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Summary

One of the primary goals in quantum chemistry is to develop efficient and accu-
rate methods for the computation of energetic parameters and molecular properties
across a broad range of system sizes and complexities, enabling reliable predictions of
experimental data. In this regard, the random phase approximation (RPA), a post-
Kohn—Sham method derived from the adiabatic-connection fluctuation-dissipation
theorem, has emerged as a highly promising method.

This thesis comprises a collection of novel methods for the computation of RPA
energies as well as properties, derived from first- and second-order derivatives of the
energy. The memory limitation problem, a common problem for electronic structure
methods, is alleviated for the calculation of RPA energies by introducing a mini-
mal overhead batching method based on a Lagrangian formalism, thereby extending
RPA’s applicability to very large systems that were out of reach before on a single
compute node. This method facilitates efficient balancing between memory demands
and resource utilization. Moreover, it is widely applicable and can be adapted for
related electronic structure methods.

For RPA nuclear gradients—the first derivative of the RPA energy with respect to
nuclear coordinates—an efficient method for incorporating the frozen-core approx-
imation is introduced. This approach not only yields performance improvements
but also ensures accurate results using atomic and auxiliary basis sets specifically
designed to correlate valence electrons only, as is the case for most basis sets.

Furthermore, in previous work it has been shown, using numerical derivatives,
that nuclear magnetic resonance (NMR) shieldings—the second mixed derivative of
the energy with respect to the nuclear magnetic moment and the magnetic field—
based on RPA yield accuracies comparable to coupled cluster singles and doubles.
Motivated by this good performance, the thesis introduces, for the first time, the
derivation and implementation of analytical NMR shieldings within RPA. Further-
more, to increase the efficiency of the method, a local resolution-of-the-identity (RI)
metric is employed to introduce sparsity in the RI tensors, which is efficiently ex-
ploited using sparse matrix algebra techniques. Additionally, Cholesky decomposed
density type matrices and an efficient batching scheme for memory intensive inter-
mediates are utilized, thereby extending the applicability of the method to even
larger systems.

Another promising method that improves upon many of the shortcomings of
RPA, are o-functionals. While they have been shown to achieve high accuracies for
energetic data, nuclear gradients, and vibrational frequencies, NMR shieldings have
not been comprehensively studied so far. This work closes that gap by carrying out
an extensive benchmark study to investigate the accuracy of o-functionals for NMR
shieldings.
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Chapter 1

Introduction

The field of quantum chemistry has emerged as an important area for scientific
explorations within chemistry, biochemistry, solid-state and molecular physics, as
well as material science. Its central equation is the Schrédinger equation™! provid-
ing an exact description of a non-relativistic system of interacting particles. How-
ever, the exact analytical solution to the time-independent Schrodinger equation
for multi-electron systems within the Born-Oppenheimer approximation® requires
the solution of differential equations describing interacting electrons, which cannot
be solved with the methods and computational means available today.B# While
numerically exact solutions®! employing the full-configuration interaction approach
have been known for a long time, its huge computational effort prohibits to treat
systems beyond a few atoms. Thus, for practical applications approximate solutions
to the Schrodinger equation are necessary. In this context, one of the fundamental
objectives in quantum chemistry is the development of accurate and efficient meth-
ods for the computation of observable quantities such as energetic or spectroscopic
parameters to accurately predict experimental data.

Approximate methods for solving the Schrodinger equation can generally be
categorized into wave function based approaches and density functional theory
(DFT). Wave-function-based methods expand upon the Hartree-Fock (HF) approx-
imation,B™ which typically lacks sufficient accuracy on its own. In this regard,
Mgller-Plesset perturbation theory of second order® (MP2) provides moderate ac-
curacy, while coupled cluster variants, such as coupled cluster singles and doubles
(CCSD) and CCSD with additional perturbative triples (CCSD(T)), are among the
most accurate methods for energetic data as well as molecular properties. An ad-
vantage of wave-function-based correlation methods is that their accuracy can be
systematically improved, which, however, comes with a comparably high computa-
tional cost.

On the other hand, DFT methods within the Kohn-Sham® (KS) framework
provide reasonable accuracy at moderate computational cost, thus, making it the
method of choice for computational applications in quantum chemistry. Within KS-
DFT, the only unknown quantity is the exchange-correlation energy, which has to
be approximated. Approximations for the exchange-correlation functional are based
on mathematical functions containing a number of parameters, leading to nonempir-
ical functionals if the parameters are chosen by considering the constraints derived
for the exact KS functional, or empirical functionals by fitting the parameters to
selected experimental or ab initio data. As there are many different approaches
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for modeling both nonempirical and empirical functionals, a very large number of
functionals exist today, which may differ in performance based on the system and
property being investigated. This necessitates benchmarking the performance of
different exchange-correlation functionals with respect to classes of molecular sys-
tems as well as molecular properties. ! Therefore, a functional that exhibits a high
degree of transferability across various types of chemical systems and properties is
highly desirable.

One class of methods that shows high potential in this regard and has regained
popularity in recent years constitutes methods based on the adiabatic-connection
fluctuation-dissipation theorem M (ACFDT). Within this framework, the phys-
ically exact exchange-correlation energy is expressed through the response func-
tion of the non-interacting Kohn—Sham system as well as the response function of
fully-interacting (correlated) particles. However, the latter quantity contains the
exchange-correlation kernel—the functional derivative of the exchange-correlation
potential with respect to the density—which is not known. Thus, rather than
approximating the exchange-correlation energy, the kernel must be approximated,
which shifts the problem and creates a framework of equations for the exchange-
correlation energy. The simplest approximation for the kernel is to neglect it en-
tirely, resulting in the (direct) random phase approximation (RPA). RPA, as derived
in the context of DFT from the ACFDT, can be classified as a fifth-rung functional
on Jacob’s ladder of density functional approximations. ™ It does not have any em-
pirical parameters and is usually implemented as a post-KS method. Nonetheless,
RPA can be derived from several different approaches,m9 such as coupled cluster
theory, I many-body Green’s function theory,m8 or, as originally introduced, in
the framework of solid-state physics. 21 While all these avenues lead to the same
final quantity, the different equations and intermediates provide valuable physical
insights to different aspects of the underlying theory.

RPA was originally introduced within solid-state physics by D. Bohm and
D. Pines in a series of paperst 2 between 1951 and 1953. In these works, the
homogeneous electron gas was investigated using the Hamiltonian of the coupled
harmonic oscillator to describe the long-ranged collective motion of all electrons,
termed plasma oscillations, along with a short-range correction term arising from
random thermal motions of the electrons.Y The plasma oscillations could be ac-
curately described by neglecting the coupling of oscillations in different plasmon
phases. 2% As the coupling term depends on the coordinates of the particles, which
are randomly distributed throughout the system, their contributions can be assumed
to average out to zero in the high-density limit. 22 In this case, the method—termed
the ‘random phase approximation’—provides an accurate description.

Years later, D. C. Langreth and J. P. Perdew derived RPA in the framework
of the ACFDT, which has become the most well-established formulation in today’s
research. However, the corresponding formulation in a molecular-orbital (MO) ba-
sis showed an O(M?9) scaling of the computational cost with the system size M, 23!
limiting its applicability to only small systems and basis sets. By introducing the
resolution-of-the-identity (RI) approximation and a numerical quadrature for the
imaginary frequency integration, Furche and co-workersP# were able to reduce the
scaling to O(M*), thus making RPA one of the formally lowest scaling correlation
methods. An effective linear scaling RPA energy implementation was obtained by
recasting the RPA correlation energy expression in the atomic-orbital basis and
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utilizing a local RI metric to exploit the introduced sparsity using sparse matrix
algebra techniques.3 Further efficiency improvements, that is, pivoted Cholesky
decomposition P8 of density matrices®d and optimized minimax grids®%28 for the
numerical frequency integration, extended the applicability of RPA to even larger
systems. However, for very large system sizes and /or basis sets the memory require-
ments of the method exceed the available system memory and, thus, become the
limiting factor. Here, the three-center integral tensors have to be stored in mem-
ory during the calculation of the response function together with other memory
demanding intermediates arising during the calculation. To overcome these memory
limitation problems, Publication I presents a minimal overhead batching scheme
for the computation of the response function by batching over the atomic-orbital and
auxiliary-function index as well as the numerical quadrature points. A Lagrangian
formalism is employed to minimize floating point operations within the given system
memory. This provides the best trade-off between memory demand and program
runtime, thus alleviating the memory limitation problem. Since electron correlation
methods generally suffer from memory limitation issues, the method introduced in
Publication I can also be applied outside of RPA, specifically to related methods
such as MP2 or coupled cluster variants. 2

Electron correlation methods are usually implemented within the frozen-core ap-
proximation, where the correlation of core electrons—which occupy, by definition,
the lowest lying MOs—is neglected, and only the correlation of valence electrons is
considered. This aligns with the intuitive view in chemistry where core electrons are
generally seen as inert in chemical reactions, which are primarily governed by the
behavior of valence electrons. For relative RPA energies the error has been reported
to be minimal,B¥ while the computational gain is considerable. The frozen-core
approximation has further advantages considering the choice of atomic and auxil-
iary basis sets, since many basis sets are designed to correlate the valence electrons
only and do not describe the core region sufficiently. Implementing the frozen-core
approximation for energies is straightforward, involving only the consideration of
valence orbitals within the coefficient matrix, such as for constructing the density
matrix. For properties, however, the implementation is very involved. 152

While the description of energetic data is crucial in quantum chemistry, practical
applications also require accurate and efficient methods to predict molecular prop-
erties. Many important properties can be obtained from the derivative of the total
energy of the system. For example, molecular forces, which are crucial for describing
dynamics, are determined by the negative derivative of the energy with respect to the
nuclear coordinates. Much progress has been made in this regard for RPA, where ef-
ficient implementations have been introduced. 3% However, RPA gradients within
the frozen-core approximation had not been considered prior to Publication II.
Here, the frozen-core approximation was introduced within the low-scaling gradient
implementation of Ref. [36] based on a formulation in the atomic-orbital basis with
an attenuated Coulomb RI metric and Cholesky decomposed densities. The diffi-
culty lies in evaluating derivatives of the occupied and frozen-core density matrices,
where the latter is only present when applying the frozen-core approximation. An
efficient method for the evaluation of both density matrix responses is introduced in
Publication II, leading to performance gains of 20-30%, depending on the basis set,
and an accurate description when utilizing basis sets that were optimized within the
frozen-core approximation. Given that the description of core electrons does not sig-
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nificantly affect the accuracy of nuclear gradients, the utilization of the frozen-core
approximation is justified and employing basis sets that were optimized within the
frozen-core approximation—thus not containing additional core functions—results
in further performance gains due to the smaller size of the basis sets.

