 46245 -9106
def2-TZVP No 16 196 16 196 -61
def2-TZVP Yes 29764 27576 -2217
def2-QZVPPD  No 16762 16762 -107
MgF def2-SVP No -5 -1905 -1905
def2-SVP Yes 877 -5169 -6048
def2-TZVP No -3 -1705 -1705
def2-TZVP Yes 119 -2504 —-2625
def2-QZVPPD  No -3 -1742 -1742
SO3 def2-SVP No 4379 4379 73
def2-SVP Yes 8564 7852 -636
def2-TZVP No 2761 2761 366
def2-TZVP Yes 4709 4399 57
def2-QZVPPD  No 2534 2534 169
SiH3 def2-SVP No 2062 2062 -89
def2-SVP Yes 7360 6205 -1239
def2-TZVP No 2266 2266 =78
def2-TZVP Yes 2619 2599 -99
def2-QZVPPD  No 2285 2285 -78

strongly suggests that the gauge-origin dependence cannot be
ignored for larger molecules because the introduced errors
might render the computed values meaningless. Distributed
gauge-origin methods offer one elegant way to completely
remove the gauge error at moderately increased computational
cost and should be employed for larger molecules if possible.
In Secs. IV C and IV D, we will present calculations on larger
molecules and analyze the gauge-origin dependence in these
systems.

B. Influence of GIAOs on the basis set convergence

Most importantly, GIAOs ensure gauge-origin indepen-
dent results in magnetic property calculations. Apart from
that, the use of GIAOs also has the desirable advantage of
an accelerated basis set convergence. In this section, we ana-
lyze to what extent the GIAOs accelerate basis set convergence
in g-tensor computations at the DFT level. We present some
example data from our test set (Table III) and statistical val-
ues (Table IV). For the def2-SVP basis set, the use of GIAOs
reduces the absolute deviation to the def2-QZVPPD result
from 693 ppm to 645 ppm on average while the relative devia-
tion decreases from 15.5% to 14.6%. For the def2-TZVP basis,
mean absolute deviations of 196 ppm and 175 ppm absolute
deviation with and without GIAOs are observed; the mean rela-
tive deviations amount to 6.5% and 7.3%. It shows that GIAOs
accelerate the basis set convergence in g-tensor calculations at
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TABLE III. Ilustrative examples of the basis set convergence in some of the
molecules in our test set. “+ giao” indicates the use of a GIAO basis; in all
other cases, a regular AO basis set was employed and the gauge-origin was
positioned in the center of mass.

Molecule Basis Ag) (ppm)  Agy (ppm)  Agz (ppm)
BS def2-SVP -83 -8594 -8594
def2-SVP + giao -83 —8358 -8358
def2-TZVP -84 -9338 -9338
def2-TZVP + giao -84 -9322 -9322
def2-QZVPPD -84 -9099 -9099
cot def2-SVP -136 -2336 -2336
def2-SVP + giao -136 -2255 -2255
def2-TZVP -135 -2534 -2534
def2-TZVP + giao -135 -2514 -2514
def2-QZVPPD -134 -2535 -2535
NH}r def2-SVP 1449 1449 -162
def2-SVP + giao 1475 1475 -156
def2-TZVP 1595 1595 -158
def2-TZVP + giao 1600 1600 -153
def2-QZVPPD 1657 1657 -156

the DFT level only to a very small extent. This result agrees
with the findings from Gauss et al., who reported only marginal
acceleration of the basis set convergence by GIAOs in their
CCSD approach.®

In Secs. IV C and IV D, we will present calculations with
different choices of a common gauge-origin and compare them
to calculations with GIAOs. Based on the findings of this sec-
tion, this comparison is suitable for estimating the gauge error
in the calculations without GIAOs, as GIAOs ensure gauge-
origin independence but only have a small impact on the basis
set convergence.

C. Gauge-origin dependence in molecules
with a single localized spin center

As the calculations on small molecules shownin Sec. IV A
suggest, errors due to gauge-origin dependence can signifi-
cantly deteriorate the achievable accuracy in g-tensor calcula-
tions on larger molecules. In the current section and Sec. [V D,
we present calculations on medium-sized molecules. In order
to assess the influence of the gauge-origin dependence, we
compare the g-shifts computed with our SOMF-GIAO ansatz
to g-shifts obtained with different choices of a common

TABLE IV. Deviations of the def2-SVP or def2-TZVP data from the def2-
QZVPPD reference values for our test set. Mean absolute deviation (MAD),
absolute standard deviation (ASD), mean relative deviation (MRD), and rela-
tive standard deviation (RSD) are given. The calculations were carried out in
a regular AO basis (“AO”) or in a GIAO basis (“GIAO”).

def2-SVP def2-TZVP
AO GIAO AO GIAO
MAD (ppm) 693 645 175 196
ASD (ppm) 1564 1523 368 437
MRD (%) 15.5 14.6 73 6.5
RSD (%) 23.5 17.0 15.9 9.4
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gauge-origin. One of them is the electronic charge centroid
(ECC) which is the most commonly employed gauge-origin
in the literature on g-tensors.'%!1-22-35 Other choices for the
gauge-origin that have been employed in the literature are the
charge center of the nuclei?® or the center of mass.”!

All of the mentioned choices lead to a gauge-origin that
is quite centrally located within the molecule. However, we
claim that such gauge-origins are in general not optimal as
they do not take into account the local nature of the g-tensor.
As one can see from Egs. (3)-(16), the g-tensor is determined
by the distribution of the ground state spin density and the first
order response of the spin density to the applied magnetic field
perturbation. In many larger open-shell molecules, the spin
density is highly local. The perturbed spin density [Eq. (12)]
is exactly zero for a closed-shell reference state as all spin-
dependent operators in the Hamiltonian are set to zero for
5= 6 and @ and S electrons are therefore affected in the same
way by the magnetic field perturbation. In large molecules
with an electronic structure that only locally displays open-
shell character, one can accordingly expect the perturbed spin
density to be a local quantity as well. We also observed this
in our calculations; in Fig. 5, plots of the ground state and
perturbed spin densities in the -O—[CH;];3—CHj3 radical are
presented, which show their similar distribution and locality.

Given a spin density and perturbed spin densities that are
all well localized within one small part of the molecule, it is
clear that significant contributions to the g-tensor only arise
from this spatial region. In order to accurately compute these
contributions, a common gauge-origin should be positioned

ore? ory"?
0B, 9B,y
s=0 s=0
-5
BP;’,, ch—ﬁ
0B, 0 Nz
s=

FIG. 5. Absolute values of the entries in the spin density matrix and the
perturbed spin density matrices for the calculation of the -O—[CH;];s—CH3
molecule (def2-SVP basis set). Only matrix elements above a threshold of
1073 are shown. The basis functions centered on the oxygen atom are located
in the upper left corner.
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within the region with significant spin density and perturbed
spin densities. In analogy to the ECC whose position rgcc can
be computed using the following equation:'®

reccy = o 2 Palulily). petvya.  an
v

where ng is the number of electrons, we therefore propose the
use of the spin density center (SDC). The equation used for
computing the position of the SDC is given by

rspCyp = m ; |P3Jﬁ|</vl‘?p‘v>, p € {x,y,z}.

(18)
The density matrix P in Eq. (17) is substituted by the absolute
values of the spin density matrix P*~#. The trace of the matrix
product of IP?7#| with the overlap matrix S ensures the cor-
rect normalization. In the following, we compare the g-shifts
obtained with GIAOs to the g-shifts obtained with both the
ECC and the SDC as common gauge-origins.

In Fig. 6, computed isotropic g-shifts of alkane radicals
with increasing chain length are shown. The radical center is at
the end of the alkane chain. Both the isotropic g-shift obtained
with GIAOs and with the SDC as common gauge-origin
quickly converge with chain length; contrarily, the isotropic
g-shifts computed with the ECC as gauge-origin show a wrong
behavior with a linear increase for alkane radicals with more
than five carbon atoms. This qualitatively different behavior
between the gauge-origins ECC and SDC can be interpreted
as follows: The alkane radicals have a strongly localized spin
density at the radical center (which is at the end of the chain); in
the calculation employing the SDC, the gauge-origin is located
close to the terminal carbon atom at the radical center, and the
region containing the spin density is well described. The rapid
convergence of the isotropic g-shifts with chain length in the
calculations with GIAOs and with the SDC reflects the locality
of the contributions to the g-tensor in the alkane radicals. The
agreement of the isotropic g-shifts computed with GIAOs and
with the SDC as common gauge-origin is quite good in these
calculations; the small remaining deviations can originate from
the accelerated basis convergence in the GIAO calculation or
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FIG. 6. Isotropic g-shifts of alkane radicals of increasing chain length with a
terminal CH; group. The computations were carried out at the UDFT/B3LYP-
level with a def2-TZVP basis. The GIAO ansatz is compared to the common
gauge-origins SDC and ECC.
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from a minor gauge error within the SDC calculation. In con-
trast to the SDC, the ECC is by construction always located
centrally within the molecule (the ECC can even be viewed as
one possible definition of the center of the molecule); for these
calculations, it means that the ECC is for growing chain length
increasingly far apart from the region with significant spin den-
sity. Hence larger and larger gauge errors are introduced in the
calculation leading to a linear increase in the isotropic g-shift.
For the CpoHy; radical, the isotropic g-shift obtained with the
ECC deviates 318 ppm (111.6%) from the GIAO value.

In Table V, computed g-shifts for other molecules with
a single localized spin center are presented. The g-shifts
obtained with the SDC as gauge-origin are also for these
molecules significantly closer to the GIAO reference values
than the ECC g-shifts. For the calculations shown in Table V,
the mean absolute deviations in the isotropic g-shifts com-
pared to the GIAO values are 289 ppm for the ECC and
26 ppm for the SDC. The average relative deviations in the
isotropic g-shifts amount to 18.8% for the ECC and 2.9% for
the SDC. The improvement is especially significant for the
smaller g-shifts like in the -NH—[CH;—O]3—CH3—OH or
the -O—[CH;];3—CH3 molecule where the smallest g-shifts
obtained with the ECC have opposite sign. For even larger
molecules, one can expect even more pronounced improve-
ments by the SDC compared to the ECC as gauge-origin. Irre-
spective of the good agreement between the g-shifts obtained
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with the SDC and the g-shifts in a GIAO basis, the results
show that the influence of the gauge can be substantial in
these calculations on medium-sized molecules and signifi-
cant errors are introduced with a sub-optimal gauge origin
such as the ECC. This can be seen from several examples in
which the ECC leads to rather large errors like for Ag; of the
-NH—[CH;—O0];—CH3—OH molecules with a deviation of
1561 ppm (37.9%).

For the substituted toluene radical in Table V, the devia-
tion of the SDC values from the GIAO values is larger than for
the other systems (14.7% deviation in the isotropic g-shift).
This is expected due to the delocalization of the spin density
over the aromatic ring and the attached CH, group. Neverthe-
less, the differences of the SDC values to the GIAO results are
still smaller than those of the ECC values with a deviation of
50.2% in the isotropic g-shift.

With LiH* and NaF*, Table V also includes two molecules
which have a relatively large separation of ECC and SDC
despite their small extent (1.338 A separation for LiH*;
1.196 A separation for NaF*). Also for these molecules, the
SDC values are closer to the g-shifts obtained in a basis of
GIAOs than the ECC values. In general, for small molecules,
the differences between SDC and ECC can be expected to
be small as they are often close to each other; for symmet-
ric molecules, they might even coincide (e.g., for the O,
molecule).

TABLE V. g-tensor calculations with different gauge-origins (SDC or ECC) or GIAOs on radicals with a single
spin-center. The employed basis set is def2-TZVP in all cases.

Molecule Gauge Agy (ppm) Agy (ppm) Ags (ppm) Agiso (ppm)
ECC 7147 4295 —44 3799
MTSL SDC 7139 3950 -163 3642
GIAO 7084 3805 —226 3554
ECC 5680 1505 207 2464
NH—[CH,—0];—CH,—0H SDC 4137 1509 -132 1838
GIAO 4119 1540 -151 1836
ECC 65816 7382 292 24497
.O—[CH3]13—CHj SDC 65935 6494 -143 24095
GIAO 66021 6443 -175 24096
ECC 219431 17158 83 78891
Cys—Glys SDC 220569 17268 15 79284
GIAO 220519 17231 17 79256
N ECC 774 491 274 513
M SDC 557 553 -28 361
s GIAO 552 549 -81 340
i ECC 786 593 45 475
S SDC 619 520 -52 362
o GIAO 566 504 -122 316
ECC -36 -36 -36 -36
LiH* SDC -36 -39 -39 -38
GIAO -36 -39 -39 -38
ECC 99018 69225 -265 55993
NaF* SDC 99018 68179 291 55635
GIAO 99018 68231 —288 55654
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In summary, we have shown that the choice of gauge has
a large influence on the g-shifts in medium-sized molecules,
and common gauge-origin approaches can lead to significant
errors compared to the gauge-origin independent GIAO values.
A common gauge-origin that is chosen according to the spin
density distribution like our proposed SDC is better able to
account for the local nature of the g-tensor than the ECC. The g-
shifts obtained with the SDC as gauge-origin agree much better
with GIAO values than the g-shifts obtained with the ECC.
Therefore the SDC can be used as a pragmatic common gauge-
origin in larger molecules with a single localized spin center
if no suitable GIAO implementation is available. However,
we want to stress that the SDC does not represent a generally
applicable solution to the gauge-origin problem as shown in
Sec. IV D in calculations on molecules with multiple spin
centers.