Another property of high importance is the nuclear magnetic resonance (NMR)
shielding tensor. NMR spectroscopy has emerged as an important tool in the struc-
ture determination in the fields of chemistry and biochemistry. Since interpreting
experimental spectra to determine molecular or solid-state structures can be chal-
lenging, computational methods can be very helpful for predicting spectra and as-
sisting in the interpretation of experimental data. Methods for the computation
of the NMR shielding tensor—the second mixed derivative of the energy with re-
spect to the nuclear magnetic moment and the magnetic field—range from HF B4l
and DFTHOH8] t5 wave-function-based methods, such as MP2, E%9 coupled cluster
variants, P53 and multiconfigurational self-consistent field ® (MCSCF) methods.
Here, HF and DFT offer moderate accuracy with generally low computational cost,
while CC methods such as CCSD and CCSD(T) are among the most accurate meth-
ods for predicting NMR data but are also the most computationally expensive. MP2
has demonstrated higher accuracy than HF and DFT, however, it is more compu-
tationally demanding than both methods.

In a benchmark study employing numerical second derivatives,53 RPA based
on a HF reference has been shown to achieve high accuracy comparable to CCSD,
but with significantly lower computational cost. Moreover, it has been found to
outperform MP2 and achieve higher computational efficiency. Due to this good per-
formance of RPA NMR, analytical NMR shieldings were derived and implemented
in Publication III. This is the first account of analytical second derivatives for
the computation of NMR shieldings for RPA defined as a post-KS method derived
from the ACFDT. The formulation of Publication III employs an atomic-orbital
formalism and the Coulomb RI metric. This implementation serves as an optimal
foundation for further improvements in efficiency. In fact, Publication IV makes
use of a local RI metric and Cholesky decomposed density type matrices together
with sparse matrix algebra techniques to increase the computational efficiency and
lower the scaling of RPA NMR calculations, and, furthermore a batching scheme
for the memory efficient computation of intermediates to extend the applicability of
RPA NMR calculations to even larger systems and basis sets.

RPA not only performs well for NMR data, B3 it also yields accurate interaction
energies, B9 barrier heights, B9 isogyric and isodesmic reaction energies, F65657 and it
is able to capture static correlation to some degree. 595859 Fyrther, RPA seamlessly
incorporates the description of dispersion interactions, which are based on the long-
range interactions between spontaneous dipole moment fluctuations and is also able
to treat small gap systems. Thus, RPA is applicable to a wide range of systems, such
as metallic systems, surfaces, crystals, as well as molecular systems. However, RPA
is not free of limitations, which can be traced back to the non-self consistent nature
of RPA and/or the lacking description of the exchange-correlation kernel. The latter
point leads to self-interaction in RPA, causing it to fail for cases such as Hj and
Hej . B8 For short interaction distances RPA leads to overcorrelation of electrons,
which explains its poor performance for atomization energies and spin-flip processes,
i.e., processes that separate electron pairs, resulting in substantial changes in the
short-range correlation energy. 8 While there are many beyond-RPA methods, e.g.,
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Refs. [50, [60H80], aiming to correct the shortcomings, the introduced accuracy comes
with an increased computational cost.

A method that significantly improves upon the mentioned limitations of RPA
while maintaining the same computational cost are the o-functionals, which were
recently introduced by A. Gérling and co-workers. BI¥2l A s-functional implemen-
tation builds upon an RPA implementation but contains an additional term that
depends on the eigenvalues of the frequency dependent KS-response function. This
term is modeled by cubic splines containing parameters that are fitted to ener-
getic data. Here, the different possibilities in the fitting approach lead to different
parametrizations for o-functionals.B%®4 It was found that o-functionals perform
very well for energetic data, B2 nuclear gradients, and vibrational frequencies. B3l
First results on the accuracy for NMR shieldings have been promising.®® Thus, in
Publication V, an extensive benchmark study using numerical second derivatives
was carried out to study the accuracy of o-functionals using different parametriza-
tions as well as various reference functionals. It was found that o-functionals based
on the S1 parametrization® yield isotropic NMR shielding constants comparable
in accuracy to CCSD(T) and outperforming all tested density functionals. Thus,
the results of Publication V indicate that analytical NMR shieldings based on
o-functionals would be highly desirable, as it revealed itself to be a cost-efficient
and highly accurate NMR method. As with o-functional energies, the NMR imple-
mentation could be implemented with reasonable programming effort based on an
existing RPA NMR implementation.

This thesis is structured as follows: in Chapter 2, the theoretical framework of
the work is established. Chapter 3 is the main part of this cumulative dissertation
where Publications I-V are reproduced in their entirety. Finally, in Chapter 4, a
conclusion is presented.
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Chapter 2

Theoretical Background

2.1 The Schrodinger Equation

The non-relativistic time-independent electronic Schrédinger equation™! within the
Born-Oppenheimer? approximation is given by

HU = EV (2.1)

with the electronic energy F and the wave function ¥. The Hamiltonian is defined
as

[:[:T—F‘A/en_‘_f/ee (22)

with the kinetic energy operator T, the operator for the Coulombic attraction be-
tween electrons and nuclei V,,, and the electron-electron interaction operator V..,
all defined in atomic units according to

R Nel 1
P=-3 v (2.3)
Ne at
o3y 24
en — T .
i A !
R Nel 1
‘/ee = - (25)
— Tij
1<)

where N, denotes the number of electrons of the system and N, the number of
atoms. Further, ;4 specifies the distance between electron ¢ and nucleus A, r;; the
distance between electrons ¢ and j, and Z4 is the charge of nucleus A. The exact
wave function of the system can be expanded in a complete set of Ng-electron wave
functions {®,} according to

o0

U(x1,Xg, ..., XN, ) = Zaatba(xl,XQ, oy XNy ) (2.6)

«

where ¥ and {®,} depend on the electronic coordinates x; = (r;,0;) (i € [1, Nyl)
containing both space coordinates r; and spin coordinates ¢;. For an accurate de-
scription of the fermionic system, the many-electron wave function ® has to comply

7
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with the antisymmetry principle, 8887 which is a generalization of the Pauli exclu-
sion principle. B3 Tt states that the wave function has to be antisymmetric with
respect to the interchange of two electronic coordinates. This is captured by the
Slater determinant of one-electron molecular orbitals (spin orbitals) {¢;} defined as

o1(x1)  Pa(x1) o Pnu(X1)
1 $1(x2)  ¢a(x2) - Oy, (X2)

: . . : (2.7)
P1(Xny) P2(xXny) o N (Xny)

Thus, the exact wave function can be obtained by a linear combination of Slater
determinants {®,}, where each ®, defines a specific configuration of spin-orbitals,
therefore, the method is termed full configuration interaction (FCI), or, simply CI
for an incomplete expansion in Eq. (2.6). While the FCI method is highly accurate,
its application is limited to systems with a small number of electrons due to its
huge computational cost.

2.2 The Hartree—Fock Approximation

The simplest antisymmetrized wave function suitable to describe the ground state
of a many-electron system is a single Slater determinant (Eq. (2.7)). This approxi-
mation to the wave function constitutes the basis of the Hartree-Fock approxima-
tion, BT providing typically moderate accuracy and serving as the starting point for
more accurate wave function methods.

The Hartree-Fock energy Eyr can be expressed as the expectation value of the
Hamiltonian according to! 0

Eyp[®] = (B| H |®) = Zh+ Z — Ky); (@) =1 (2.8)

where the wave function ® is chosen to be orthonormal and the bra-ket notation is
employed. Further, h; denotes the MO representation of the one-electron Hamilto-
nian h, and Jij as well as K;; the MO representations of the Coulomb operator J
and exchange operator K , respectively. The introduced quantities are defined as

Nat

=[x g = 598 = 3 22 o) = (@il 29)

A

* 1 * —_ . . . .
Ty = / / i 6] (00)n(x0) 65 (k) (x2) = (Bn0lds) (2.10)
Ky = [ [ dxidxe 0100y -5 alouoa) = (@ioslogo)  (21)

where the Mulliken notation was employed. According to the variational principle,
the energy obtained from an approximate wave function constitutes an upper bound
to the exact energy of the system. Thus, it follows for the Hartree—Fock energy that
Eur[®[{¢:}]] > E and the optimal molecular orbitals can be obtained by Lagrangian
minimization of Eq. with respect to the set of molecular orbitals {¢;} subject

8
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to the orthonormality constraint (¢;|¢;) = d;;. This leads to the canonical Hartree—
Fock equations 0

Foi(x1) = eidi(x1) (2.12)

where ¢; denotes the HF orbital energy for the molecular orbital ¢; and the Fock
operator F'is given by

Nei
F=h+) (J;- K (2.13)
J; = /dx2 ¢;(X2)%¢j(x2) (2.14)
. P
K; = /dx2 ¢;(x2)?122¢j(x2) (2.15)

with the permutation operator ]512, which interchanges the coordinates of electron
one and two.

For practical implementations, the molecular orbital basis functions can be
expanded in an atomic orbital basis set—a procedure termed linear combina-
tion of atomic orbitals (LCAO)—thereby transforming the HF equations into the
Roothaan-Hall P2l matrix eigenvalue equations, which can be solved by diagonal-
ization within a self-consistent-field (SCF) procedure. As a result, the optimal HF
orbitals comprising the single determinant wave function are obtained together with
the corresponding HF energy. However, while electrons with parallel spin are corre-
lated through the exchange operator, the interaction of electrons with opposite spin
is only accounted for in an average way. Thus, the HF approximation is referred
to as an uncorrelated wave function method. In the next section, an approach is
introduced with the aim of capturing electron correlation effects—density functional
theory—which utilizes the electron density, rather than wave function, to describe
the state of the electronic system.

2.3 Density Functional Theory

Density functional theory (DFT) is based on a formulation of the energy in terms
of the one-electron density

p(ry) = Nel/.../dal dxy ... dxn, |VU(x1, X, ..., XN, )| (2.16)

which is normalized to the number of electrons [ dr p(r) = N. This is validated by
the first Hohenberg—Kohn theorem. 23 Tt states that the external potential Ve (r),
which is usually the potential generated by the nuclei, is uniquely determined, within
an additive constant, by the electron density. Thus, the electron density determines
the ground-state wave function as well as all other properties of the electronic sys-
tem. 4 Specifically, the ground-state energy can be expressed as a functional of the
density according to

Elp) = Tl + Valpl + [ dr v ()0 (2.17)
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with the kinetic energy functional T[p] = (¥[p]| T |¥[p]) and the electron-electron
interaction energy functional Vae[p] = (¥[p]| Vie |¥[p]). The optimal density can be
obtained by variational minimization of the energy functional with respect to the
density, which is validated by the second Hohenberg-Kohn theorem. 3!

The expression of the energy in terms of the three-dimensional density, rather
than 4N.-dimensional wave function, is a substantial simplification and it is still in
the realm of the exact theory. However, the explicit form of (T'[p] + Vee|p]) is not
known and accurate approximations are necessary, which have shown to be chal-
lenging especially for the approximation of the kinetic energy term. In light thereof,
W. Kohn and L. J. Sham® proposed the reintroduction of single-particle spin-
orbitals {¢;}, the KS orbitals, which describe a reference system of non-interacting
electrons in a potential, the KS potential vkg, that insures that the electron density
defined by the KS-orbitals

or) = 310 219

reproduces the exact ground-state density, that is the density of a system with
interacting electrons. The Hamiltonian describing the non-interacting system is
given by %!

Hygs =T + Vis (2.19)

Nel
Vks = Z vks(1;) (2.20)
This KS system can then be described by a single determinant wave function ®[p],
the KS wave function, that is fully determined by the electron density. This allows
to express the ground-state energy according to 4

Elp] = (®[p]| Hxs [®[p]) = Tx[p] + Vis[o] (2:21)
where the following quantities are introduced:
Tlo] = (@A T 18la]) = —3 3 (6 V2 109 2.2
Vispl = (®[p]] Vs [®[0]) = Ves o] + Eulp] + Exelp] (2.23)
Eulo] = % / / drldrzw (2.24)
Evlpl = (Tlp] = Tilp]) + (Veelp) — Enlp]) (2.25)

thereby building the foundation of KS-DFT. This formulation is still in the realm of
the exact theory: the non-interacting kinetic energy is expressed by Ti[p|, which is
defined in terms of non-interacting orbitals, while its correction (T'[p] — Ti[p]) to the
physically exact kinetic energy T'[p] is contained in the exchange-correlation energy
E..[p]. The Hartree energy contribution Ey|p| describes the classical electrostatic
Coulomb repulsion of the density p, and the remaining electron-electron interaction
energy is contained in FEi.[p]. Variational minimization of the energy functional

given by Eq. (2.21)) leads to the KS equations 4
hisdi = €i; (2.26)

10
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where ¢; defines the KS orbital energy of the molecular orbital ¢; and the KS Hamil-
tonian hkg is defined according to

hxs = —%W + vks(r) (2.27)
VKS(T) = Vext () + vp(r) + Ve (T) (2.28)
o (r) = %E;—‘Zi’;] _ / dr, pgj) (2.29)
V() = aab; "(r[)p ] (2.30)

Within KS-DFT all terms except for the exchange-correlation energy and potential
are known. Hence, the central challenge constitutes the determination of accurate
and efficient approximations for Fy. and vy.. One possible way to address this
challenge is described in the next section.

2.4 Adiabatic-Connection Fluctuation-Dissipation
Approach

An exact expression for the exchange-correlation energy of ground-state density
functional theory can be derived employing the adiabatic-connection fluctuation-
dissipation theorem, M a5 will be demonstrated in this section. This opens the
way for another class of electron correlation methods—that is, methods based on
the ACFDT theorem—which will be described following this section.

From this point onward, all equations will be derived for the general case of
complex-valued orbitals. This is crucial to this work as computing second-order
derivatives for NMR parameters, a central aspect of this work, requires the use of
complex-valued orbitals. This derivation is novel, as existing literature commonly
assumes real-valued orbitals.

2.4.1 Adiabatic-Connection

The adiabatic-connection method, introduced by D. C. Langreth and
J. P. Perdew,M233] is based on the following premise: a continuous connec-
tion is created between a system with non-interacting electrons and the physical
system with fully interacting electrons, while the density is kept constant at the
exact (physical) ground-state density. This is accomplished by introducing a
modified Hamiltonian H* dependent on a coupling parameter A according to™

H =T+ V*+AVe; Ael0,1] (2.31)

A HA- pm— T % ’ p— 1

H =", Lt Vot Ve | A (2.32)
Hysg =T+ Vg | A=0

where V* is an external potential operator keeping the density constant at the phys-
ical value, thereby reducing to the external potential for A = 1, while for A = 0 it
takes the value of the KS potential. Thus, for A = 1 the physical Hamiltonian is
recovered, where the electron-electron interaction is described by V;e, while A = 0

11
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corresponds to the KS Hamiltonian, where the electron-electron interaction is con-
tained within the KS potential operator Vis.

By increasing the coupling parameter A\ adiabatically slowly, the electron-electron
interaction is gradually increased connecting the non-interacting system to the phys-
ical system, while the density is kept constant along the adiabatic path.

To derive an expression for the correlation energy, first, the energy difference of
the physical to the KS system is evaluated by integration along the adiabatic path
according to 3!

A=1 A=0 OE*
0= F*'—F _/0 a2 (2.33)
where E* = (U*| H* |0*); inserting this expression into the above equation and uti-
lizing the Hellman-Feynman theorem, ! that is valid for a full set of eigenfunctions,
yields!®!

1 a9
R e = / dX (U2 ai [T (2.34)

oV

/dA (U Ve + A|\Iﬂ> (2.35)

0

Since V* describes a local multiplicative potential and the density is kept constant
along the path, the above equation simplifies to

1 1
I e = / dX (U2 Ve [T + / dv? (2.36)
0 0
1
= / AX (U] Vie |8) 4 Vige — Vis (2.37)
0

By inserting Eq. (2.23)) for Viks, an expression for the exchange-correlation energy
can be obtained according to

1
EXC:/ A\ (T Ve |9 — By (2.38)
0

Next, the exchange energy Ey = (®| K |®) can be subtracted from the above equa-
tion leading to

1
E, = / d\ (U Ve [0 — By — By (2.39)
0
The term (Ey + Ex) is known in terms of one-electron orbitals from HF theory and
can be further expressed using the KS wave function ¢ according to

By + By = (9| Ve | D) (2.40)
Inserting the above expression into Eq. (2.39) yields?

1
Eo= [ dx (009 - (@] Vu ) (2.41)
0
The above equation provides an exact expression for the correlation energy, however,
while the second term on the right-hand side, i.e. (®| V. |®), is known exactly, the
first term is not known and remains to be evaluated. This is the subject of the next
section.

12
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2.4.2 Density Fluctuations

To derive an expression for the term (U?| Vo |U*) in Eq 1} first, the electron-
electron interaction operator is expressed in terms of the density operator

p0 = 0x =) (81 px) [¥) = i) (2.42)
resulting in %!
= %// dXIdXQﬁ(Xl)ﬁ(Xz) —Z(QX1)5(X1 — X) (2.43)

Next, by introducing the density fluctuation operator Ap(x) defined as

Ap(x) = p(x) — p(x) (2.44)

A

Ve can be formulated as

Ve = 3 / / dxydxs — [Aﬁ(xl)Aﬁ(Xﬁ + p(1)p() + p(x1)p(x2)

12

= pxa)plx) — 81 — X2>ﬁ<xl>] (2.45)

Inserting this expression into Eq. (2.41]) results in an expression for the correlation
energy in terms of density fluctuations according to!®0l

By " [ s, (] Ap(x1) Ap(3xa) 1) — (@] Ap(x1)Ap(x2) | B)

12

(2.46)

According to this equation, density fluctuations at a position r; are correlated with
fluctuations at r, and these density fluctuations are associated with the correlation
energy. 7

2.4.3 Adiabatic-Connection Fluctuation-Dissipation Theo-
rem

In this section, the correlation energy expression within the adiabatic-connection
approach given by Eq. is further reformulated utilizing response theory to
introduce the fluctuation-dissipation theorem leading to the adiabatic-connection
fluctuation-dissipation formalism.

Electron Correlation Energy in Terms of Transition Densities

The correlation energy expression in Eq. (2.46) can be further rewritten using the
completeness relation of the electronic states {¥2}

STIEN (W) =1 VAe[0,1] (2.47)

13
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where n = 0 denotes the ground-state wave function. In the following, the subscript
‘0’ will be added to highlight ground-state quantities for clarity, i.e. U} = U* &5 =

® and Fy = FE. Inserting Eq. {D into Eq. 1) yields ol
1 1 )\n x 1); x )\;0 X 1);:0 x
EC:§/ d\ //XmdX2 Znyéopo (X1)pno(x2) Znﬂ)po (x1)pno (X2)
0

T12
where the transition densities py, (x) and p,(x) are defined according to

(2.48)

1561

(%) = (T] Aj(x) [02) (2.49)
— (W) )T VA0 (2.50)
Pho(x) = (1] Aj(x) [2) (2.51)
= (WA () ) ; WO (2.52)

For complex-valued wave functions it follows that pj), (x) = (p}y(x))”, which simpli-
fies for real-valued wave functions to pj,(x) = p),(x). Further, in the summations

of Eq. (2.48) the case n = 0 is excluded since pj,(x) = 0 due to the consistency of
the ground-state density along the adiabatic path.