One minor advantage of acommon gauge-origin approach
involving the SDC is a small speed-up of the calculation. The
gauge-origin independence provided by the GIAO approach
comes at the price of slightly increased computational cost
because it requires the computation of several integral deriva-
tives with respect to the magnetic field; the integrals needed
for the magnetic field derivative of the SOMF matrix [Eq. (16)]
are especially costly. In our preliminary implementation, the
computation of the SOMF matrix requires 35.5% of the total
calculation time (calculation on alkane-20 radical/def2-TZVP
basis); with GIAOs, this amounts to 53.4% (including the
magnetic field derivative of the SOMF matrix). In these calcu-
lations, the use of GIAOs increased the total computation time
by 71.1%. However, this additional effort might be substan-
tially reduced by the resolution-of-the-identity (RI) approxi-
mation®*@-79-72 which we currently do not employ. In a fully
optimized implementation, we expect a significantly smaller
overhead due to GIAOs. Therefore we recommend to use
distributed gauge-origin methods if possible also for larger
molecules with a single spin center as they provide fully
gauge-origin independent results.

D. Gauge-origin dependence in molecules
with multiple spin centers

As shown in Sec. IV C, a suitably chosen common gauge-
origin can allow for reasonably accurate g-tensor computations
also for larger molecules with a single, well localized spin cen-
ter. However, there are also many examples for molecules with
multiple spin centers or significantly delocalized spin density.
Much larger errors due to gauge-origin dependence can be
expected for molecules of this kind as no common gauge-
origin can be positioned close to all sites of the molecule with
significant (perturbed) spin density. This is confirmed by the
illustrative calculations shown on molecules with two or three
spin centers (Fig. 7 and Table VI).

In Fig. 7, isotropic g-shifts of the -NH—[CH,],—CH,
(x varied from 1 to 15) molecules are shown. Both the SDC
and the ECC as gauge-origins lead to significant deviations
from the GIAO values; the agreement with the GIAO g-shifts
deteriorates with increased spacing between the two spin cen-
ters. For x = 15, the deviations in the isotropic g-shift are
392 ppm/34.1% (ECC) and 403 ppm/35.0% (SDC). In these
molecules, the SDC is — similarly as the ECC — located
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FIG. 7. Tsotropic g-shifts of radicals of the type -NH—[CH,]x—CH, with
triplet spin state, where x is varied from 1 to 15. The computations were carried
out at the UDFT/B3LYP-level and with a def2-TZVP basis. The GIAO ansatz
is compared to the common gauge-origins SDC and ECC.

relatively centrally between the two spin centers. For both
gauge-origins, the increase of the distance between the gauge-
origin and the spin centers with increasing chain length causes
an increase in the gauge error which explains the large devia-
tions from the GIAO numbers. After an irregular behavior for
the smallest chain lengths, the deviations are growing linearly;
one could therefore easily extrapolate the size of the error for
even larger spacing between the spin centers. By contrast, the
isotropic g-shift converges rapidly in a GIAO basis due to the
locality of the contributions from the two spin centers.

In Table VI, results from g-tensor calculations on several
other molecules with two or three spin centers are shown. For
the presented molecules with radical centers on sulfur atoms,
the gauge-origin dependence is mostly negligible. The same
holds for the calculations on the -Cys—Gly, radical shown
in Table V. We suspect that due to the dominance of the
atomic contributions of the sulfur the g-shifts are both signifi-
cantly larger and less sensitive to the gauge than for the other
analyzed systems; in the limiting case of a single atom, the
g-shifts are independent of the gauge as discussed in Ref. 73
for the related theory of NMR shielding tensors. More pro-
nounced differences between the GIAO values and the com-
mon gauge-origin approaches can be seen for the g-shifts of
the other molecules. For the largest g-shift of - Ala—Gly—Lys-
di-radical, the difference to the GIAO g-shifts amounts to 620
ppm/23.6% (ECC) and 517 ppm/19.6% (SDC). The Ag, value
of the -O—[CH;];3s—NH molecule differs by 721 ppm/19.0%
(ECC) and 718 ppm/18.9% (SDC) from the GIAO result.

Because of the demonstrated low reliability of common-
gauge-origin approaches for molecules with several, spatially
distant spin centers, we recommend to use distributed gauge-
origin methods like GIAOs for molecules of this kind.

We have on purpose not shown calculations on molecules
with extensively delocalized spin density, as in many cases
multi-reference methods might be necessary to properly
describe these systems, and the reliability of the DFT ansatz
is questionable. Still, the findings of this section should be
transferable to this class of molecules because it is not possi-
ble to position the entire region with significant spin density
and perturbed spin densities in close vicinity of a common
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TABLE VI. g-tensor calculations on molecules with two or three spin centers. All calculations were done with
UDFT/B3LYP and the def2-TZVP basis set. Values obtained with the SDC or ECC as gauge-origins are compared

to the GIAO results.
Molecule Gauge Ag) (ppm) Agp (ppm) Agz (ppm)  Agiso (ppm)
ECC 1550 -92 3268 -603
0=C—[CH;];7—C=C- SDC 1487 -96 -3248 619
GIAO 1353 -118 3253 —673
ECC 4167 1788 -35 1973
NF—CH,—[CH=CH—CH,]s—CH,—CH=CH SDC 4197 1786 -28 1985
GIAO 3704 1518 -155 1689
ECC 3252 1031 113 1465
-Ala—Gly,—Lys- SDC 3149 1032 111 1431
GIAO 2632 887 -32 1162
ECC 108751 9710 -100 39454
‘NH—[CH,—0];—CH,—S- SDC 108 742 9710 -100 39451
GIAO 108747 9710 -100 39452
ECC 35012 4516 1108 13545
-O—[CH,];3—NH SDC 35002 4513 1110 13542
GIAO 34749 3795 561 13035
o . ECC 138717 20958 2980 54218
n SDC 138718 20968 2975 54220
N GIAO 138658 20575 2805 54013

gauge-origin. Consequently we also recommend the use of a
distributed gauge-origin ansatz for molecules with delocalized
spin density.

V. CONCLUSIONS

We provided a detailed study of the gauge-origin depen-
dence in g-tensor calculations at the DFT level of theory using
the spin-orbit mean field ansatz. Our findings show that the
influence of the gauge is only negligible for small molecules
and not for larger molecular systems. For our test set of small
molecules, we found a pronounced dependence of the g-shifts
on the gauge; only a few Angstrém displacements of the
molecules from the gauge-origin are necessary to introduce
errors that significantly exceed the basis set errors. We also
analyzed to what extent GIAOs accelerate the basis set conver-
gence in g-tensor calculations and found the effect to be neg-
ligible for our test set. It was shown in further calculations on
medium-sized molecules that the influence of the gauge can be
large in these systems and substantial errors can be introduced
by common gauge-origin approaches. This renders distributed
gauge-origin methods like GIAOs the preferred approach for
larger systems. For extended molecules with a single local-
ized spin center, the spin density center (SDC) was proposed
as acommon gauge-origin that takes the locality of the g-tensor
into account; in contrast to the commonly employed electronic
charge centroid (ECC) as gauge-origin, the SDC was shown to
givereasonable agreement with the GIAO values for molecules
of this kind. For more general situations such as molecules with
multiple spin centers, neither the ECC nor the SDC as common
gauge-origins lead to reliable and accurate g-shifts; for these
cases, distributed gauge-origin approaches like GIAOs were

shown to be essential. Although this study was based entirely
on DFT calculations, it is highly likely that the presented find-
ings are transferable to other quantum-chemical methods like
wave-function based correlation methods. One can expect that
gauge-origin dependence of very similar magnitude occurs in
these methods as it is caused by basis set incompleteness and
not by method specifics.

SUPPLEMENTARY MATERIAL

See supplementary material for all computed g-shifts.
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1.1 Sections ”Significance of the gauge-origin dependence in g-tensor calcu-
lations” and ”Influence of GIAOs on the basis set convergence”

Table 1: g-shifts in ppm for small molecules. Different gauges are employed :
center of mass (“COM”), a gauge origin at (-10.0, -10.0 -10.0) (“m10”) or a

GIAO basis.
molecule  basis set gauge Agi [ppm] Age [ppm] Ags [ppm]
BeH def2-qzvppd COM -40 -167 -167
CCH def2-qzvppd COM 277 277 -127
CH2CH3z  def2-qzvppd COM 686 536 -90
CH,OH def2-qzvppd COM 2173 948 -144
CHz def2-qzvppd COM 210 197 -67
CHs def2-qzvppd COM 578 578 -90
CHCH2 def2-qzvppd COM 604 -98 -683
CHO def2-qzvppd COM 2340 -201 -7373
CH def2-qzvppd COM 1309 -158 -15408
COCHs3 def2-qzvppd COM 2267 -254 -6544
NH;, def2-qzvppd COM 5037 1505 -153
NH def2-qzvppd COM 1287 1287 -107
NO def2-qzvppd COM 3302 -381 -110959
OCHg3 def2-qzvppd COM 47607 6061 -195
OH def2-qzvppd COM 55799 5574 =217
ONO def2-qzvppd COM 3604 -624 -11072
OOH def2-qzvppd COM 27585 5529 -279
PH2 def2-qzvppd COM 15108 5063 -32
SiHo def2-qzvppd COM 1230 1034 -498
SiH3 def2-qzvppd COM 2285 2285 -78
AlO def2-qzvppd COM 1076 1076 -125
AsO§7 def2-qzvppd COM 9325 9325 2783
BO def2-qgzvppd COM -69 -1742 -1742
BS def2-qzvppd COM -84 -9099 -9099
C3Hs def2-qzvppd COM 752 631 -73
CF3Br— def2-qzvppd COM 53176 53176 -465
CF3Cl1™ def2-qzvppd COM 11696 11696 -497
CHI def2-qzvppd COM 23796 2599 -86
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Table 1 — continued from previous page

molecule  basis set gauge Agp [ppm] Age [ppm]| Ags [ppm]
ClO2 def2-qzvppd COM 15108 12793 -453
ClO3 def2-qzvppd COM 7316 7316 1105
COy def2-qzvppd COM 1041 -632 -4678
COg def2-qzvppd COM 11733 11733 2997
cot def2-qzvppd COM -134 -2535 -2535
GeHs def2-qzvppd COM 16762 16762 -107
HyCOt def2-qzvppd COM 5677 262 97
KrF def2-qzvppd COM 38364 38364 -307
MgF def2-qzvppd  COM -3 1742 1742
NF2 def2-qzvppd COM 6586 3949 -644
NF; def2-qzvppd COM 7109 7109 -563
NHy def2-qzvppd COM 1657 1657 -156
NO2 def2-qzvppd COM 3836 -638 -11239
NOs3 def2-qzvppd COM 15197 15197 343
Og def2-qzvppd COM 17547 10452 -502
SOy def2-qzvppd COM 6376 5072 -278
SO35 def2-qzvppd COM 2534 2534 169
BeH def2-svp GIAO -42 -151 -151
CCH def2-svp GIAO 195 195 -128
CH2CH3z  def2-svp GIAO 599 434 -108
CH2OH def2-svp GIAO 2053 846 -168
CHa def2-svp GIAO 163 137 -73
CHs def2-svp GIAO 481 481 -92
CHCH2 def2-svp GIAO 457 -117 -630
CHO def2-svp GIAO 2102 -224 -6943
CH def2-svp GIAO 1131 -175 -14448
COCHs3 def2-svp GIAO 2075 -275 -6330
NH;y def2-svp GIAO 4651 1260 -153
NH def2-svp GIAO 1109 1109 -110
NO def2-svp GIAO 3117 -385 -124152
OCHg def2-svp GIAO 48468 5437 -214
OH def2-svp GIAO 60473 4950 -210
ONO def2-svp GIAO 3422 -574 -10675
OOH def2-svp GIAO 26857 5077 -286
PH» def2-svp GIAO 13370 4506 -23
SiHg def2-svp GIAO 1099 941 -413
SiH3 def2-svp GIAO 2125 2125 -85
AlO def2-svp GIAO 1230 1230 -125
ASO?T def2-svp GIAO 12798 12798 2361
BO def2-svp GIAO -69 -1574 -1574
BS def2-svp GIAO -83 -8358 -8358
CsHs def2-svp GIAO 511 510 -111
CF3Br— def2-svp GIAO 50377 50377 -474
CF3Cl1™ def2-svp GIAO 12016 12016 -488
CH4+ def2-svp GIAO 27516 2379 -89
ClO2 def2-svp GIAO 17302 14141 -548
ClO3 def2-svp GIAO 9178 9178 630
CO5 def2-svp GIAO 1507 -629 -5194
COz def2-svp GIAO 11584 11584 2988
co+ def2-svp GIAO -136 -2255 -2255
GeHs def2-svp GIAO 15005 15005 -211
H2COT def2-svp GIAO 5168 164 72
KrF def2-svp GIAO 32609 32609 -301
MgF def2-svp GIAO -5 -1661 -1661
NF2 def2-svp GIAO 6617 3992 -653
NFF def2-svp GIAO 6716 6716 -645
NH;L def2-svp GIAO 1475 1475 -156
NOgy def2-svp GIAO 3634 -587 -10828
NO3 def2-svp GIAO 14840 14840 547
Oy def2-svp GIAO 17659 10590 -519
SO5 def2-svp GIAO 9479 7461 -404
SO3 def2-svp GIAO 4036 4036 21
BeH def2-svp COM -42 -150 -150
CCH def2-svp COM 195 195 -128
CH2CHsz  def2-svp COM 604 428 -95
CH2OH def2-svp COM 2004 724 -146
CHa def2-svp COM 152 132 -73
CHs def2-svp COM 462 462 -98
CHCH2 def2-svp COM 496 -109 -606
CHO def2-svp COM 2056 -197 -6889
CH def2-svp COM 1094 -175 -14448
COCH3 def2-svp COM 2140 -268 -6278
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Table 1 — continued from previous page

molecule  basis set gauge Agp [ppm] Age [ppm]| Ags [ppm]
NHs def2-svp COM 4579 1157 -147
NH def2-svp COM 1062 1062 -110
NO def2-svp COM 3205 -357 -124152
OCHg def2-svp COM 47937 5518 -200
OH def2-svp COM 60473 4805 -186
ONO def2-svp COM 3741 -558 -10660
OOH def2-svp COM 26796 5195 -271
PH> def2-svp COM 12972 4104 -12
SiHo def2-svp COM 1033 932 -442
SiH3 def2-svp COM 2062 2062 -89
AlO def2-svp COM 1070 1070 -125
AsO?f def2-svp COM 13367 13367 2489
BO def2-svp COM -69 -1607 -1607
BS def2-svp COM -83 -8594 -8594
Cs3Hs def2-svp COM 528 508 -74
CF3Br— def2-svp COM 49725 49725 -458
CF3Cl1™ def2-svp COM 11389 11389 -470
CHy def2-svp COM 27180 2381 -85
ClO2 def2-svp COM 17661 15264 -489
ClO3 def2-svp COM 10056 10056 847
COy def2-svp COM 1555 -619 -5144
COz def2-svp COM 11914 11914 3502
co+ def2-svp COM -136 -2336 -2336
GeHjs def2-svp COM 14613 14613 -211
H2COt def2-svp COM 5238 192 95
KrF def2-svp COM 33247 33247 -301
MgF def2-svp COM -5 -1905 -1905
NF2 def2-svp COM 6696 4033 -629
NF3+ def2-svp COM 6818 6818 -609
NHZ def2-svp COM 1449 1449 -162
NO2 def2-svp COM 3966 -570 -10816
NO3 def2-svp COM 15243 15243 1046
(O def2-svp COM 17780 10894 -498
SO5 def2-svp COM 9674 8063 -365
SO3 def2-svp COM 4379 4379 73
BeH def2-svp ml10 -15 -88 -115
CCH def2-svp m10 640 555 -213
CH2CH3z  def2-svp ml0 885 349 75
CH>OH def2-svp m10 2787 -206 -446
CHz def2-svp ml0 176 -10 -117
CHs def2-svp ml10 462 462 -98
CHCH2 def2-svp ml0 921 54 -578
CHO def2-svp ml0 3430 -305 -4176
CH def2-svp ml10 -97 -405 -14451
COCHs3 def2-svp ml0 3301 -381 -5488
NH- def2-svp ml10 2969 -142 -2059
NH def2-svp ml0 732 -172 -1014
NO def2-svp ml0 3679 -636 -124153
OCH3 def2-svp ml0 47850 8793 -175
OH def2-svp ml0 60557 666 248
ONO def2-svp ml10 5578 -429 -8160
OOH def2-svp ml10 25038 1984 -241
PH2 def2-svp ml0 8545 -175 -524
SiHo def2-svp m10 4123 2370 -100
SiH3 def2-svp ml0 7360 6205 -1239
AlO def2-svp ml10 2654 -5758 -8526
AsOi_ def2-svp ml0 36236 31381 -2285
BO def2-svp ml10 -15 -2080 -2134
BS def2-svp ml0 176 -10993 -11250
CsHs def2-svp m10 1297 397 29
CF3Br— def2-svp ml0 42320 41525 -1236
CF3Cl— def2-svp ml10 18344 17384 -1421
CHf def2-svp m10 26719 2453 -176
ClOg def2-svp ml10 17641 5836 -668
ClO3 def2-svp ml10 16099 15221 -25
CO5 def2-svp ml10 1117 -619 -6003
COg def2-svp ml0 11914 11914 3502
co+ def2-svp m10 374 -1107 -1617
GeHs def2-svp ml0 55387 46245 -9106
HyCOt def2-svp ml0 7889 363 -39
KrF def2-svp ml0 31177 31103 -373
MgF def2-svp ml0 877 -5169 -6048
NF2 def2-svp ml0 9079 3809 -345
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Table 1 — continued from previous page

molecule  basis set gauge Agp [ppm] Age [ppm]| Ags [ppm]
NF;‘r def2-svp ml0 8367 8252 -723
NH;L def2-svp ml0 1449 1449 -162
NOg def2-svp ml0 2474 -686 -13728
NOs3 def2-svp ml10 15243 15243 1046
(O def2-svp ml0 15433 10472 -567
SO, def2-svp ml0 14809 7343 -468
SO def2-svp ml0 8564 7852 -636
BeH def2-tzvp GIAO -40 -154 -154
CCH def2-tzvp GIAO 167 167 -127
CH2CHs  def2-tzvp GIAO 678 503 -106
CH,;OH def2-tzvp GIAO 2175 929 -168
CH> def2-tzvp GIAO 198 173 -70
CHs def2-tzvp GIAO 551 551 -89
CHCHa2 def2-tzvp GIAO 517 -114 -682
CHO def2-tzvp GIAO 2256 -224 -7245
CH def2-tzvp GIAO 1256 -164 -15142
COCHs3 def2-tzvp GIAO 2200 -275 -6536
NH» def2-tzvp GIAO 4900 1453 -151
NH def2-tzvp GIAO 1240 1240 -107
NO def2-tzvp GIAO 3300 -402 -112426
OCH3 def2-tzvp GIAO 47755 5894 -213
OH def2-tzvp GIAO 56561 5406 -213
ONO def2-tzvp GIAO 3559 -638 -10980
OOH def2-tzvp GIAO 27277 5401 -300
PH» def2-tzvp GIAO 15250 5044 -18
SiHo def2-tzvp GIAO 1224 1031 -511
SiHg def2-tzvp GIAO 2294 2294 -81
AlO def2-tzvp GIAO 1167 1167 -127
ASO?T def2-tzvp GIAO 10627 10627 3371
BO def2-tzvp GIAO -69 -1733 -1733
BS def2-tzvp GIAO -84 -9322 -9322
Cs3Hs def2-tzvp GIAO 590 559 -103
CF3Br— def2-tzvp GIAO 51125 51125 -479
CF3Cl1™ def2-tzvp GIAO 12155 12155 -508
CHy def2-tzvp GIAO 24221 2487 -91
ClO2 def2-tzvp GIAO 16238 12888 -548
ClO3 def2-tzvp GIAO 7325 7325 953
CO5 def2-tzvp GIAO 1283 -668 -5144
COz def2-tzvp GIAO 11731 11731 2912
co+ def2-tzvp GIAO -135 -2514 -2514
GeHs def2-tzvp GIAO 16501 16501 -116
H,COt def2-tzvp GIAO 5517 249 75
KrF def2-tzvp GIAO 36640 36640 -304
MgF def2-tzvp GIAO -3 -1651 -1651
NF2 def2-tzvp GIAO 6548 3960 -679
NF;’ def2-tzvp GIAO 6975 6975 -602
NH;r def2-tzvp GIAO 1600 1600 -153
NO3 def2-tzvp GIAO 3787 -652 -11142
NOs3 def2-tzvp GIAO 14978 14978 257
Oy def2-tzvp GIAO 17795 10623 -557
SO5 def2-tzvp GIAO 8942 5544 -369
S04 def2-tzvp GIAO 2612 2612 227
BeH def2-tzvp COM -40 -151 -151
CCH def2-tzvp COM 155 155 -127
CH2CHz  def2-tzvp COM 676 512 -93
CH2OH def2-tzvp COM 2177 864 -149
CHs def2-tzvp COM 193 171 -69
CHs def2-tzvp COM 544 544 -92
CHCH, def2-tzvp COM 545 -105 -668
CHO def2-tzvp COM 2248 -206 -7213
CH def2-tzvp COM 1237 -165 -15142
COCHs3 def2-tzvp COM 2248 -261 -6506
NH;, def2-tzvp COM 4886 1409 -148
NH def2-tzvp COM 1221 1221 -107
NO def2-tzvp COM 3353 -379 -112426
OCH3 def2-tzvp COM 47485 5956 -198
OH def2-tzvp COM 56561 5357 -202
ONO def2-tzvp COM 3661 -614 -10973
OOH def2-tzvp COM 27234 5419 -283
PH2 def2-tzvp COM 15126 4889 -8
SiHo def2-tzvp COM 1187 1033 -522
SiH3 def2-tzvp COM 2266 2266 -78
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Table 1 — continued from previous page

molecule  basis set gauge Agp [ppm] Age [ppm]| Ags [ppm]
AlO def2-tzvp COM 1167 1167 -127
Asog_ def2-tzvp COM 10348 10348 3892
BO def2-tzvp COM -69 -1737 -1737
BS def2-tzvp COM -84 -9338 -9338
CsHs def2-tzvp COM 556 459 -72
CF3Br def2-tzvp COM 52769 52769 -477
CF3Cl™ def2-tzvp COM 11907 11907 -506
CHI def2-tzvp COM 24111 2508 -86
ClO2 def2-tzvp COM 16585 13118 -481
ClO3 def2-tzvp COM 7581 7581 1058
CO5 def2-tzvp COM 1358 -647 -5128
COgz def2-tzvp COM 11881 11881 3186
co+ def2-tzvp COM -135 -2534 -2534
GeHs def2-tzvp COM 16196 16196 -61
HoCOt def2-tzvp COM 5591 269 93
KrF def2-tzvp COM 37733 37733 -304
MgF def2-tzvp COM -3 -1705 -1705
NF2 def2-tzvp COM 6590 3953 -650
NFT; def2-tzvp COM 6967 6967 -576
NHy def2-tzvp COM 1595 1595 -158
NO2 def2-tzvp COM 3890 -628 -11135
NOs3 def2-tzvp COM 15144 15144 636
(O def2-tzvp COM 17900 10781 -531
SOy def2-tzvp COM 9530 5657 -319
SOz def2-tzvp COM 2761 2761 366
BeH def2-tzvp m10 -38 -171 -173
CCH def2-tzvp ml0 374 340 -161
CH2CHgs  def2-tzvp m10 737 472 52
CH>OH def2-tzvp ml10 2348 -204 -286
CHa def2-tzvp ml0 218 32 -146
CHs def2-tzvp ml0 544 544 -92
CHCHs def2-tzvp ml0 733 -42 -669
CHO def2-tzvp ml0 2557 -316 -6106
CH def2-tzvp ml0 646 -207 -15144
COCHs3 def2-tzvp ml0 2694 -298 -6266
NH» def2-tzvp m10 3204 400 -113
NH def2-tzvp m10 797 545 -359
NO def2-tzvp ml0 3252 -523 -112426
OCHg def2-tzvp m10 47255 7053 -120
OH def2-tzvp ml0 56586 2999 61
ONO def2-tzvp ml10 4452 -630 -10283
OOH def2-tzvp ml0 26154 3917 -309
PHo def2-tzvp m10 11363 4083 40
SiHo def2-tzvp ml10 1431 1101 -823
SiH3g def2-tzvp ml0 2619 2599 -99
AlO def2-tzvp ml10 1070 1066 -131
ASO?T def2-tzvp ml10 23769 20934 1085
BO def2-tzvp ml0 -57 -1946 -1958
BS def2-tzvp ml0 -7 -9685 -9691
CsHs def2-tzvp ml10 511 396 24
CF3Br— def2-tzvp ml0 66382 65206 -1615
CF3Cl1™ def2-tzvp ml0 13104 13055 -554
CH4+ def2-tzvp ml0 24218 2388 -157
ClO2 def2-tzvp ml0 15408 12908 -393
ClO3 def2-tzvp ml0 10185 9892 766
COy def2-tzvp ml0 1178 -648 -5408
COg def2-tzvp ml0 11881 11881 3186
co+ def2-tzvp ml0 -84 -2081 -2133
GeHs def2-tzvp ml0 29764 27576 -2217
HoCOt def2-tzvp ml0 6679 279 159
KrF def2-tzvp ml0 52699 51013 -1947
MgF def2-tzvp ml0 119 -2504 -2625
NF2 def2-tzvp ml0 7891 3864 -402
NF;)L def2-tzvp ml10 7287 7281 -582
NHS‘L def2-tzvp ml0 1595 1595 -158
NOgy def2-tzvp ml10 3157 -657 -11851
NO3 def2-tzvp ml0 15144 15144 636
Oy def2-tzvp ml10 17786 10781 -609
SO, def2-tzvp ml0 7702 4725 -554
SOz def2-tzvp m10 4709 4399 57
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1.2 Section ”Gauge-origin dependence in molecules with a single localized
spin center”