Linear Density-Density Response Function

In previous sections, it was established that electron correlation arises as a result of
random density fluctuations within an electronic system. An alternative perspective
on electron correlation lies in response theory. Within this framework, the behavior
of the fully interacting system can be elucidated by comparing it to a reference
system that is subjected to a small external perturbation giving rise to density
fluctuations. The reaction of the electronic density to this perturbation is then
captured by the linear density—density response function. Specifically, it describes
the density response at a position r; caused by the perturbations at a position ro
due to a small external potential oscillating at a certain frequency.

As will be shown in the following, density fluctuations of a system—also captured
in the transition densities—can be related to the integral of the linear density—
density response function over the frequency, ¥ which is given within the Lehmann
representation, 8 also called spectral decomposition, by

) o (x1) P (x o (x2)p o (x
Mw, x1,X3) = lim (PE} (_ ;z)glo_(i;) — pfj i ;)()\pni(lé)) (2.53)
with the frequency w and the excitation energies )}, = EX — Ej. The positive real
number 7 shifts the poles at w = 40 infinitesimally away from the real axis making
the response function analytical in the upper right and lower left complex frequency
plane (see Fig. . Nevertheless, the pole structure of the response function poses
challenges for the integration along the real frequency axis

+o00 0 +o00
/ dw X’\(w,xl,xg) = / dw XA(W,Xl,X2> +/ dw X’\(w,xl,XQ) (2.54)
0

—0o0 — 00

To avoid that, each integral along the real frequency axis in Eq. (2.54) may be
expressed by an integral along the imaginary frequency axis, as the response function

14
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does not have any poles in the imaginary frequency domain. Thus, a relation between
the real and imaginary frequency integral is necessary, which can be best rationalized
by considering the respective integration on the complex w-plane. First, the integral
in the interval [0, +o00] is considered, i.e. the second term on the right-hand side of
Eq. . As can be seen in Fig. , a closed contour can be created from 0 — +oo
along the real frequency axis (path I), from the real to the imaginary axis (path II),
and finally from 400 — 0 on the imaginary axis (path III). According to Cauchy’s
residue theorem, ™ which states that the integral over a closed contour containing
no poles evaluates to zero, it follows that fpath (dw X = fpath i dw x*. This gives
the following relation

too 0 +00
/ dw X/\(LU,Xl,X2> = / dw X)‘(iw,xl,xg) = —/ dw X)\<iCL),X1,X2) (2.55)
0 +o0o 0

The same reasoning can be applied for the first term in Eq. (2.54) resulting in the
relation

0 —o0 +o0
/ dw xMw, x1,%x5) = / dw x* (iw, x1, %) = —/ dw M (—iw, x1, X3)
—00 0 0
(2.56)

Combining the results of Eq. (2.55) and Eq. (2.56) allows to express the integral
i _Jr;o dw x*(w, X1, Xs) using the response function in the imaginary frequency domain
as

+00 +oo
/ dw xMw, x1,X9) = —/ dw x* (iw, X1, X2) (2.57)

—00 —00

+oo
= —/ dw [X’\(iw,xl,XQ) + X)\(_i(JJ,X]_,XQ)] (2.58)
0
Inserting Eq. (2.53)) in terms of imaginary frequencies into Eq. (2.58) results in

+o0
—/ dw [xMiw, x1,%2) + X (—iw, X1, X5) |
0
= [T 2 (S e b)) (259
0 w? + (29,)

n#0

The frequency integration can be carried out using the relation f0+°° dwRZLW =
5(VR > 0) to yield

+00
—/ dw [XA(iw,X17X2) + XA(—iw,Xl,x2)}
0

_ w(z o (1) 3c2) + p3n<><2>pzo<xl>) (2.60)

n#0

= (S xalon) + () ()’ (2.61)

n#0

=27 Y Re(pp, (x1)p)o(x2)) (2.62)
n#0

15



2. Theoretical Background

In Eq. , the term Re(p}), (x1)pho(x2)) denotes the real part of the product of
two transition densities. It should be noted that for complex-valued orbitals the
real part of this product also contains contributions from the imaginary part of each
transition density.

Im(w)

I: (0,0) — (o0, 0)
II: (00,0) — (0,00)

I III: (0,00) — (0,0)

Figure 2.1: Graphical representation of the pole structure of the response function
Mw,X1,%3) given by Eq. (2.53) in the complex frequency plane. The poles are
denoted by ‘X’ and a closed contour is given by the path [—-II—III.

Fluctuation-Dissipation Theorem

Combining Eq. (2.62)) with Eq. (2.49) and Eq. (2.51)) yields the following relation

1 Feo ) R .
—%/ dw XA (iw, x1,%2) = > Re(p, (x1)pmo(x2)) = (T3] Ap(x1) Ap(xa) [U)
o0 n#0
(2.63)

which is known as the zero temperature fluctuation-dissipation theorem.™ Thus,
the response function in the imaginary frequency domain, which describes energy
absorption, i.e., dissipation, X of the system subject to an external perturbation
oscillating with a certain frequency w, is tied to density fluctuations.

Electron Correlation Energy within the Adiabatic-Connection
Fluctuation-Dissipation Formalism

The fluctuation-dissipation theorem (Eq. (2.63)) allows to reformulate the corre-
lation energy expression given by Eq. in terms of the response function by
recognizing that only the real component of the product of transition densities in
Eq. is relevant since the correlation energy is a real-valued quantity. Thus,
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combining Eq. (2.62) with Eq. (2.48) yields

E. / dA //dX1dX2 — dw |:X)\<iw,X1,X2) —X)‘Zo(iw,xl,XQ)}
12
(2.64)

In the above equation, the response function at coupling strength A = 0, i.e., the

KS response function yxs = x*° = X, is known in terms of the KS orbitals,

while the interacting response function x* is accessible from time-dependent density
functional theory (TDDFT) as will be shown in the next section.

2.4.4 Density Response from Time-Dependent Density Func-
tional Theory
Within the framework of time-dependent density functional theory, the electronic
system starts in its ground-state and an external perturbation in form of a potential
oscillating with a given frequency w is applied according to®™
1

Vet (10, %) = Ve (%) + 0 (w, %) (2.65)

The correspondmg density response can be expanded in a Taylor series with respect

to v )( x) a <7

p(w,x) = po(x) + p1(w, x) + po(w,x) + ... (2.66)

The linear response is given by 7
i) = [ (o, xdao) (2.67)

where the linear response function can be expressed by the Fourier transform of 9!

Op(x1,t1)

2.68
8Uext (X27 t2) ( )

X(X17 tl) X2, t2)

Vext (X2,t2) =vVext (X2)

Since the external potential of the ground-state, vey (%), is a functional of the ground-
state density po(x), the above equation implies that the linear response function is
a functional of the ground-state density only.

The linear response can be equivalently expressed within the KS system with
the KS potential

vks(w, x) = vks(x) + U%S)(w X) (2.69)
according to 7
p1(w,x1) = /dXQXO(w,X17X2)UI(<1§(X,W) (2.70)
The first-order change in the time-dependent KS potential is given by 0
v%(w,x) = vg{i(w,x) + vg)(w,x) + o (w,x1) (2.71)
vg)(w,xl) = /d){g%u’x2> = /dx2 fr(x1, %2)p™M (w, x3) (2.72)
Do) =[x, xi ) %) (273)
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where fh(xq,x3) = % is the Hartree kernel and f,.(w,x1,Xs) is the exchange-
correlation kernel, which can be expressed by the Fourier transform of

3P(X2 y t2) p(x2,t2)=po(x2)

Using Eq. (2.67)) with Eq. (2.70) and Eq. (2.71]) leads to the Dyson-like equation for
the interacting response function 1%

fre(X1,t1, %2, t2) = (2.74)

X(w, X1, X2)

- XO(W7X17X2>
+ // dxsdxy Xo(w,xl,X3)[fH(X3,x4) + fxc(w,X3,X4)}X(w,x4,x2) (2.75)

This allows to express the interacting response function in terms of the KS re-
sponse function, which is known, and the exchange-correlation kernel, which, like
the exchange-correlation potential, is unknown.

The findings from this section can now be applied to the electron correlation en-
ergy expression within the ACFDT as given by Eq. (2.64). The interacting response
function in the imaginary time domain can be expressed using Eq. as

XA(iwa X1, XQ)

= Xo(iwa}(laXZ)
+ // dxzdx, ¥ (iw, %1, x3) ()\fH(xg,x4) + f;\c(iw,X3,X4>>X/\(1CU7X4,X2) (2.76)

where the Hartree kernel is linear in A\. The KS response function can be expressed

using Eq. (2.53)) as
0 ]ﬁcj Ev:t ( (X1)Pa(X1) @ (%2) i (X2) _ ¢Z(X1)¢i(xl)¢f(x2)¢a(x2))

X (i, 3, %) iw— (€4 — €) iw+ (€4 — €)

(2.77)

where the summations run over all occupied MOs ¢ up to the total number of
occupied orbitals N,.. as well as over all virtual orbitals @ up to the total number
of virtual orbitals Nyi.