Table 2: g-shifts in ppm for section ”Gauge-origin dependence in molecules
with a single localized spin center”. Either a GIAO basis or a common gauge-
origin (SDC or ECC) was used as indicated.

molecule basis set gauge Agi [ppm| Ago [ppm] Ags [ppm]
MTSL def2-tzvp ECC 7147 4295 -44
-NH-[CH2-O]7-CH2-OH  def2-tzvp ECC 5680 1505 207
-O-[CHz2]18-CH3 def2-tzvp ECC 65816 7382 292
-Cys-Glyyg def2-tzvp ECC 219431 17158 83
-CHs def2-tzvp ECC 543 543 -92
-CH2-CHs def2-tzvp ECC 683 514 -95
-CH2-[CH2]-CHj3 def2-tzvp  ECC 549 492 -106
-CHz-[CHz]2-CHg def2-tzvp ECC 580 497 -81
-CH2-[CH2]3-CH3s def2-tzvp ECC 598 508 =72
-CHz-[CHz2]5-CHgz def2-tzvp ECC 639 536 -44
-CHQ—[CHQ]g—CHg def2-tzvp ECC 700 588 -4
-CH2-[CH32]13-CH3 def2-tzvp ECC 802 695 48
-CH2-[CHz2]18-CH3 def2-tzvp ECC 905 819 84
LiH* def2-tzvp ECC -36 -36 -36
NaF+t def2-tzvp ECC 99018 69225 -265
MTSL def2-tzvp  SDC 7139 3950 -163
-NH-[CH32-O]7-CH2-OH  def2-tzvp SDC 4137 1509 -132
-O-[CHz2]18-CH3 def2-tzvp  SDC 65935 6494 -143
-Cys-Glyy def2-tzvp  SDC 220569 17268 15
-CHs def2-tzvp  SDC 543 543 -92
-CH2-CHs def2-tzvp  SDC 680 516 -100
-CH2-[CH2]-CHj3 def2-tzvp  SDC 544 486 -112
-CHz-[CHz]2-CHg def2-tzvp  SDC 558 478 -106
-CHa2-[CH2|3-CH3s def2-tzvp  SDC 561 475 -110
-CH2—[CH2]5—CH3 def2-tzvp SDC 563 473 -111
-CH2-[CH2]g-CH3s def2-tzvp  SDC 566 473 -109
-CH2-[CH2]13-CH3 def2-tzvp  SDC 568 474 -108
-CH2-[CH2]18-CH3 def2-tzvp SDC 568 474 -107
LiH* def2-tzvp  SDC -36 -39 -39
NaF+ def2-tzvp  SDC 99018 68179 -291
MTSL def2-tzvp  GIAO 7084 3805 -226
-NH-[CH2-O]7-CH2-OH  def2-tzvp GIAO 4119 1540 -151
-O-[CHz2]18-CH3 def2-tzvp  GIAO 66021 6443 -175
.Cys-Glya def2-tzvp  GIAO 220519 17231 17
-CHs def2-tzvp  GIAO 550 550 -89
-CH2-CHs def2-tzvp  GIAO 682 507 -108
-CH2-[CH2]-CHj3 def2-tzvp  GIAO 526 469 -137
-CH2-[CH2]2-CH3s def2-tzvp  GIAO 537 465 -133
-CHa2-[CH2|3-CH3s def2-tzvp  GIAO 534 460 -138
-CHz-[CHz]5-CHg def2-tzvp  GIAO 533 460 -139
-CHa2-[CH2|g-CHs def2-tzvp  GIAO 533 460 -139
-CH2-[CH2]13-CH3 def2-tzvp  GIAO 533 460 -139
'CHQ—[CH2]18—0H3 def2-tzvp GIAO 534 460 -139
LiH* def2-tzvp  GIAO -36 -39 -39
NaF+ def2-tzvp  GIAO 99018 68231 -288
" def2-tzvp ECC 786 593 45

| def2-tzvp  SDC 619 520 -52

S def2-tzvp  GIAO 566 504 -122

H\O

" " def2-tzvp ECC 774 491 274

¢ def2-tzvp  SDC 557 553 -28
M def2-tzvp  GIAO 552 549 -81
8
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1.3 Section ”Gauge origin dependence in molecules with multiple spin cen-

ters”
Table 3: g-shifts in ppm for section ”Gauge-origin dependence in molecules
with multiple spin centers”. Either a GIAO basis or a common gauge-origin
(SDC or ECC) was used as indicated.
molecule basis set gauge Agi [ppm] Ago [ppm] Ags [ppm]
0=C-[CHz]17-C=C- def2-tzvp ECC 1550 -92 -3268
-NF-CHz-[CH=CH-CH3]5-CH2-CH=CH  def2-tzvp ECC 4167 1788 -35
-Ala-Clya-Lys- def2-tzvp  ECC 3252 1031 113
-NH-CH, def2-tzvp ECC 2296 887 -6
-NH-CH3-CHy def2-tzvp ECC 2763 979 -28
-NH-[CHa]2-CHa def2-tzvp  ECC 2647 944 179
-NH-[CHa]3-CH, def2-tzvp ECC 2812 901 67
-NH-[CHs]4-CHy def2-tzvp ECC 2688 913 256
-NH-[CHz]o-CHz def2-tzvp ECC 3155 954 129
-NH-[CHa]14-CHz def2-tzvp ECC 3251 917 457
-O-[CH3]1s-NH def2-tzvp  ECC 35012 4516 1108
0=C-[CHg]17-C=C- def2-tzvp  SDC 1487 -96 -3248
-NF-CHj-[CH=CH-CHs]5-CHp-CH=CH  def2-tzvp SDC 4197 1786 -28
-Ala-Glya-Lys- def2-tzvp  SDC 3149 1032 111
-NH-CH, def2-tzvp  SDC 2288 890 -7
-NH-CH3-CHy def2-tzvp  SDC 2764 978 -28
-NH-[CHa]>-CH, def2-tzvp  SDC 2646 943 178
NH-[CH2]3-CHa def2-tzvp  SDC 2818 899 67
-NH-[CHs]4-CHy def2-tzvp  SDC 2692 915 255
NH-[CH2]o-CHz def2-tzvp  SDC 3178 949 129
-NH-[CHs]14-CHa def2-tzvp  SDC 3289 913 456
-O-[CH2]15-NH def2-tzvp  SDC 35002 4513 1110
-NH-[CH5-O]7-CHa-S- def2-tzvp  ECC 108751 9710 -100
-NH-[CHa2-0]7-CH2-S- def2-tzvp  SDC 108742 9710 -100
0=C-[CHg];7-C=C- def2-tzvp  GIAO 1353 -118 -3253
NF-CHy-[CH=CH-CHs]5-CHp-CH=CH  def2-tzvp GIAO 3704 1518 -155
-Ala-Glys-Lys- def2-tzvp  GIAO 2632 887 -32
-NH-CHgy def2-tzvp  GIAO 2196 901 -39
-NH-CH;-CHjy def2-tzvp  GIAO 2623 996 -78
-NH-[CHa]>-CH, def2-tzvp  GIAO 2468 948 112
NH-[CH3]3-CHa def2-tzvp  GIAO 2564 897 -15
-NH-[CHz]4-CHz def2-tzvp  GIAO 2376 931 143
NH-[CH2]o-CHz def2-tzvp  GIAO 2579 927 -57
NH-[CHz]14-CHy def2-tzvp  GIAO 2378 928 143
-NH-[CH2-O]7-CHa-S- def2-tzvp  GIAO 108747 9710 -100
-O-[CHg]1s-NH def2-tzvp  GIAO 34749 3795 561
def2-tzvp  ECC 138717 20958 2980
0 s. def2-tzvp  SDC 138718 20968 2975
/\’:: def2-tzvp  GIAO 138658 20575 2805

N
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7.4 Manuscript IV: Accurate hyperfine coupling constants

including electron correlation and dynamic effects

“Accurate Hyperfine Coupling Constants including Electron
Correlation and Dynamic Effects”,
S. Vogler, J. C. B. Dietschreit, L. D. M. Peters, C. Ochsenfeld,

m preparation

The following manuscript analyzes the influence of both electron correlation and dynamic
effects on the hyperfine coupling constants of organic radicals. Electron correlation is
incorporated using the methods described in Paper I and II, whereas an ab initio molecular
dynamics simulation is chosen to represent vibrational averaging. Our results indicate that
both effects are important and that results close to experimental results can be obtained.

Especially neglecting dynamic effects can in some cases deteriorate the results.
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Abstract

The calculation of hyperfine coupling constants is a challenging task in balancing ac-
curacy and computational effort. While previous work has shown both the importance
of electron correlation and of molecular dynamic contributions, we present a thorough
study simultaneously analyzing the influence of both on hyperfine coupling constants.
To this end, we systematically study two organic radicals, namely dimethylamine and
ethanal, proving the necessity for a high-level description of dynamic contributions as
well as the large influence of electron correlation. Based on this study, we analyze
the effect of both electron correlation and dynamic simulations on a set of 12 organic
radicals, illustrating that both are vital for an accurate description and influence the

in silico results on the same scale.



1 Introduction

Electron paramagnetic resonance (EPR) spectroscopy is an important tool for studying rad-
icals. As a non-invasive method to characterize radicals it is indispensable in research tack-
ling many biological systems.? However, the ab initio computation of the EPR parameters,
namely the hyperfine coupling constants (HFCCs) and the g-tensors, remains challenging.
These open-shell properties can be calculated using the unrestricted approach which in-
corporates spin polarization and delocalization, but this can lead to erratic results due to
spin contamination. This can be improved by using a spin restriction within the restricted-
unrestricted ansatz by Rinkevicius et al.,® where spin contamination is overcome while still
including spin polarization. Nonetheless, the computationally less demanding unrestricted
approach often leads to reliable results, especially for well localized radicals and when using
density functional theory (DFT).48

Based on an unrestricted framework, further aspects need to be considered: EPR-specific
basis sets have been demonstrated to be important,? and while DFT is often highly accurate,
higher-order levels of theory taking electron correlation into account systematically are often
beneficial. This includes methods such as second-order Mgller-Plesset perturbation theory
(MP2), double hybrid (DH)-DFT,59 or coupled cluster approaches, ! as well as different
multi-reference ansitze. !> 17

Nonetheless, even with elaborate methods, extensive basis sets, and in absence of spin
contamination, the results can deviate from experimental values due to the neglect of dy-
namic contributions, i.e., vibrational averaging. This was shown in recent work by Massolle
et al.'® on verdazyl radicals where computational results at the DFT-level are improved
by averaging over frames from a molecular dynamics simulation based on a quantum me-
chanically derived force field.'? Similarly, studies on nitroxide radicals show that considering
both vibrational averaging and solvent effects leads to more accurate results within the DFT
framework.2%2! The influence of molecular and intermolecular motion of explicitly solvated

benzosemiquinone was studied in detail by Asher and Kaupp.?? Nonetheless, solvent effects



are often small, and work by Rinkevicius et al.?3 shows that a description of the environ-
ment by means of molecular mechanics theory seems sufficient. A thorough investigation of
the effect of the bending angle of the methyl radical, its incorporation within an ab initio
molecular dynamics simulation,?* and its solvation?® also motivates the correct description
of dynamic contributions. Similarly, significant ro-vibrational contributions were shown in
the analysis of out-of-plane bending in HoNO,?6 of dimethyl nitroxide,?” and of other organic
radicals.?®3° Here, we also want to mention corresponding recent work in the computation
of nuclear magnetic resonance shielding tensors by Grimme et al.,3! that considers a set of
conformers or rotamers to accurately describe flexible molecules in solution.

While both the effect of electron correlation and of dynamic contributions significantly
improve the in silico results, their combined description is computationally cumbersome.
A straightforward approach is to perform a molecular dynamics simulation and compute
the EPR parameters for a set of frames. This requires the speed for computing the EPR
parameters per frame to be small as to allow a sufficient number of frames to be computed
for accurately incorporating the vibrational and rotational motion. The description of the
correlation contribution by the cheapest wavefunction-based ansatz, MP2, is still expen-
sive due to its conventionally large scaling behavior of O(N®) as well as its large prefactor.
This also applies to double-hybrid DFT that contains a second-order perturbation theory
term analogous to MP2. The prefactor can be reduced by the resolution-of-the-identity (RI)
32-37

approximation, whereas linear scaling behavior can be achieved by a reformulation in

local orbitals, e.g., in atomic orbitals (AQO),® using distance-including integral estimates. 340
Analytic energy gradients at the MP2-level have been developed in the AO-basis.*! By in-

troducing the RI approximation and a Cholesky decomposition 443

in the computation of
AO-MP2 energy gradients, we recently presented a low-scaling, low-prefactor implementa-
tion to compute HFCCs.** By computing only selected nuclei, the computational cost can

be reduced further.*® Using these methods, large-scale computations of HFCCs based on

multiple frames from a molecular dynamics (MD) simulation are possible.