2.5 The Random Phase Approximation

2.5.1 Real-Space Representation

The simplest approximation to the exchange-correlation kernel constitutes the (di-
rect) random phase approximation where

2 (iw, x3,%4) = 0 (2.78)

Thus, only the Hartree kernel is considered for the computation of the RPA response
function, which takes the form

Xhpa (iw, X1, %2) = x°(iw, X1, X2)

+//dX3dx4 Xo(iw,Xl,Xg))\fH(Xg,X4)X1/;\{PA(iw,X4,X2) (2.79)
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To obtain an expression for the RPA correlation energy, first, the above equation is
rewritten to obtain an expression for ypp, (iw, X1, X) according to ™

Xipa (iw) = x°(iw) + X" (iw) ® M @ Xipa (iw) (2.80)
where the dependence on the space and spin coordinates was omitted and the mul-
tiplication of two functions in the real-space representation is given by

Y (iw) ® fu = /ngXO(iw,xl,x3)fH(x3,x4) (2.81)

By rearranging the terms, the RPA response function can be expressed according to
. - : -1 :

Xipa (iw) = (1 —X(iw) ® Afu) ® xxs(iw) (2.82)

where 1 denotes the identity function. Using the above expression for the RPA
response function with the ACFDT correlation energy expression given by Eq. (2.64))
yields the RPA correlation energy

ERPA — _i/o dA /_O:o dw Tr[fH ® {(i —x°(iw) ® )\fH)_1 ® X°(iw) — Xo(iw)}]
(2.83)

where the trace of a product of two functions f(x;,x3) and g(x1, X2) in the real-space
representation is defined as

Tr(f ®g) = // dxydxy f(x1,X2)g(x1, X2) (2.84)

After analytical coupling strength integration, the RPA correlation energy reads

+oo
ERPA _ 417T/ dw Tr [ln{l —x (lw) ® fH} +x°(iw) ® fH} (2.85)

2.5.2 Molecular-Orbital Representation

For computational implementations within quantum chemistry it is more common
to work within the molecular orbital space, rather than the real-space. Therefore,
Eq. can be reformulated for the general case of complex-valued orbitals ac-
cording to 9!

+oo Noce Nyirt
Ei:{PA % / dw Z Z ln{l - za za V;a,az H?ata(lw)v;z az)}

+ (H?a za( )V;a,az H?ata (MU)‘/zZ az)] (286)
1 [T
= dw Tr[In{1 — (TI" (iw)V — I (iw) V*) }
7T
+ (I (w)V — I (iw) V*)] (2.87)
with the polarization propagator IT°(iw) given by P!
M (iw) = M (iw) — > (iw) (2.88)
1
I = 2.89
i) = T (2.50)
1
my 2.90
) = e (2:90)
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and the MO representation of the Hartree kernel V:

B 05 (X1) Pa(X1) @ (X2) i (X2)
V;a,ai = /]dxldx2 o (291)
— P (X1) P4 (x1) 95 (X2) Pa(x2)
VVia,ai - ﬁdxldx2 1 (292)

For real-valued wave functions it follows that V = V* and the polarization propa-
gator is an even function in the iw-space. Thus, the RPA correlation energy given

by Eq. (2.87) reduces tol™!

ERPA — L / - dw Tr[In{1 — II°(iw)V} + I°(iw) V] (2.93)

21

and the polarization propagator for real-valued orbitals reduces to!™!
—2(€e, — €;)

HO
w? 4 (€, — €)?

ia,ia (1&)) =

(2.94)

2.5.3 Molecular-Orbital Resolution-of-the-Identity RPA

Calculating the RPA correlation energy within the molecular orbital basis
(Eq. ) requires storing the four-dimensional electron repulsion integral (ERI)
tensor, which restricts its applicability to small systems. Thus, in the next section,
the resolution-of-the-identity (RI) approach—which provides one possible avenue to
factorize the four center integrals into lower rank tensors—is introduced and sub-
sequently applied to the computation of the MO-RPA energy expression, thereby
reducing the computational cost.

Resolution-of-the-Identity

The RI approach FH08l allows to factorize the four-center ERI tensor into tensors
of second- and third-order. The RI approach is frequently used interchangeably with
the density fitting (DF) method. Although both approaches yield the same results,
they are not identical, as they are based on different conceptual frameworks. 107
The following derivation is based on the DF formalism.

The four-center two-electron integral tensor in the atomic orbital basis {¢,} is
given by

(uv|Ao) = / / s 2400 (x0) 5 (2) o) (2.95)

where the indices p, v, A\, and o denote atomic orbital indices, with a total of Ny,gis
AO basis functions. The charge densities | o) are now approximated by expanding
them in an auxiliary basis set { P} according to

Naux

o) ~ [Ao) = Y CLIP) (2.96)

vghere N.ux denotes the total number of auxiliary functions and the fitting coefficients
CF can be determined by minimizing the error

) — —
0= ~ap (A7 = dalmi Ao = Ao) (2.97)
Ao
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within a metric mys leading to

Naux

Chr = > (Ao|m12|Q)(Qlmaa| P) ! (2.98)
Q

where matrix operations are performed prior to indexing. Using this result allows
to factorize the ERI tensor according to

Naux

(uv|ho) =~ Z (PlQ)CE. (2.99)

N?Lllx

= ) (w|maa| P)(PImaa] Q)" (Q|R) (RlmasS) ' (S|miz|A)  (2.100)
PQRS

:E:BP%wB (2.101)

where the following second- and third-order tensors have been introduced

B, := (uv|mis| P) (2.102)
Naux

Vps == 3 _(Plmi2|Q) ™" (Q|R)(R|m12S) ™" (2.103)
QR

The choice of the metric m12 is important for the accuracy of the approximation.
The Coulomb metric m;s = — has been shown to be well suited for fitting density-
like repulsions. 1% Other ch01ces include the overlap metric as well as the Coulomb
metric attenuated by the complementary error function. 2198109 While those met-
rics are less accurate than the Coulomb metric, they introduce sparsity into the

respective matrices which can be exploited for efficiency, which will be discussed
further in section 2.5.51

MO-RI-RPA Energy

For the general case of complex-valued orbitals, V (Eq. (2.91)) and V* (Eq. (2.92)))
can be factorized according to Eq. (2.101)) to yield

Naux

Vieai = »_ B VpoBZ (2.104)
PQ
Naux

Vieai = > (BL) Vo (Bg)' (2.105)
PQ

this allows to rewrite 1%~ (iw)V — IT® " (iw) V* according to

Nocc virt Naux
Z Z Hza za za ai H?ata(lw)‘/zz ai — Z [X(;PQO("}) - XJ:PQ (1("'})} VPQ
PQ

(2.106)
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with the polarization propagator in the auxiliary basis

X, (iw) = X5 (iw) — X (iw) (2.107)
Nocc virt

X poliw) Z Z Bf:l‘[?a - (iw)BY, (2.108)
Nocc virt

X po(iw) Z Z H?ata 1w)(]B3Q) (2.109)
Combining these results with Eq. (2.87) yields
¢ 4

grea _ 1 /wo dw Tr[In{1 — Xo(iw)V'} + X (iw) V] (2.110)

It should be noted that for real-valued orbitals Xg(iw) reduces to

NOCC virt € )
(2

X B a B2 2.111
OPQ lw Z Z 6 _ Ei)2 ia ( )
and the corresponding energy expression reads?4
1 [T ~ ~ ~ ~
ERPA — 2_/ dw Tr[In{1 — Xo(iw)V} + Xo(iw) V] (2.112)
T Jo

Introducing the RI approximation and a numerical frequency integration for the
MO-RPA correlation energy computation—which was accomplished by Furche and
co-workers P#—reduces the formal scaling of the method from O(M®) to O(M*),
thereby making RPA one of the formally lowest-scaling electron correlation methods.

2.5.4 Atomic-Orbital Resolution-of-the-Identity RPA

The computationally most intensive step within RPA is the computation of the
response function in the auxiliary basis as given by Eqs. (2.107)—(2.109) formally
scaling as O(N2, Nyt Noce 0 M?1). Thus, an atomic orbital formulation will be
derived for this step to benefit from locality in the electronic structure.

In a first step, the response function in the imaginary frequency domain is ex-

pressed by its Fourier transform according to 2l
Xo(iw) = / drX,(iT)exp(itw) (2.113)

For real-valued orbitals, Xo(iw) is an even function in the iw-space and the Fourier
transform reduces to a cosine transform,2?28 or, equivalently a double Laplace
transform.P? To obtain an expression for X, (ir), the inverse Fourier transform
given by

X, (it) = % /_ Oodwxo(iw)exp(—iTw) (2.114)
+oo ~ ~
= /0 dw [exp(iTw)Xo(—iw) + exp(—irw)Xo (iw)] (2.115)
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can be evaluated. For this, X;(iw) can be rewritten according to

X07PQ(iw)

s [BIBS - BLES) T [BLEQ 4 BIEQ W),
B Z Z w? + (€, — €;)? w? + (€4 — €)? (2.116)

A a

and inserted into Eq. (2.115)). Further, using Euler’s formula to express the expo-
nential function, exp(iz) = cos(x) + isin(z) (z € R), yields

Nochvirt 00 Q P Q
L[ [* BPBY + (BEB — ¢
Xo,p(iT) = E E ——[/ dw Cos(wr)[ Bai + (BiaBa)'] (€0 — )
0

T w? + (€ — €)?