This work simultaneously analyzes the effect of both dynamic contributions and electron
correlation on the HFCCs thus providing a computational protocol for calculating accurate
HFCCs for large molecular systems using the efficient quantum chemical methods introduced
above. We highlight the importance of accounting for dynamic contributions by investigat-
ing in depth the dependence of the HFCC on geometric parameters such as bond lengths,
and bond and dihedral angles of two organic radicals, ethanale and dimethylamine. Sub-
sequently, we analyze the contribution of electron correlation and dynamic contributions
on isotropic HFCCs of a set of 12 organic radicals. Dynamic contributions are considered
by computing a set of snapshots from an ab initio molecular dynamics (AIMD) simula-
tion46718 of the radicals using the fast small basis set Hartree-Fock method (HF3c)® and the
efficient three-fold corrected Perdew-Burke-Ernzerhoff generalized-gradient-approximation
(PBEH3c),? thus providing their high-level and accurate description. Finally, we analyze
the effect of electron correlation by comparing the isotropic HFCCs both at the Hartree-Fock
(HF) and DFT-level, as well as using RI-MP2 and DH-DFT.

2 Theory

The isotropic HFCC can be calculated in the absence of spin-orbit coupling by:®!

aiso(N) = %gegNﬁe/@N@gﬁilp(N)? (1)

where g is the permeability of the vacuum, g. and gy are the electronic and nuclear ¢ factor,
Be is the Bohr magneton, fy is the nuclear magneton of the nucleus N, and (S,) is the mean
value of S, in the current electronic state. p(IN) is the Fermi-contact integral, which is given

by:

PN) =D B (0,(r)|o(r — )| (), 2)

pv



where P;;B is the difference between the a- and S-electron density matrices.

For methods beyond Hartree-Fock or DFT, the respective energy equation needs to be
perturbed with respect to the nuclear magnetic moment M, of nucleus k.%' For an effi-
cient low-scaling algorithm to obtain the analytic gradient of the MP2 expression, which

.41 proposed a reformulation in AOs by the

analogously arises in DH-DF'T, Schweizer et a
Laplace-transform ansatz.5*%% Thus, the locality of AOs can be exploited, ultimately lead-
ing to a linear scaling behavior. A further reduction of the computational cost can be

32737 and a Cholesky decomposition??%3 following the RI-

achieved by the RI approximation
CDD ansatz previously established for the computation of MP2 energies.> In combination
with an extention of the QQR-type integral estimation technique to efficiently select signifi-

3940 we recently introduced a low scaling efficient ansatz to

cant two-electron contributions,
compute first-order properties,* which can be improved upon by computing selected nuclei

only, exploiting the locality of the perturbation.>

3 Computational Details

The isotropic HFCCs were obtained at the HF-, DFT-, DH-DFT- and MP2-level using the re-
spective implementation in the program package FermiONs++.%%% The MP2-contributions
are hereby computed using the aforementioned Laplace-transform RI-CDD ansatz** and a
QQR-based integral screening.3*4° The Laplace expansion coefficients are selected based on
the minimax-approximation.’” The extents of the QQR-type integral estimates are deter-
mined with the same thresholds as in Ref. 40. The QQR-screening threshold was set to
10~® and seven Laplace expansion points were chosen based on the study of the accuracy in
Ref. 44. The DL-UCPSCF was converged to a threshold of 107%. Deviations of less than
1 MHz can be expected with these thresholds.** The auxiliary basis set def2-TZVPP-RI/JK
by Weigend®® was chosen for the computations using the basis set EPR-III,” which was pre-

viously found suitable.®® Reference coupled cluster computations with singles and doubles



60 1

excitations®’ were obtained with the program package Cfour.%

The ab inito molecular dynamics simulations at the PBEH3c-level®® were performed
as canonical (NVT-)ensembles with the Velocity Verlet propagator®®3 at 298.15 K, using
the Bussi-Donadio-Parrinello thermostat.®* Each simulation included a 100 fs equilibration
period and a 10 ps production run with a time step of 0.1 fs. Geometries were saved every 1 fs.
Furthermore, the fully converged extended Lagrangian Born-Oppenheimer MD (XL-BOMD)
method® was used to speed up SCF convergence. HFCCs were computed for every 100th
geometry, i.e., every 100 fs, of the trajectory. To analyze whether a less computationally

demanding AIMD simulation is sufficient, some simulations were performed analogously at

the HF3c-level. %9

4 Results

4.1 In-depth study of the ethanal and the dimethylamine radical

In this section, we analyze in detail the dependence of the HFCCs on bond lengths, bond
angles, and dihedral angles of both ethanal and the dimethylamine radicals, supplementing
previous work on other systems in Refs. 22,24 2527, 66.

We first analyze the distribution of the bond angles, bond lengths, and the dihedral
angle in the ethanal radical as obtained from both a HF3c- and a PBEH3c-based AIMD.
The results are shown in Figure 1. Anharmonicity can clearly be seen, especially in the
distribution of the Z(C-C=0) bond angle in the case of the PBEH3c-based simulation and
in the C-H bond length in the HF3c simulation.

Anharmonicity is also present in the distribution of the 6(N-C) bond length and the
Z(C-N-C) angle in the dimethylamine radical in Figure 2. The distribution of the Z(C-N-C)
angle in the PBEH3c-based simulation is significantly broader than in the HF3c-based AIMD,
which is reflected in the standard deviation of 4.3° vs. 2.7°.

When comparing the results obtained from a HF3c-based AIMD to the respective PBEH3c-
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Figure 1: Anharmonicity in the distribution of bond lengths and bond and dihedral angles

in the ab initio MD

simulation of the ethanal radical at room temperature at the HF3c-

and PBEH3c-level. Average bond lengths, angles, and dihedral angles and their standard

deviations are shown in the legend.

based results, differences in the distribution are apparent (see, e.g., the distribution of

Thus, specific care has to be taken as to what level of theory is

O) in Figure 1).

/(C-C=

employed to describe the dynamic contributions, i.e., an accurate description of the potential

where the isotropic

Y

energy surface of the system is paramount. This is shown in Table 1

HFCCs of both systems obtained from the HF3c- and PBEH3c-optimized structures as well

as from averaging over the respective AIMD simulations are compared. As can be seen,

considerable deviations larger than 20 MHz occur in the case of the hydrogen atom between

the results obtained with structures obtained at the HF3c-level in comparison to HFCCs of

PBEH3c-optimized structures. The deviation is larger than the influence of the dynamics,
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Figure 2: Anharmonicity in the distribution of the N-C bond length and and the Z(C-N-C)
bond angle in the ab initio MD simulation of the dimethylamine radical at room temperature
at the HF3c- and PBEH3c-level. The average bond length and bond angle and the standard
deviation is indicated.

as shown in Table 1, where the HFCCs obtained from the respective AIMD simulation is
shown. It has to be noted, though, that (i) the deviation due to using the HF3c instead of
PBEH3c is less severe than the effect of differing methods used for the HFCC computation
shown in Table 2, and that (ii) the description of dynamic contributions between HF3c and
PBEH3c is comparable, as can be seen from the Ay, values in Table 1. The latter motivates
the computation of the dynamic contributions based on a HF3c-based AIMD trajectory.

Though dynamic contributions results in changes in the HFCCs, these are on the same
order as the differences between the results obtained from DFT, post-KS, and post-HF
methods in Table 2. While this is not always the case, as shown in Sec. 4.2 where the neglect
of dynamic contributions leads to results strongly deviating from experimental findings for
a variety of radicals, the results in Table 2 motivate a careful choice of the method with
which the isotropic HFCCs are computed. It furthermore has to be noted that the results
obtained from the AIMD simulation are not always closer to the experimental results. A
variety of reasons can be named for this: first and foremost the error of the approximation
to the Schrodinger equation itself and, second, the exact experimental conditions were not
sufficiently replicated, and including solution effects might be crucial.

The reason for the significant dynamic contributions, apart from the anharmonicity in



Table 1: Isotropic HFCCs in MHz of the dimethylamine and the ethanal radical using the
HF3c-optimized and the PBEH3c-optimized structures at the B3LYP /def2-TZVPP level as
well as based on the respective AIMD-simulations. Dynamic contributions Agyy, i.e., the
difference of the HFCCs obtained with the optimized structures to their respective AIMD
simulations, are also shown.

Nucleus Opt. structure AIMD simulation Adyn
HF3c ‘ PBEH3c ‘ |APBE-HF| HF3c ‘ PBEH3c ‘ |APBE-HF‘ HF3c ‘ PBEH3c
Ethanal radical
90 -26.8 -28.6 1.8 -26.5 -28.6 2.1 0.3 0.0
1BC 40.1 42.8 2.7 40.2 43.0 2.8 0.1 0.2
13C» -85.2 -75.2 10.0 -88.6 -77.3 11.3 3.4 2.1
'HaC | 338.3 311.0 27.3 352.1 330.5 21.6 13.8 19.5
Dimethylamine radical
N 30.6 29.6 1.0 31.0 30.6 0.4 0.6 1.0
13C -30.7 -32.8 2.1 -31.5 -33.6 2.1 -0.8 -0.8
'H 67.2 73.2 6.0 69.5 76.4 6.9 2.3 3.2

Table 2: Isotropic HFCCs of the ethanal and the dimethylamine radicals obtained from the
PBEH3c-optimized structure (1) and based on the respective AIMD simulation (2) using
different levels of theory with the basis set EPR-I11/def2-TZVPP-RI.

B3LYP [MHz] | RI-B2PLYP [MHz| | RI-CDD MP2 [MHz]
Nucleus 1 9 1 9 1 9 exptl.
Ethanal radical
190 -43.6 | -43.1 | -57.2 -60.8 -48.8 -45.5 —
BC 42.9 43.2 48 4 47.6 51.3 52.7 —
BC» -73.4 | -75.4 | -84.6 -84.1 -89.3 -111.1 —
'HaC’ | 335.5 | 356.3 | 329.3 355.0 301.0 334.2 38166
Dimethylamine radical
UN 34.7 | 353 | 408 41.6 30.8 37.6 41.497
BC -32.0 | -32.7 | -36.4 -37.3 -35.3 -34.3 —
'H 80.0 82.6 77.8 80.3 63.9 71.8 76.767

the distribution of the structural parameters in the AIMD simulation, is the strong and
non-linear dependency of the HFCCs on the bond lengths, bond angles, and dihedral angles.
In order to investigate this relationship systematically, we start from a PBEH3c-optimized

structure of both the ethanal and the dimethylamine radical. Subsequently, we modify one



structural parameter, i.e., the bond length, bond angle, or dihedral angle, at a time, and
compute the isotropic HFCCs of all nuclei for each structure using the hybrid functional
B3LYP, the double-hybrid DFT method B2PLYP, HF, RI-MP2, and CCSD with the basis
set def2-TZVPP.

The results for the ethanal radical are shown in Figure 3. Noteworthy is the strong de-
pendence of the isotropic HFCCs on the geometry, especially for the hydrogen nuclei. While
for most nuclei the dependency of the HFCC on the structural parameters is consistent
throughout the different methods studied here, the importance of correlation can be de-
duced from the differing results obtained with HF. This is most apparent in the dependency
of the 3 C’-HFCC on the angle Z(C-C=0) and the angle Z(H-C=0), as well as on both bond
lengths. In general, the HF results deviate substantially from the results obtained with the
other methods. Thus, irrespective of dynamic contributions, HF computations are incapable
of correctly describing the spin density in ethanal and methods incorporating electron cor-
relation are required. Furthermore, strong non-linear dependencies indicate that dynamic
contributions will change the in silico results considerably.

Similar results are obtained with the dimethylamine radical in Figure 4, except for in the
description of the hydrogen atoms, where HF lies in between the other methods taking elec-
tron correlation into account. Both the carbon and the nitrogen nucleus, however, strongly

depend on the electron correlation.

4.2 Study of a set of organic radicals

In order to determine both the influence of electron correlation and dynamic contributions
on the accuracy of HFCCs, we computed the HFCCs based on AIMD simulations at the

PBEH3c-level of theory for a set of organic radicals shown in Figure 5.

10
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Figure 3: Dependency of the isotropic HFCCs of the different nuclei in the ethanal radical on
the bond angles Z(C'—C = O) and Z(O = C'— H), the bond lengths §(C-C) and §(C-H) and
the dihedral angle. The PBEH3c-based geometry optimization leads to Z(C-C=0) = 124.8°,
Z(0=C—H)=114.2°,6(C—C) =1.496 A, 6(C—H) = 1.111 A and Z(dihedral) = 180.0°.
All computations were performed with the def2-TZVPP basis set. HF is represented by blue
diamonds, RI-MP2 by green triangles, CCSD by red circles, BBLYP by grey rectangulars,
and RI-B2PLYP by orange stars.