% a

+o0 [BPBQ (BPBQ> ]
d L maal maal 2.117
+ /0 w isin(wr) R p—— ( )
The cosine and sine transforms can be evaluated according toH!
+o00 .
/0 dw cos(cm-)w2 jf“(ea i)ei)Q — gexp(—m-); V72>0 (2.118)
too w T
/0 dw sin(w')wg Fuypa—— = Eexp(—m-); V172>0 (2.119)
yielding
Nocc virt
Xo.po(iT) Z Z exp(—(eq — €)7)(BEBL), V7 >0 (2.120)

Since the response function in the imaginary time domain is a Hermitian function,
it has the following property "

Xo(—ir) = Xo(ir)* (2.121)

which provides an expression for X(i7) for negative imaginary times. Thus, it can
be summarized as

vaocc Zflvvirt exp(_( )7’) (BiBaQZ) | t Z 0
§ Noce 5N exp(_(ea e)T)(BEBE): |t <0

Compared to Eq. where a straightforward AO formulation is not possible
due to the squared orbital energy denominator, the above equation has decoupled
orbital energies which allows a transformation into the atomic orbital space. For
positive imaginary times it follows that

Xo,pq(iT) = { (2.122)

Npasis Noce Nvirt

Xo,po(it) = Z Z Z exp(— (e, — ei)T)C’ZiCWC’/\aCmIB%P BY; V7>0 (2.123)

2N a

Nbasls

Z Gy i (—iT)BL, Gon(ir)BY; ¥V 720 (2.124)
UvAo
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where {C,;} and {C,,} denote occupied and virtual MO coefficients, respectively,
and the non-interacting one-particle Green’s function is defined as

Go(iT) = O(—7)G,(i7) + O(7)Go(iT) (2.125)
OW fC’ CLiexp(—Te;) = [Pexp(—THKSP)}W (2.126)

Vlrt

G (i1) Z JCraexp(—Te,) = [Pvirtexp(—THKstirt)]W (2.127)

with the Heaviside step-function ©, as well as the occupied and virtual one-particle
density matrix given by P and Py, respectively. Accordingly, an expression for the
response function in the negative imaginary time domain can be derived leading to
the final expression

Npasis G BP a . BQ >0
Xopalir) = § 2, Sane T B ConlinBigr 2 2128
Zuu)\a QO l//\( )B GO,MO‘( )B)\Uh— <0

Again, for real-valued orbitals the response function is an even function in the ir-
domain, that is Xy (it) = Xo(—i7).

The general RPA energy expression in terms of complex-valued orbitals given
by Eq. with the evaluation of the response function in the imaginary time
domain was employed in Publication IIT as the starting point for the derivation of
analytical second-order derivatives for the computation of NMR shielding tensors.
Then, in Publication IV, further improvements were made for the computational
efficiency using a low-scaling RPA energy formulation. In the next section, strate-
gies for low-scaling RPA methods are introduced and subsequently applied to the
computation of RPA correlation energies.

2.5.5 Strategies for Low-Scaling

In the following, two strategies for an efficient and low-scaling implementation will
be described, specifically the utilization of a local RI metric and pivoted Cholesky
decomposition (CD) of density type matrices.

As mentioned in the previous section, the choice of the RI metric constitutes a
crucial factor for increasing the computational efficiency and lower the scaling of the
method. While the Coulomb metric mjs = % has shown to be very accurate, 1% no
sparsity can be gained from the corresponding matrix representations. Considering,
for instance, the three-center integrals (uv|ryy|P) it becomes apparent, that the
charge distribution (uv) is coupled to the auxiliary function P over effectively infinite
distances due to the very slow decay of the metric. By comparison, the overlap metric
mis = d(r12) is very local due to the exponential decay of Gaussian basis functions,
and, thus, its matrix representations are very sparse. However, this metric has been
shown to be rather inaccurate.l A metric that encompasses both accuracy and

sparsity is the Coulomb metric attenuated by the complementary error function
(erfc) ROIOSI0N given by

fe(ws
LG ) (2.129)
12
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where the attenuation parameter w,; determines the attenuation strength, thereby
varying the sparsity and accuracy. In the limiting cases, the Coulomb metric is
recovered as wyiy — 0, and the overlap metric is recovered as w,yy — 00. Specifically,
for RPA it has been shown that the parameter w,; = 0.1 a.u. provides a good
compromise between accuracy and sparsity. 2636l

Another strategy that can be employed to increase computational efficiency is
pivoted Cholesky decomposition of density type matrices. While the computational
scaling can be reduced significantly within the AO framework, the scaling with the
basis set size (for a fixed system size) increases. This introduces an overhead for
systems that are not sparse. To remedy this, pivoted Cholesky decomposition of
density type matrices has shown to be very useful. In this context, the pivoted
Cholesky decomposition of a positive semi-definite matrix R is given by

R=LL" (2.130)

where £ is a lower triangular matrix, having the same number of rows as R, while
the number of columns corresponds to rank(R). Here, the CD of the occupied
one-particle density matrix P according to

P=LL" (2.131)

is very beneficial since its rank corresponds to the number of occupied orbitals
Nyee, which is significantly less than the number of basis functions. Further, the
Cholesky matrices usually retain the sparsity of the original matrix. To apply this
to the framework of AO-RI-RPA, it can be considered that the Green’s function in
the negative imaginary time domain is invariant to projections onto the occupied
subspace, which gives rise to the CD of the occupied density matrix according to 2™

G,(—ir) = PSG,(—ir)SP (2.132)
= LL*SG,(—ir)SLL" (2.133)

Next, the Cholesky decomposition of the Green’s function in the positive imaginary
time domain can be considered directly

—Go(i7) = Ly (i7)LL,, (i7) (2.134)

Since this Green’s function is negative semi-definite, CD is applied to —G(iT),
which is positive semi-definite. The number of columns of Ly (i7), and, thus, the
rank of Gy(i7), is dependent on the 7-quadrature point. It follows that the rank
decreases with increasing 7, thus, capturing the decay of the exponential function
within the Green’s function. This decomposition is somewhat more beneficial than
projecting the Green’s function onto the virtual subspace and using the CD of the
virtual density, whose rank always corresponds to the number of virtual orbitals.
In Publications I-II, Eq. was used together with the attenuated
Coulomb metric, while Publication IV employs both, Egs. and .

2.5.6 Low-Scaling Atomic-Orbital Resolution-of-the-Identity
RPA

To derive a low-scaling formulation for the response function in the imaginary time
domain—the time-determining step within RI-RPA—it can be first expressed as a
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trace over the AO-indices according to
Xo.po(it) = Tr(Gy(—it)B Gy (i) B?) (2.135)

Next, employing the attenuated Coulomb metric for the two- and three-center inte-

grals as well as the CD given by Eq. (2.124)) yields?™

Xo,pq(it) = Tr(LL"SG,(—ir)SLL"B” Gy (ir)B?) (2.136)
= Tr([L"SG,(—ir)SL][L"B”] Gy (ir)[BYL"]) (2.137)

o Z Z GOJ B GO ,ul/(lT)BC% (2138)

In Eq. (2.137)) the invariance of the trace under cyclic permutation was utilized and
in Eq. (2.138]), the following quantities have been introduced

Goyy(—iT) = (LTSQO(—iT)SL)Q. (2.139)

B, = (B"L") (2.140)
which are represented (partially) in the Cholesky MO basis with the occupied
Cholesky indices denoted by 7 and j.

For molecular systems with a local electronic structure all matrices become
sparse allowing an asymptotically linear scaling computation of the response
function in the imaginary time domain, which constitutes the time determining
step. E3ZI]

Further, the memory requirements of the method—which are dominated by the
memory requirements of the three-center integral tensor—were reduced significantly
by utilizing CD from N,y N2 t0 NauxNpasis NVoce. However, for larger molecular
systems and/or basis sets, the memory requirements of the method, comprising
the memory of the three-center integrals as well as intermediate quantities arising
during the calculation, quickly exceed the available system memory on a single
compute node. This problem was solved in Publication I, where the low-scaling
RPA energy expression derived in this section was used within a real-valued atomic
orbital basis to introduce an optimized batching scheme for the computation of
Xo(iT). Using a Lagrangian formalism, the number of batches was computed by
minimizing the batching overhead while not exceeding the available system memory,
thus providing the optimal compromise between program runtime and memory
demand.

2.6 o-Functionals

Another approach based on the ACFD theorem that is closely related to RPA are
o-functionals, which were recently introduced by Gérling and co-workers. 8182 To
derive the corresponding correlation energy expression, first, the RPA correlation
energy is considered as given by Eq. - To obtain a symmetrlc expression for
the term Xo(iw)V, the matrix V can be decomposed as V = V2V 2 (alternatively
the Cholesky matrix of V may be employed). Next, the first trace in Eq. is
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considered, where the series representation of the matrix logarithm is used together
with the invariance of the trace with respect to cyclic permutation yielding

Tr[In(1 — Xo(iw) V)] = Tr{z (Xo(m)\?%(f%)l (2.141)
= Trlz (\755(0(@)\75)} (2.142)
= Tr[In(1 — VX, (iw)VE)] (2.143)

Accordingly, the second trace in Eq. 1} can be expressed as Tr [Xo(l )\7} =
Tr [V%XO(iw)\Nf%)] Next, the positive semi-definite matrix —V2Xg(iw)V? is ex-
pressed in the spectral representation as

—V2X,(iw) V2 = V,(iw)e (iw) V] (iw) (2.144)

where o (iw) denotes the eigenvalue matrix of the expression on the left-hand side
and V, (iw) the corresponding eigenvector matrix. Thus, the RPA correlation energy
can now be expressed in terms of the eigenvalues o (iw) according to

1 +o0

ERPA — 4_/ dw Tr[In{1 + o(iw)} — o (iw)] (2.145)
™ —0o0

The o-functional correlation energy is obtained by using the RPA correlation energy

and adding an additional term F1%2

1 [T

E? = = | dw {Tr[In{1 + o(iw)} — o(iw)] — Tr[H (o (iw))] } (2.146)

where H (a(iw)) is defined by cubic splines which are optimized using a set of
benchmark datasets. A number of parametrizations exist for o-functionals which
are characterized by the setting of the optimization as well as the chosen benchmark
sets. [B0-82]

In Publication V, the o-functional correlation energy expression was used as
the starting point for the computation of NMR shielding tensors using numerical
second-order derivatives within a finite-field approach.

2.7 Molecular Properties from Derivatives of the
Energy

The computation of energy derivatives is of central importance in quantum chem-
istry as many molecular properties can be obtained directly from these derivatives.
In this context, many properties can be defined as the response of the energy to
a perturbation. The energy of a system subjected to a weak perturbation, charac-
terized by the perturbation strength «, can be expanded in a Taylor series around
o = 0 according to112

+183E
a —_——
0 6 0o |,

)\+ 10°F
2002 |, _

E(a) = E(0) + 8_E

3
ol o+ ... (2.147)
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where the n'M-order property is defined by the n'"-order derivative of the energy

‘g;f . Furthermore, a system can also be subject to multiple perturbations, e.g., for

two perturbations a and [, the Taylor expansion around o = 0 and 8 = 0 of the
multivariable function E(c, 3) leads to 4!

0E 0E
E(Oé,ﬁ) = E(0,0) + [a—aa + % :|
a=0,8=0

1[0*E 0*FE O*F
—|——[—a2—|—2 B+ Qﬁz] + ...
86 a=0,8=0

ARz 005" (2.148)

thus, giving rise to mixed derivatives.

Examples for such properties are the derivative of the energy with respect to the
positions of the nuclei (nuclear gradients) and the mixed second derivative of the
energy with respect to the nuclear magnetic moment and magnetic field yielding
the NMR shielding tensor. Both properties are of central importance in quantum
chemistry, and will be described in the next sections.

2.7.1 Analytical and Numerical Derivatives

Derivatives of the energy can be obtained either analytically, by differentiating the
corresponding energy expression with respect to the perturbation(s), or by employ-
ing numerical techniques, where the energy is perturbed by an infinitesimal amount
and the corresponding difference quotient is computed from this data. However,
in practice, a finite difference has to be employed to avoid numerical instabilities,
thus, decreasing the accuracy. Further, numerical derivatives are usually computa-
tionally much more demanding than analytical derivatives as it requires a number
of energy calculations in the presence of the perturbation(s). Therefore, analytical
derivatives are generally preferred. #155 However, in the absence of an analytical
implementation, numerical approaches can be useful for benchmark studies since
the computational implementation is usually straightforward. 415 Ay exception
is perturbations of the magnetic field, which require the use of complex algebra
due to the nature of the perturbation.™ 3 In Publication V, the accuracy of o-
functionals for the computation of NMR shielding parameters was investigated in
detail using numerical second derivatives. The results of this investigation are cru-
cial for determining the viability of implementing analytical second-order derivatives
for o-functionals.

2.7.2 Analytical Derivative Techniques

For the evaluation of the analytical derivative of a quantum chemical energy ex-
pression, there is a distinct difference between methods with variationally optimized
wavefunctions, such as HF or multi-configurational self-consistent field (MCSCF),
and nonvariational wavefunctions, e.g., MP2 or RPA. Thus, different techniques
are required for their computation. In this context, the energy of a system can be
expressed as 19l

E = E(R,C) (2.149)

depending on an external parameter R representing a coordinate of the perturba-
tion and the internal parameters summarized in the variable C, which may also
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implicitly depend on R, i.e., C(R). The parameters C are determined within a
quantum chemical approach for fixed R, which are contained in the Hamiltonian of
the corresponding method. E.g., in case of nuclear gradients within HF theory, R
corresponds to a nuclear coordinate and C to the orbital coefficients. For the general
case of Eq. the derivative of the energy with respect to R can be expressed
as

dER.C(R) _ 9B + OB o¢ (2.150)
dR OR 0C OR

If the wavefunction is variationally optimized with respect to the internal parameters
C, the last term in the above equation vanishes. In this context it can further be
shown that the n''-order wavefunction response is required for the energy derivative
of order 2n 4 1.M9 This concept is commonly referred to as the Wigner 2n + 1
rule. M9 For methods with nonvariational wavefunctions, the first-order response
with respect to C is required for the first-order derivative. However, by employing
the Z-vector technique™ only one response equation has to be solved as opposed
to one response equation for each component of the perturbation. E.g., for a nuclear
gradient, instead of 3N, equations, only one response equation has to be solved.
This is usually combined with the Lagrangian formulation, ™8 where a Lagrange
function is constructed which is fully variational in all parameters and leads to the
same energy as the nonvariational energy expression. This formalism also requires
the solution of only one response equation. The Lagrangian formalism has been
employed in Ref. [34] for the computation of RPA nuclear gradients within the
molecular orbital basis. For the RPA nuclear gradient expression within the atomic-
orbital basis,¥9 that forms the basis of Publication II, a different approach has
been employed, as discussed in the next section.

2.8 Nuclear Gradients within the Random Phase
Approximation

To compute the first-order derivative of the RPA energy with respect to a perturba-
tion, the total RPA energy given by the sum of the Hartree—Fock energy functional
evaluated with KS orbitals and the RPA correlation according to

ERPAIP] = Eyye[P] + ERPA[P) (2.151)
has to be differentiated. Since the electronic one-particle density matrix P that
enters the energy expression stems from a preceding KS-DFT calculation, neither
the HF functional nor the RPA correlation energy functional is stationary with
respect to the KS orbitals. Thus, the first-order derivative requires the first-order
response of the density matrix to the perturbation. As explained in the previous
section, in this case the Z-vector technique can be applied for an efficient evaluation
of the derivative. Differentiating the total RPA energy with respect to one nuclear
coordinate denoted by x yields

O ERPA OF o ERPA
el = @;{F +— (2.152)
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The derivative can be evaluated by employing partial derivatives of ERPA with re-
spect to X(iw), V, B, and Go(ir) and considering the trace according to B9

OERPA - ( /+°° dwaEEPA<iw) X (iw) @)
ox 0 OXo(iw) OV O

+oo RPA (; o (;
Ty (/ do 5’EC~ (iw) 0Xo(iw) (9_183)

" BEA ) 0o (1) OG(i7)
+Tr</—oo A 0Xo(iw) OGo(it) Oz ) e

Here, the RPA correlation energy expression for one imaginary frequency is de-
noted as EXPA(iw). Further, the AO-RI-RPA expression is considered in terms of
real-valued orbitals. From the above equation, intermediate quantities can now be
identified:

OERPA (1w) 1« -
Xolw) | dm el (2.154)

T QERPA (W) OX(iw) [+ ‘
/oo W Xy (iw) 0G(ir) / _ dr =) (2.155)

with the correlated screened Coulomb interaction in the auxiliary basis Wc(iw) and
the correlated self-energy in the imaginary time domain X(i7) defined as

W.(iw) = V[(1 = Xo(iw)V) ™ = 1] (2.156)
Naux Nbasis _

Salir) ==Y Y Wepq(in)B,Gouw(it)BY,; V7 € [—00,+00]  (2.157)
PQ o

The correlated screened Coulomb interaction in the imaginary time domain is defined
by the Fourier transform

W.(ir) ! / Oodw exp(—iwT) W, (iw) (2.158)

T o

—00

Since only real-valued basis functions are considered in this section, the Fourier
transform simplifies to a cosine transform as W, (iw) is an even function in the
iw-domain 16!

~ 1
WC(IT) = %

+o0
/ dw cos(wr) W (iw) (2.159)
0
The evaluation of the first two terms on the right-hand side of Eq. is
not as involved, since it only requires integral derivatives. In contrast, the last term
contains the derivative of the density matrix, which is more involved. It can be
further expressed according to

400 : 400 . .
/ dr 2(17)‘9%0—;7) - / dr B(ir) (agﬁ(”) a(];;{s + 3‘;01§”> %) (2.160)
_ KS

o0 —00

The partial derivatives of the Green’s functions can be obtained by expanding the
exponential function in its series representation and subsequently differentiating the
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corresponding expression. BOIHI2I Fyrther, in the above expression the derivative
of the occupied density matrix could be identified and isolated. It should be noted
that the Green’s function in the imaginary time domain can be expressed in terms
of the occupied density for both, positive and negative imaginary times. For posi-
tive imaginary times, the Green’s function depends on the virtual density matrix.
However, the virtual density matrix can be expressed by the occupied density using
the following identity

1=PS+PyS (2.161)
P = (1 - PS)S™! (2.162)

Thus, only the derivative of the occupied density matrix is required. ¥ Eq. (2.160)
can be further summarized as

oo [ 0G(it) Ohgs  OGq(it) OP dhis oP
/ dr 2(17‘)( ahKS 0$ + 8P %> —PRPA 8&7 "_VRPA% (2163)

[e.e]

The derivative of the HF functional in Eq. (2.151)) can be obtain by tracing over
the partial derivatives in an analogous manner, yielding

— = SOy (2.164)

where a shorthand notation for derivatives was introduced: the derivative of a quan-
tity O with respect to a perturbation ¢ is denoted by O%. Further, to highlight that
a derivative contains only integral derivatives and not the derivative of the density
matrix the following notation is adopted O®). The last term in the above equation
can be expressed according to

Efp = Tr(HypP?) (2.165)
Hyr = h + J[P] + K[P] (2.166)

Summarizing the derivative of the density matrix stemming from the derivative of

the HF functional (Eq. (2.165])) and the RPA correlation energy part (Eq. (2.163]))
yields B0l

Tr([Hur + Virpa|P?) (2.167)

This is now amendable to the Z-vector technique, where an AO-based formalism
for the Z-vector approach is adopted. M In this context, the density matrix based
Laplace transformed (DL) coupled-perturbed Kohn—-Sham (CPKS) approach is uti-
lized."22 Further, for a low-scaling RPA gradient implementation the techniques
introduced in section can be applied, thus, reducing the formal O(M*?) scaling
to an asymptotic O(M?) scaling. B9
The results from this section constitute the foundation of Publication 11, where
a formalism was derived for RPA gradients within the frozen-core approximation.
Within the AO formalism, the frozen-core approximation is introduced through the
density matrix used for the RPA correlation contribution. Thus, the total RPA
energy is given within the frozen-core approximation according to
EEAP] = Egp[P] + EXTA [Py (2.168)

otal

31



2. Theoretical Background

Here, the density matrix within the frozen-core approximation Pg does not contain
contributions from core electrons and is defined according to

NOCC

Poyw =Y CuCui (2.169)

1=Ncore

where N, denotes the number of core electrons. That is, the correlation of core
electrons is neglected and only the contribution of valence electrons is considered.
While the implementation of the frozen-core RPA energy expression is rather simple,
the corresponding gradient implementation is very involved. In this context, the
contribution of the response of the occupied and frozen-core density matrix has to
be considered:

rTI'(I‘IHF].:)m + VRPAP%C) (2170)

An efficient method for the evaluation of the above equation is derived in Publica-
tion II.