4.2.1 Convergence with the number of frames

Prior to comparing the results of all radicals, we analyzed in detail the convergence with
respect to the number of MD frames for which the HFCCs were computed. This is shown in
Figure 6 for a selection of three radicals (2, 3, and 11). The change of the average HFCCs
with the number of frames is considerably smaller than the standard deviation. Nonetheless,
converged results require more than 50 frames (5 ps). Noteworthy is radical 3, where a

significant standard deviation is apparent, especially in the HFCCs of the hydrogen atoms.
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Figure 4: Dependency of the isotropic HFCCs of the different nuclei (carbon, nitrogen,
and hydrogen) in dimethylamine on the N-C bond length and the Z(C-N-C) bond angle.
The PBEH3c-based geometry optimization leads to a N-C bond length of 1.428 A and a
Z(C-N-C) bond angle of 112.04°. All computations were performed with the def2-TZVPP
basis set. HF is represented by blue diamonds, RI-MP2 by green triangles, CCSD by red
circles, BSLYP by grey rectangulars, and RI-B2PLYP by orange stars.
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Figure 5: Organic radicals investigated in this work.
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This can be explained by a Jahn-Teller distortion of the CH-bonds, which will be discussed

in detail in Sec. 4.2.2.
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Figure 6: Convergence of the isotropic HFCCs at the BSLYP/EPR-III level with the number
of frames taken from the PBEH3c-AIMD simulation. The frames are sorted chronologically.

4.2.2 Molecular dynamic and electron correlation contributions

The isotropic HFCCs of all organic radicals shown in Figure 5 were obtained with the
PBEH3c-optimized structure and from the respective AIMD simulation with B3LYP, RI-
B2PLYP, and RI-CDD MP2, and can be found in Table 3. We also state experimental re-
sults where available. While a comparison to the experimental results is instructive, caution
is warranted as the AIMD simulations do not necessarily replicate the experimental condi-
tions. The experimental conditions include a variety of temperatures and solvents/matrices,
whereas all AIMD simulations were performed at room temperature in the gas phase.

Both dynamic contributions and electron correlation constitute a significant contribution
to the overall obtained HFCCs. Taking into account electron correlation is often impor-
tant and significantly changes the computed HFCCs. This is most apparent by comparing
the Hartree-Fock and RI-MP2 results with deviations of 26.9 MHz on average. In most
cases, including electron correlation significantly improves the agreement between the in sil-

ico HFCCs and the experimental results (see *N-HFCC in radical 1 and 2, F-HFCC in
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radical 9, "B-HFCC in radical 12, and the 'H-HFCCs in radicals 3, 8, and 12). This is
consistent with the results in Sec. 4.1. In this analysis, we disregarded the radicals with
extensive spin contamination leading to erratic results, i.e., radicals 5, 10, and 11. These
systems are better described at the double hybrid DFT-level, where similarly the correla-
tion contributions prove to be considerable, changing the computed HFCCs on average by
9.4 MHz. In most cases taking electron correlation into account via double-hybrid DFT
improves the obtained HFCCs with respect to the experimental results (see “N-HFCC in
radicals 1, 2, 5, 6, and 11, YF-HFCC in radical 9, *C-HFCC in radicals 7, 10, and 11,
and 'H-HFCCs in radicals 7, 8, 10, 11, and 12). The larger magnitude of the correlation
effect on RI-MP2 than on RI-B2PLYP can be explained by the scaling factor of 0.27 present
in the B2PLYP-functional and by the fact that electron correlation is also partially included
in the hybrid-DFT ansatz.

The comparison to the hybrid DFT results obtained with B3LYP are somewhat more
complicated, as B2PLYP and B3LYP vary significantly in their HF-exchange contribution.
While the choice of optimal double hybrid functionals is challenging, recent work showcases
that a correct determination of the optimal HF exchange contribution as well as spin com-
ponent scaling in the second-order correlation contribution can significantly improve the
computational results.®® In this work, we chose the two well-established functionals B3LYP
and B2PLYP. While the comparison can not directly be related to the additional treatment
of electron correlation, B2PLYP significantly improves the in silico results in most cases
with respect to the B3LYP results (see, e.g., for the *N-HFCC in radicals 1, 2, 5, and 11,
the YF-HFCC in radical 9, the 3C-HFCCs in radicals 10 and 11, and the 'H-HFCCs in
radicals 1, 2, 3, 4, 7, and 10).

Overall, molecular dynamic contributions change the computed HFCCs by on average
10.7 MHz for B3LYP, 11.3 MHz for B2PLYP, and by 31.9 MHz for RI-MP2. For the latter
method we disregarded the systems with high spin contamination. While the dynamic con-

tributions are on the same order as the correlation contribution, a detailled analysis discloses
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that for a variety of systems the inclusion of dynamical effects is indispensable for the accu-
rate description of the system. The results of these systems are shown in Table 3 and will be
discussed in detail in the following. At this point we want to mention that the signs indicated
in the experimental results are not directly obtained from the experiment but are assigned
afterwards using theoretical results. As the absolute values match in the cases where the sign
obtained with B3LYP, RI-B2PLYP, and RI-MP2 deviates from the corresponding values in
the experimental column and since the three different methods lead to similar results, one
can assume the assignment of the sign to the experimental value to be erroneous.

The hyperfine splitting of alkane radical cations, namely of the ethane radical 3 and
the butane radical 4, represent special cases, where a Jahn-Teller distortion breaks the
symmetry of the six CH-bonds at the terminal methyl groups.®® 7 This can be verified
experimentally by looking at the low temperature EPR spectrum of the ethane radical,
which exhibits a triplett splitting due to a localization of the spin density at two equivalent
hydrogen atoms. %™ Moving to higher temperatures, dynamic contributions lead to a septett
splitting, as on average all six hydrogen atoms have become equivalent. %" This is not due
to a disappearance of the Jahn-Teller distortion, but due to this effect becoming dynamic.
Our results confirm this behavior, as two C-H bonds are shorter (1.07 & 0.03 A) than the
remaining four (1.13 £ 0.03 A) in the AIMD simulation. We thus expect a significant change
in the obtained HFCCs when dynamics are considered via an AIMD simulation. We can
confirm this behavior in our computations of radical 3, where we obtain HFCCs close to the
experimental results. When moving towards higher temperatures, our computation confirm

the septett splitting.
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Table 3: Influence of dynamic contributions and electron correlation on the HFCCs in MHz of
radicals 1-12 in Figure 5. HFCCs are obtained (1) with the PBEH3c-optimized structure and
(2) from averaging 100 frames from PBEH3c-AIMD simulations at 298.15 K. Computations
employ the basis set EPR-III. Where available, experimental results are shown arising from
varying experimental conditions. Values in parentheses correspond to the contribution of
the electron correlation as described by second-order perturbation theory. RI-MP2 that are
erratic due to spin contamination are omitted and the respective (average) < 52 > is shown.

B3LYP RI-B2PLYP RI-CDD MP2
Nucleus exptl.
1 2 1 2 1 2
Radical 1
N 34.7 | 35.3 40.8 (-9.4) 41.6 (-9.6) 30.8 (-41.1) | 37.6 (-36.3) | 41.457
1B3C -32.0 | -32.7 -36.4 (6.4) -37.3 (6.6) -34.1 (30.8) | -34.3 (32.4) | —
H 119.9 116.7 (3.7) 100.8 (-5.1)
82.6 80.3 (1.9) 71.8 (-3.4) 76.767
H 0.1 0.0 (-1.8) -8.0 (-13.8)

The non-dynamic computations exhibit four and two equivalent hydrogen atoms, leading to two separate hydrogen HFCCs.

Averaging over these HFCCs results in 80.0 MHz (BSLYP), 77.8 MHz (B2PLYP), and 63.9 MHz (RI-CDD MP2) for the

hydrogen atom.

Radical 2
UN | 345 | 349 40.8 (-9.1) 41.2 (-9.4) 63.7 (-8.5) 34.3 (-39.0) | 40.167
Bor | -26.8 | -27.1 -30.0 (7.4) -30.3 (7.8) -16.7 (42.1) | -25.8 (35.0) | —
70.0 69.9 (1.5) 91.9 (24.5) —
1By 41.1 40.7 (0.3) 37.3 (-4.2)
14.0 13.9 (-0.6) 50.0 (-9.8) —
sk 34.2 | 46.9 33.1 (0.0) 46.0 (1.2) 0.3 (-33.7) 37.7 (-5.6) 40.167
22.2 21.1 (2.2 8.5 (-5.4 ,
1 2.2 22) 1.8 (0.9) (54) 2.2 (3.8) 1.867
-2.8 -3.0 (0.5) -18.3 (-13.1)

In the non-dynamic computations, the C” and H” exhibit separate HFCCs. Averaging over these HFCC's results in 42.0 MHz

(B3LYP), 41.9 MHz (B2PLYP), and 71.0 MHz (RI-CDD MP2) for the carbon atoms, and 2.7 MHz (BSLYP), 2.2 MHz

(B2PLYP), and -9.8 MHz (RI-CDD MP2) for the hydrogen atoms.
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Table 3 — Continued from previous page

B3LYP RI-B2PLYP RI-CDD MP2
Nucleus exptl.
1 2 1 2 1 2
Radical 3
13C 20.5 | 8.6 17.7 (-2.6) 4.7 (-0.2) 6.3 (-14.1) -5.7 (-7.1) —
Rtk 471.0 461.6 (4.8) 445.4 (23.2) 427.4/
149.5 145.7 (1.0) 136.8 (12.7)

w|-19.7 -23.3 (5.0) -26.2 (17.6) 141.069:70

The first experimental value is obtained from a 4K measurement, where a triplett splitting is observed. At higher temperatures,

the dynamics result in a septett splitting, i.e., an averaged HFCC over six equivalent hydrogen atoms, corresponding to the

second experimental value from a 77K measurement. %970

Radical 4
BC 199 |-109 -12.1 (0.5) -13.0 (9.4) -10.2 (8.2) -13.8 (6.7) —
Bor |89 13.1 7.3 (2.5) 11.6 (1.5) 6.4 (0.1) 0.0 (-12.3) —
| 94 13.6 7.7 (3.1) 11.8 (4.0) 10.3 (20.1) | 8.5 (15.6) -
H” 214.2 | 154.3 197.5 (14.0) | 142.3 (9.5) 179.7 (34.5) | 125.9 (19.6) | 171.85%70
20.9 | 39.8 18.6 (1.2) 36.1 (3.0) 14.0 (0.4) 30.5 (6.9) 22.469,70

Similar to radical 10, a Jahn-Teller distortion can be observed at low temperatures. From the PBEHS3c-optimized structure,

two distinct hydrogen HFCCs of the methyl groups can be observed.

Radical 5
UN | 110.3 | 110.6 117.2 (-20.6) | 116.4 (-20.9) 114.97
0-13C | 35.1 | 33.8 38.5 (-11.5) | 37.5 (-14.2) —
m-13C | -14.0 | -11.9 -15.9 (10.2) | -14.5 (12.1) ) A —
p-13C | 1105 | -12.1 107 (8.3) | -12.1 (9.2) <1‘?59§7: <1$223§5: —
o-'H | 939 | 914 89.9 (4.6) 88.0 (3.5) 82.172
m-'H | 35.5 | 31.2 32.2 (9.5) 28.4 (10.9) 31.37
p-'H | 225 | 23.7 16.4 (1.8) 16.7 (-2.1) 24.172
Radical 6
UN | 143.5 | 1425 146.8 (0.5) | 146.4 (2.5) | 145.9 (-7.7) | 134.1 (-15.8) | 152.07
70 | -58.2 | -57.0 -68.1 (-7.0) | -66.9 (-7.7) | -70.9 (3.5) | -69.5 (-3.5) | 62.273
Radical 7
Bo | 79.8 | 114.6 85.1 (-26.0) | 120.0 (-26.3) | 59.3 (-101.5) | 94.8 (-102.2) | 107.47
'H -64.4 | -58.4 -70.1 (13.0) | -64.0 (12.5) | -71.9 (49.8) | -65.9 (48.6) | 64.6™
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Table 3 — Continued from previous page

B3LYP RI-B2PLYP RI-CDD MP2
Nucleus exptl.
1 2 1 2 1 2
Radical 8
170 | -43.6 | -43.1 -57.2 (20.5) | -60.8 (16.7) | -48.8 (79.4) | -45.5 (83.2) | —
Bo 42,9 | 432 48.4 (-1.8) 47.6 (-2.3) 51.3 (-5.5) 52.7 (-4.2) —
B3¢ | 734 | -75.4 -84.6 (13.3) | -84.1 (18.1) | -89.3 (41.1) | -111.1 (26.9) | —
Rtk 335.5 | 356.3 329.3 (33.4) | 355.0 (37.3) | 301.0 (51.9) | 334.2 (65.7) | 38170
H” | -3.0 |-0.6 -5.3 (3.4) 0.5 (7.9) -8.9 (-5.7) -23.8 (-9.5) | -87°
Radical 9
B3¢ 728.0 | 737.1 745.6 (-22.5) | 754.9 (21.8) | 750.1 (-67.6) | 762.2 (-64.9) | —
YE | 393.3 | 390.4 408.7 (-3.4) | 406.5 (-4.5) | 370.1 (-47.9) | 398.0 (-16.9) | 405.07°
Radical 10
1BBCr | 314.5 | 296.5 321.6 (-38.4) | 304.1 (-39.8) 301.576:77
B3¢ ] -11.9 | -17.0 -17.3 (16.6) | -22.8 (18.0) A A -24.176.77
IH | 532 | 44.6 46.0 (12.8) | 37.4 (13.5) <0€923§9: <0$924§9_ 38.776.77
H” 178.7 | 182.5 177.9 (2.8) 181.9 (2.2) 184.876:77
'H» | 113.8 | 120.7 112.7 (-0.4) | 119.6 (0.1) 111.076:77
Radical 11
B3¢ -68.0 | -70.2 -77.7 (19.3) | -80.0 (21.8) A A 81.178
UN | 231 | 231 27.2 (-9.1) | 27.2 (-9.4) <0$;3§6: <0€924T0: 28.67
H 235.7 | 240.0 235.4 (8.3) | 239.7 (7.3) 244.878
Radical 12
HUB | 363.7 | 342.0 366.5 (-14.9) | 345.0 (-15.5) | 357.7 (-43.1) | 336.0 (-45.8) | 35879
'H 42.5 | 35.6 39.5 (5.2) 32.4 (5.8) 26.1 (17.9) 19.4 (19.9) 387
Averages A (correlation contribution Agorr., dynamic contribution Zdyn)
Acorr — 9.4 26.9 —
Adyn 10.7 11.3 31.9 —

In the case of the butane radical cation, a triplett splitting is also observed experimentally

at 77 K. We can confirm this splitting in both our PBEH3c-optimized structure and in the

results based on our AIMD simulation, where we see two discrete hydrogen-HFCCs with
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the larger component arising from two hydrogen atoms leading to the observed triplett
splitting. While the inclusion of dynamic contributions leads to a reduction of the HFCCs
in the direction of the experimental values, they overshoot, which is in line with our room
temperature simulation resulting in a larger reduction.

Similarly, the HFCCs obtained from the PBEH3c-optimized structures of radicals 1 and 2
show that the spin density is primarily located at four of the six hydrogen atoms. An analysis
of the CH bond lengths shows in analogy to the ethane radical that two CH-bonds are shorter
than the remaining four (1.089 A vs.1.098 A). When molecular dynamic contributions are
considered, this distortion is averaged resulting in HFCCs that match the experimental
results closely. It has to be noted, though, that similar results can be obtained from averaging
the six hydrogen-HFCCs obtained with the PBEH3c-optimized structure. We therefore
considered dynamic contributions in our overall analysis only by comparing to the averaged
results. The effect is analogous in radical 2.

Another example of extensive dynamic contributions is the methane radical cation 7.
Optimizing the structure leads to a planar configuration. When vibrational averaging is
considered, non-planar configurations also contribute to the overall HFCCs, which leads to
considerable changes of up to 40 % and to a better agreement with the experimental findings.
It is apparent, that the spin density at the carbon atom increases, whereas the spin density at
the hydrogen nuclei decreases considerably and consistently both for BSLYP and B2PLYP.

The results in Table 3 include dynamic contributions using the PBEH3c-AIMD simula-
tions. Especially when moving towards larger molecular systems, the computational cost for
such high-level MD simulations will constitute an impediment. While the results in Table 1
indicate that the computationally cheaper HF3c method leads to deviating results, these
can mostly be contributed to a differing optimized ground state structure (see Figures 1
and 2). The dynamic contributions, however, are approximated decently using the HF3c-
based AIMD simulations. We thus investigated whether adding the Ay, contribution at

the HF3c-AIMD level to the HFCCs obtained with a PBEH3c-optimized structure can be
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considered a viable pragmatic approach. This is shown in the following Table 4, where we
compare the results for radicals 1, 8, and 9 using this combined HF3c/PBEH3c-approach

to the respective HFCCs obtained from a HF3c- and a PBEH3c-AIMD simulation.

Table 4: Comparison of the HFCCs in MHz obtained from the PBEH3c-optimized structure
(statpprmsc) and from HF3c- (dyngyps.) and PBEH3-simulations (dynppgps.) to the combined
HF3c/PBEH3c-approach (dyng,,,, )- The HF3c/PBEH3c approach consists of adding the
dynamical correction as obtained from an HF3c-AIMD simulation to the HFCCs obtained
with the PBEH3c-optimized structure.

B3LYP RI-B2PLYP
Nucleus | statppemse  dyngpze  dynpppmse  dyNeomn | statpemse  dyngpse  dynppppse  dyDeoms

Radical 1

N 34.7 35.7 35.3 35.0 40.8 41.9 41.6 41.2

130 -32.0 -30.6 -32.7 -32.8 -36.4 -34.8 -37.3 -37.3

1 80.0 75.1 82.6 82.4 77.8 73.1 80.3 80.2
Radical 8

170 -43.6 -40.1 -43.1 -42.9 -57.2 -56.2 -60.8 -60.2

B 42.9 40.9 43.2 43.1 48.4 45.5 47.6 50.8

1B -73.4 -86.3 -75.4 -76.6 -84.6 -98.4 -84.1 -83.9

Dk 335.5 379.9 356.3 350.5 329.3 383.8 355.0 333.4

IH” -3.0 -0.1 -0.6 -2.7 -5.3 -0.3 0.5 -2.2
Radical 9

1BC 728.0 535.8 737.1 732.9 745.6 554.3 754.9 751.0

19F 393.3 489.1 390.4 389.6 408.7 503.4 406.5 403.6

The results obtained directly from the HF3c-AIMD simulation deviate significantly from
the respective PBEH3c-based results. This confirms the findings in Table 1. However, by
adding the dynamic correction as obtained from the HF3c-AIMD simulation to the HFCCs of
the PBEH3c-optimized structure, this error can be removed, and results decently incorporat-
ing the dynamical effect are achieved. A drastic example where this combined approach leads
to improved results is is radical 9, where the HF3c geometries exhibit significantly smaller
d(C-F) and thus leads to strongly deviating results. The dynamic contribution, however, is
correctly incorporated, leading to good results using the combined HF3c/PBEH3c ansatz.
The results of radical 9 reinforce the necessity to perform high-level geometry optimizations

in order to obtain comparable results.
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5 Conclusion

In this work, we studied a variety of organic radicals analyzing both the effect of electron
correlation and dynamics simultaneously on the accuracy of the in silico HFCCs. In our
test set, electron correlation was shown to be a significant contributor, strongly improving
the obtained results. The importance of electron correlation can especially be seen when
comparing the HF results to the respective RI-MP2 HFCCs. Despite the functional B3LYP
leading to results agreeing reasonably well with experimental results, our findings show that
further inclusion of electron correlation as within double-hybrid DFT is beneficial and can
not be neglected.

While electron correlation has to be considered for accurate results, neglecting molecular
dynamic contributions can in some cases lead to incomparable results. In our test set,
this especially applies to alkane radicals where the Jahn-Teller distortion turns dynamic.
Therefore, we conclude that for reliable in silico HFCCs both effects must be considered.
When moving towards larger molecular systems using our established methodology, the cost
to compute the HFCCs taking electron correlation into account can be reduced with our
recently introduced efficient AO-based approach, whereas our results indicate that obtaining
the dynamic correction at a computationally cheaper AIMD-level using our HF3c/PBEH3c
approach can be sufficient in many cases to capture most of the dynamic contribution,

providing a good compromise between accuracy and computational cost.

Acknowledgement

S.V. thanks the Studienstiftung des Deutschen Volkes for a graduate fellowship. C.O. ac-
knowledges financial support by the Cluster of Excellence EXC 114 ”Center for Integrated
Protein Science Munich“ (CIPSM), by the SFB749, and financial support as a Max-Planck

Fellow at the Max Planck Institute for Solid State Research in Stuttgart.

21



References

(1)

(2)

(3)

Jeschke, G. EPR techniques for studying radical enzymes. Biochim. Biophys. Acta
2005, 1707, 91-102.

Sahu, I. D.; McCarrick, R. M.; Lorigan, G. A. Use of Electron Paramagnetic Resonance
to Solve Biochemical Problems. Biochemistry 2013, 52, 5967-5984.

Rinkevicius, Z.; Telyatnyk, L.; Vahtras, O.; Agren, H. Density functional theory for
hyperfine coupling constants with the restricted-unrestricted approach. J. Chem. Phys.

2004, 121, 7614.

Rega, N.; Cossi, M.; Barone, V. Development and validation of reliable quantum me-
chanical approaches for the study of free radicals in solution. J. Chem. Phys. 1996,
105, 11060.

Munzarovéd, M.; Kaupp, M. A Critical Validation of Density Functional and Coupled-
Cluster Approaches for the Calculation of EPR Hyperfine Coupling constants in Tran-
sition Metal Complexes. J. Phys. Chem. A 1999, 103, 9966-9983.

Kossmann, S.; Kirchner, B.; Neese, F. Performance of modern density functional theory
for the prediction of hyperfine structure: meta-GGA and double hybrid functionals.

Mol. Phys. 2007, 105, 2049-2071.

Barone, V.; Cimino, P. Accurate and feasible computations of structural and magnetic
properties of large free radicals: The PBEO/N0O7D model. Chem. Phys. Lett. 2008, 454,

139-143.

Kirste, B. DFT calculations of hyperfine coupling constants of organic 7 radicals and
comparison with empirical equations and experiment. Magn. Reson. Chem. 2016, 54,

835-841.

22



(9)

(10)

(1)

(14)

Barone, V. Recent Advances in Density Functional Methods; World Scientific Singapore,
1995; p 287.

Grimme, S. Semiempirical hybrid density functional with perturbative second-order

correlation. J. Chem. Phys. 2006, 124, 034108.

Cizek, J. On the Correlation Problem in Atomic and Molecular Systems. Calculation of
Wavefunction Components in Ursell-Type Expansion Using Quantum-Field Theoretical

Methods. J. Chem. Phys. 1966, 45, 4256-4266.

Cizek, J.; Paldus, J.; Sroubkové, L. Cluster expansion analysis for delocalized systems.

Int. J. Quantum Chem. 2007, 3, 149-167.

Cizek, J.; Paldus, J. Correlation Problems in Atomic and Molecular Systems II1. Red-
erivation of the Coupled-Pair Many-Electron Theory Using the Traditional Quantum
Chemical Methods. Int. J. Quantum Chem. 2007, 5, 359-379.

Verma, P.; Perera, A.; Morales, J. A. Massively parallel implementations of coupled-
cluster methods for electron spin resonance spectra. I. Isotropic hyperfine coupling

tensors in large radicals. J. Chem. Phys. 2013, 159, 174103.

Suter, H. U.; Huang, M.-B.; Engels, B. A multireference configuration interaction study
of the hyperfine structure of the molecules CCO, CNN, and NCN in their triplet ground

states. J. Chem. Phys. 1994, 101, 7686.

Neese, F. Sum-over-states based multireference ab initio calculation of EPR, spin Hamil-

tonian parameters for transition metal complexes. A case study. Magn. Reson. Chem.

2004, /2, S187-S198.

Shiozaki, T.; Yanai, T. Hyperfine Coupling Constants from Internally Contracted Mul-
tireference Perturbation Theory. J. Chem. Theory Comput. 2016, 12, 4347-4351.

23



(18)

(20)

(21)

(24)

(25)

Massolle, A.; Dresselhaus, T.; Eusterwiemann, S.; Doerenkamp, C.; FEckert, H.;
Studer, A.; Neugebauer, J. Towards reliable references for electron paramagnetic res-
onance parameters based on quantum chemistry: the case of verdazyl radicals. Phys.

Chem. Chem. Phys. 2018, 20, 7661-7675.

Grimme, S. A General Quantum Mechanically Derived Force Field (QMDFF) for
Molecules and Condensed Phase Simulations. J. Chem. Theory Comput. 2014, 10,

4497-4514.

Barone, V.; Cimino, P.; Pedone, A. An integrated computational protocol for the accu-
rate prediction of EPR and PNMR parameters of aminoxyl radicals in solution. Magn.

Reson. Chem. 2010, 48, S11-S22.

Stendardo, E.; Pedone, A.; Cimino, P.; Menziani, M. C.; Crescenzi, O.; Barone, V.
Extension of the AMBER force-field for the study of large nitroxides in condensed
phases: an ab initio parametrization. Phys. Chem. Chem. Phys. 2010, 12, 11697—

11709.

Asher, J. R.; Kaupp, M. Hyperfine Coupling Tensors of the Benzosemiquinone Radical
Anion from Car-Parrinello Molecular Dynamics. Chem. Phys. Chem. 2007, 8, 69-79.

Rinkevicius, Z.; Murugan, N. A.; Kongsted, J.; Frecus, B.; Steindal, A. H.; Agren, H.
Density Functional Restricted-Unrestricted /Molecular Mechanics Theory for Hyperfine
Coupling Constants of Molecules in Solution. J. Chem. Theory Comput. 2011, 7, 3261—

3271.

Tachikawa, H.; Igarashi, M.; Ishibashi, T. Ab initio molecular dynamics (MD) calcula-
tions of hyperfine coupling constants of methyl radical. Chem. Phys. Lett. 2002, 352,
113-119.

Igarashi, M.; Ishibashi, T.; Tachikawa, H. A direct ab initio molecular dynamics study of

24



(26)

(27)

the finite temperature effects on the hyperfine coupling constant of methyl radicalwater

complexes. J. Mol. Struct. 2002, 594, 61-69.

Neugebauer, J.; Louwerse, M. J.; Belanzoni, P.; Wesolowski, T. A.; Baerends, E. J. Mod-
eling solvent effects on electron-spin-resonance hyperfine couplings by frozen-density

embedding. J. Chem. Phys. 2005, 123, 114101.

Pavone, M.; Benzi, C.; De Angelis, F.; Barone, V. Hyperfine coupling constants of
dimethyl nitroxide in aqueous solution: CarParrinello molecular dynamics and discrete-

continuum approaches. Chem. Phys. Lett. 2004, 395, 120-126.

Chen, X.; Rinkevicius, Z.; Cao, Z.;: Ruud, K.; Agren, H. Zero-point vibrational correc-
tions to isotropic hyperfine coupling constants in polyatomic molecules. Phys. Chem.

Chem. Phys. 2011, 13, 696-707.

Chen, X.; Rinkevicius, Z.; ; Ruud, K.; Agren, H. Role of zero-point vibrational cor-
rections to carbon hyperfine coupling constants in organic = radicals. J. Chem. Phys.

2013, 138, 054310.

Adam, A. Y.; Yachmenev, A.; Yurchenko, S. N.; Jensen, P. Ro-vibrational averaging of
the isotropic hyperfine coupling constant for the methyl radical. J. Chem. Phys. 2015,
143, 244306.

Grimme, S.; Bannwarth, C.; Dohm, S.; Hansen, A.; Pisarek, J.; Pracht, P.; Seiber, J.;
Neese, F. Fully Automated Quantum-Chemistry-Based Computation of Spin-Spin-
Coupled Nuclear Magnetic Resonance Spectra. Angew. Chem. Int. Ed. 2017, 56, 14763—
14769.

Whitten, J. L. Coulombic potential energy integrals and approximations. J. Chem.

Phys. 1973, 58, 4496-4501.

25



(33)

(34)

(39)

(40)

(41)

Dunlap, B. I.; Connolly, J. W. D.; Sabin, J. R. On some approximations in applications
of Xa theory. J. Chem. Phys. 1979, 71, 3396-3402.

Feyereisen, M.; Fitzgerald, G.; Komornicki, A. Use of approximate integrals in ab initio
theory: An application in MP2 energy calculations. Chem. Phys. Lett. 1993, 208, 359—
363.

Vahtras, O.; Almlof, J.; Feyereisen, M. Integral approximations for LCAO-SCF calcu-
lations. Chem. Phys. Lett. 1993, 213, 514-518.

Weigend, F.; Haser, M. RI-MP2: first derivatives and global consistency. Theor. Chem.

Acc. 1997, 97, 331-340.

Weigend, F.; Héser, M.; Patzelt, H.; Ahlrichs, R. RI-MP2: optimized auxiliary basis

sets and demonstration of efficiency. Chem. Phys. Lett. 1998, 294, 143-152.

Doser, B.; Zienau, J.; Clin, L.; Lambrecht, D. S.; Ochsenfeld, C. A Linear-Scaling MP2
Method for Large Molecules by Rigorous Integral-Screening Criteria. Z. Phys. Chem.
2010, 224, 397.

Maurer, S. A.; Lambrecht, D. S.; Flaig, D.; Ochsenfeld, C. Distance-dependent Schwarz-
based integral estimates for two-electron integrals: Reliable tightness vs. rigorous upper

bounds. J. Chem. Phys. 2012, 156, 144107.

Maurer, S. A.; Lambrecht, D. S.; Kussmann, J.; Ochsenfeld, C. Efficient distance-
including integral screening in linear-scaling Mgller-Plesset perturbation theory. J.

Chem. Phys. 2013, 138, 014101.

Schweizer, S.; Doser, B.; Ochsenfeld, C. An atomic orbital-based reformulation of energy
gradients in second-order Mgller-Plesset perturbation theory. J. Chem. Phys. 2008,
128, 154101.

26



(42)

(43)

(44)

Koch, H.; Sanchez de Meras, A.; Pedersen, T. B. Reduced scaling in electronic structure

calculations using Cholesky decompositions. J. Chem. Phys. 2003, 118, 9481-9484.

Bostrom, J.; Pitondk, M.; Aquilante, F.; Neogrady, P.; Pedersen, T. B.; Lindh, R. Cou-
pled Cluster and Mgller-Plesset Perturbation Theory Calculations of Noncovalent Inter-
molecular Interactions using Density Fitting with Auxiliary Basis Sets from Cholesky

Decompositions. J. Chem. Theory Comput. 2012, 8 1921-1928.

Vogler, S.; Ludwig, M.; Maurer, M.; Ochsenfeld, C. Low-scaling first-order properties
within second-order Mgller-Plesset perturbation theory using Cholesky decomposed
density matrices. J. Chem. Phys. 2017, 147, 024101.

Vogler, S.; Savasci, G.; Ludwig, M.; Ochsenfeld, C. Selected-Nuclei Method for the
Computation of Hyperfine Coupling Constants within Second-Order Mgller-Plesset Per-
turbation Theory. J. Chem. Theory Comput. 2018, 14, 3014-3024.

Warshel, A.; Karplus, M. Semiclassical trajectory approach to photoisomerization.

Chem. Phys. Lett. 1975, 32, 11-17.

Leforestier, C. Classical trajectories using the full ab iniot potential energy surface H™

+ CHy — CHy4 + H™. J. Chem. Phys. 1978, 68, 4406.

Peters, L. D. M.; Kussmann, J.; Ochsenfeld, C. Efficient and Accurate BornOppen-
heimer Molecular Dynamics for Large Molecular Systems. J. Chem. Theory Comput.

2017, 15, 5479-5485.

Sure, R.; Grimme, S. Corrected small basis set HartreeFock method for large systems.

J. Comput. Chem. 2013, 34, 1672-1685.

Grimme, S.; Brandenburg, J. G.; Bannwarth, C.; Hansen, A. Consistent structures and
interactions by density functional theory with small atomic orbital basis sets. J. Chem.

Phys. 2015, 143, 054107.

27



(51)

(52)

(53)

(54)

(57)

(58)

(59)

Gauss, J. Modern Methods and Algorithms of Quantum Chemistry; John von Neumann

Institute for Computing, Jiilich, 2000; pp 541-592.

Almlof, J. Elimination of energy denominators in Mgller-Plesset perturbation theory

by a Laplace transform approach. Chem. Phys. Lett. 1991, 181, 319-320.

Héser, M.; Almlof, J. Laplace transform techniques in Mgller-Plesset perturbation the-
ory. J. Chem. Phys. 1992, 96, 489-494.

Maurer, S. A.; Clin, L.; Ochsenfeld, C. Cholesky-decomposed density MP2 with density
fitting: accurate MP2 and double-hybrid DFT energies for large systems. J. Chem.
Phys. 2014, 140, 224112.

Kussmann, J.; Ochsenfeld, C. Pre-selective screening for matrix elements in linear-

scaling exact exchange solutions. J. Chem. Phys. 2013, 158, 134114.

Kussmann, J.; Ochsenfeld, C. Preselective Screening for Linear-Scaling Exact
Exchange-Gradient Calculations for Graphics Processing Units and General Strong-

Scaling Massively Parallel Calculations. J. Chem. Theory Comput. 2015, 11, 918-922.

Takatsuka, A.; Ten-no, S.; Hackbusch, W. Minimax approximation for the decom-
position of energy denominators in Laplace-transformed Mgller-Plesset perturbation

theories. J. Chem. Phys. 2008, 129, 044112.

Weigend, F. A fully direct RI-HF algorithm: Implementation, optimised auxiliary basis
sets, demonstration of accuracy and efficiency. Phys. Chem. Chem. Phys. 2002, 4,
4285-4291.

Kossmann, S.; Neese, F. Correlated ab Initio Spin Densities for Larger Molecules:
Orbital-Optimized Spin-Component-Scaled MP2 Method. J. Phys. Chem. A 2010, 11/,
11768-11781.

28



(60)

(61)

(66)

Purvis 111, G. D.; Bartlett, R. J. A full coupled-cluster singles and doubles model: The

inclusion of disconnected triples. J. Chem. Phys. 1982, 76, 1910.

Stanton, J. F.; Gauss, J.; Cheng, L.; Harding, M. E.; Matthews, D. A.; Szalay, P. G.
CFOUR, Coupled-Cluster techniques for Componentutational Chemistry, a quantum-
chemical program package. With contributions from A.A. Auer, R.J. Bartlett, U.
Benedikt, C. Berger, D.E. Bernholdt, Y.J. Bomble, O. Christiansen, F. Engel, R. Faber,
M. Heckert, O. Heun, M. Hilgenberg, C. Huber, T.-C. Jagau, D. Jonsson, J. Jusélius, T.
Kirsch, K. Klein, W.J. Lauderdale, F. Lipparini, T. Metzroth, L.A. Miick, D.P. O’Neill,
D.R. Price, E. Prochnow, C. Puzzarini, K. Ruud, F. Schiffmann, W. Schwalbach, C.
Simmons, S. Stopkowicz, A. Tajti, J. Vazquez, F. Wang, J.D. Watts and the integral
packages MOLECULE (J. Almléf and P.R. Taylor), PROPS (P.R. Taylor), ABACUS
(T. Helgaker, H.J. Aa. Jensen, P. Jorgensen, and J. Olsen), and ECP routines by A.

V. Mitin and C. van Wiillen. For the current version, see http://www.cfour.de.

Verlet, L. Computer “Experiments” on Classical Fluids. I. Thermodynamical Properties

of Lennard-Jones Molecules. Phys. Rev. 1967, 159, 98.

Swope, W. C.; Andersen, H. C.; Berens, P. H.; Wilson, K. R. A computer simulation
method for the calculation of equilibrium constants for the formation of physical clusters

of molecules: Application to small water clusters. J. Chem. Phys. 1982, 76, 637.

Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling.

J. Chem. Phys. 2007, 126, 014101.

Niklasson, A. M. N.; Steneteg, P.; Odell, A.; Bock, N.; Challacombe, M.; Tym-
czak, C. H.; Holmstrom, E.; Zheng, G.; Weber, V. Extended Lagrangian Born-

Oppenheimer molecular dynamics with dissipation. J. Chem. Phys. 2009, 130, 214109.

Boon, J., Philip; Symons, M. C. R.; Ushida, K.; Shida, T. Radical-cations of Aldehydes

29



(67)

(68)

(70)

(71)

(72)

(73)

(74)

(75)

and Ketones generated by Ionizing Radiation: an Electron Spin Resonance Study. J.

Chem. Soc. Perkin Trans. 2 1984, 0, 1213.

Danen, W. C.; Kensler, T. T. Electron Spin Resonance Study of Dialkylamino Free
Radicals in Solution. J. Am. Chem. Soc. 1970, 92, 5235.

Kozuch, S.; Gruzman, D.; Martin, J. M. L. DSD-BLYP: A General Purpose Double Hy-
brid Density Functional Including Spin Component Scaling and Dispersion Correction.

J. Phys. Chem. C 2010, 11/, 20801-20808.

Toriyama, K.; Nunome, K.; Iwasaki, M. Structures and reactions of radical cations of
some prototype alkanes in low temperature solids as studied by ESR spectroscopy. J.

Chem. Phys. 1982, 77, 5891.

Symons, M. C. R. Radical cations in condensed phases. Chem. Soc. Rev. 1984, 13,
393-439.

Jacovella, U.; Stein, C. J.; Griitter, M.; Freitag, L.; Lauzin, C.; Reiher, M.; Merkt, F.
Structure and dynamics of the radical cation of ethane arising from the Jahn-Teller and

pseudo-Jahn-Teller effects. Phys. Chem. Chem. Phys. 2018, 20, 1072-1081.

Shida, T.; Kato, T. ESR and optical studies on the cation-radical of pyridine in a

~-irradiated rigid matrix at low temperatures. Chem. Phys. Lett. 1979, 68, 106-110.

Morton, J. R.; Preston, K. F.; Strach, S. J. Paramagnetic Oxides of Nitrogen Observed

in a Sulfur Hexafluoride Matrix. J. Phys. Chem. 1979, 83, 533-536.

Fessenden, R. W. Electron Spin Resonance Spectra of Isotopically Substituted Hydro-
carbon Radicals. J. Phys. Chem. 1967, 71, 74-83.

Fessenden, R. W.; Schuler, R. H. ESR Spectra and Structure of the Fluorinated Methyl
Radicals. J. Chem. Phys. 1965, 43, 2704.

30



(76) Perera, S. A.; Salemi, L. M.; Bartlett, R. J. Hyperfine coupling constants of organic
radicals. J. Chem. Phys. 1997, 106, 4061.

(77) Lan, T. N.; Kurashige, Y.; Yanai, T. Toward Reliable Prediction of Hyperfine Coupling
Constants Using Ab Initio Density Matrix Renormalization Group Method: Diatomic
23} and Vinyl Radicals as Test Cases. J. Chem. Theory Comput. 2014, 10, 1953-1967.

(78) McManus, H. J.; Fessenden, R. W.; Chipman, D. M. ¥C Hyperfine Constants of HyCN",
H(HO)CN', and "CONHs. J. Phys. Chem. 1988, 92, 3781-3784.

(79) Knight, L. B.; Winiski, M.; Miller, P.; Arrington, C. A.; Feller, D. Neon matrix electron
spin resonance and theoretical investigations of 1%1'BH,, »1¥CH; and '*3CHJ. J.

Chem. Phys. 1989, 91, 4468.

31