2.9 Nuclear Magnetic Resonance Shielding Tensor
within the Random Phase Approximation and
o-Functionals

The description of nuclear magnetic resonance phenomena with computational

methods is accomplished by employing a phenomenological Hamiltonian 11123l
N 1
A = =% m(1- 6B+ 5 Y m! (D 4 J¥)m” (2171)
A A£B

that describes the effect of a perturbation of the nuclear magnetic moment of nucleus
A, m#, and magnetic field, B, on an electronic system, thus, reproducing the relevant
interactions present in most NMR spectra.m23 In Eq. (2.171), 6 represents the
NMR shielding tensor, D4Z and J## are the dipolar and indirect nuclear spin-spin
coupling tensors, respectively. 23 In the context of NMR spectra, DA% and J4B
determine the magnitude of peak splitting that arise from the coupling of pairs of
nuclei, while &4 determines the shape and shift of the peak. From a physical point of
view, 6 describes how the applied field is altered by the electronic environment as
perceived by the nuclear magnetic moment. F123l The focus in this work lies in the
computation of the NMR shielding tensor, which will be described in the following.

The NMR shielding tensor can be obtained from the second mixed derivative of
the energy E with respect to the nuclear magnetic moment m#, and the magnetic
field B, both evaluated at zero. Thus, one component of the NMR shielding tensor
is given by

.

=——F A 2.172
ol 9B.0m7 ono r,s € {x,y, 2z} ( )

However, for theoretical benchmark studies instead of the NMR shielding tensor,
often the isotropic NMR shielding constants are studied, given by

. L. . .
Ga = 3 (52, + U;y +62) (2.173)
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as they can be observed (relative to some reference compound) by experiment in
liquids. Isotropic NMR shielding constants were also employed for the benchmark
studies in Publication V.

To insure gauge origin independence, gauge-including atomic orbitals
(GIAQs) H243124125] are employed, defined as

0u(r,B) =¢,(r,B = O)exp( - %[B(Ru - Ro)}r) (2.174)

where @, (r, B = 0) is the field-independent atomic-orbital basis function centered at
R, and Ry is the gauge origin. For the implementation of analytical derivatives all
intermediates are either purely real or purely imaginary. Thus, the implementation
does not require the utilization of complex matrix algebra routines. Instead, real
valued matrices can be used; however, it should be considered that the matrix
product of two imaginary matrices yields the square of the imaginary unit, thus
leading to a prefactor of —1.

In the following, two approaches for the computation of the NMR shielding
tensor at the RPA level of theory are presented: numerical derivatives,® employed
for Publication V| and analytical derivatives subject of Publication III and IV.

2.9.1 Numerical Second-Order Derivatives

In Publication V an extensive benchmark study was conducted to investigate the
accuracy of o-functionals for the computation of isotropic NMR shielding constants
using numerical second-order derivatives employing the approach of Ref. [55]. In
this section the underlying equations are briefly summarized.

The computation of the NMR shielding tensor using a finite-field method requires
various computations of the energy in the presence of perturbations of the magnetic
field and nuclear magnetic moment, F(B, m). One component of the NMR shielding

tensor, e.g. G4, can be computed according to #3126l

3 1
5o~ Ty [E((B,,0,0)",(0,m),0)") — E((B,,0,0)", (0,—m,0)"] (2.175)
y €T

Next, both B, and mj can be set to a constant value of § yielding

oy A 2—; [E((6,0,0)7,(0,6,0)") — E((5,0,0)", (0, —6,0)"] (2.176)
Using the above equations allows to compute the perturbed total RPA energy or
o-functional energy using GIAOs, which requires complex matrix algebra routines.
Since this is usually not part of a quantum chemical program package, considerable
implementation effort has to be spend for the implementation of numerical NMR
shieldings. The implementation of Ref. [55] employs the MO-RI-RPA correlation en-
ergy expression in terms of complex-valued orbitals given by Eq. . This allowed
the first extensive benchmark study on the accuracy of RPA for NMR shieldings;
furthermore first results for o-functionals were presented as well. In Publication V
a more comprehensive benchmark study is conducted to investigate the accuracy of
o-functionals for the computation of NMR shielding tensors.

For RPA NMR shieldings, the good accuracy determined by the results of
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Ref. [55] motivated the implementation of analytical NMR shielding tensors of Pub-
lications IIT and IV, thus extending the applicability of RPA NMR to larger sys-
tems. The next section presents the key concepts that contributed to the develop-
ment of analytical second-order derivatives for RPA.

2.9.2 Analytical Second-Order Derivatives

The NMR shielding tensor within RPA can be obtained by taking the second mixed
derivative of the total RPA energy given by Eq. with respect to m? and
B. The first derivative of the AO-RI-RPA correlation energy in terms of complex
valued orbitals with respect to m4 reads

OERPA < /+°° 4 OERPA (iw) 90X (iw) GO(iT)>

(2.177)

gmi O\ ) W 0X,(iw) 0Go(ir) omA

As shown for the derivative with respect to a nuclear coordinate in Eq. (2.163)), the
above equation can be expressed in terms of the derivative of the KS-Hamiltonian
and the density matrix according to

OERPA oh oP
< =Tr (PRPA ) + Tr (VRPA ) (2178)

OomA OmA4 OmA4

Here, the derivative of the KS-Hamiltonian with respect to m* reduces to the deriva-
tive of the core Hamiltonian h, since the derivatives of the remaining terms evaluate
to zero. Next, differentiating with respect to the magnetic field results in

2 I'RPA 2
02! :Tr<8PRpA oh >+Tr(PRPA 6%h ) —i—Tr(aVRPA oP )

0BOmA 0B OmA 0BOm4 0B OmA
0*P
+ Tr (VRPAW) (2179)

At this point, the similarities between Laplace-transformed atomic-orbital MP2
NMR shieldings™2™28] can be leveraged. The general form of the second mixed

derivative of Laplace-transformed atomic-orbital MP2 energy EMP?2 can be expressed
[128]
as

QEMPQ P h 2h P
0 E :Tr<a urz 0 >+Tr(PMp2 0 )+Tr(aVMP28 )

0BOmA4 0B OmA4 0BOmA4 0B OmA
0P

with the mixed second derivatives of h and P as well as intermediate quantities
Pyp2 and Vyps and their magnetic field derivatives. Thus, for the computation of
PBm” and hB™” the same strategies as used for MP2 can also be applied for RPA.
Specifically, the nested Z-vector equations 2™28l for the efficient computation of the
second derivative of the density matrix.

The quantities that remain to be evaluated are the magnetic field derivatives of
the intermediates Prpa and Vgpa. Alongside this, the efficient evaluation of the
second mixed derivative of the HF-energy together with the RPA correlation energy
part to form the NMR shielding tensor at the RPA level of theory is subject of
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2. Theoretical Background

Publication III. Further, in Publication IV an efficient and low-scaling RPA
NMR implementation is presented, combining the results of Publication III with
the techniques introduced in section This extends the applicability of RPA
NMR to even larger systems and allows an efficient and low-scaling computation.
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Abstract

A highly memory-efficient integral-direct random phase approximation (RPA)
method based on our w-CDGD-RI-RPA method [Graf, D. et al. J. Chem. Theory
Comput. 2018, 14, 2505| is presented that completely alleviates the memory bot-
tleneck of storing the multidimensional three-center integral tensor, which severely
limited the tractable system sizes. Based on a Lagrangian formulation, we intro-
duce an optimized batching scheme over the auxiliary and basis-function indices,
which allows to compute the optimal number of batches for a given amount of sys-
tem memory, while minimizing the batching overhead. Thus, our optimized batching
constitutes the best tradeoff between program runtime and memory demand. Within
this batching scheme, the half-transformed three-center integral tensor Bﬁf is recom-
puted for each batch of auxiliary and basis functions. This allows the computation of
systems that were out of reach before. The largest system within this work consists
of a DNA fragment comprising 1052 atoms and 11 230 basis functions calculated
on a single node, which emphasizes the new possibilities of our integral-direct RPA
method.
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ABSTRACT: A highly memory-efficient integral-direct random
phase approximation (RPA) method based on our w-CDGD-RI-
RPA method [Graf, D. et al. J. Chem. Theory Comput. 2018, 14,
2505] is presented that completely alleviates the memory
bottleneck of storing the multidimensional three-center integral
tensor, which severely limited the tractable system sizes. Based on a
Lagrangian formulation, we introduce an optimized batching
scheme over the auxiliary and basis-function indices, which allows
to compute the optimal number of batches for a given amount of
system memory, while minimizing the batching overhead. Thus,
our optimized batching constitutes the best tradeoff between
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program runtime and memory demand. Within this batching scheme, the half-transformed three-center integral tensor B is
recomputed for each batch of auxiliary and basis functions. This allows the computation of systems that were out of reach before.
The largest system within this work consists of a DNA fragment comprising 1052 atoms and 11 230 basis functions calculated on a
single node, which emphasizes the new possibilities of our integral-direct RPA method.

1. INTRODUCTION

Density-functional theory (DFT) has become one of the most
applied theoretical techniques for electronic structure calcu-
lations of molecules,' ™ surfaces,* ® and crystals7_9 in the
fields of solid-state physics, computational chemistry, and
materials science.'” Its remarkable success can be largely
attributed to the excellent cost performance ratios and good
accuracies for various properties and compounds, which make
DFT anlicabIe to systems containing up to several thousand
atoms.'"'* However, despite the vast benefits of DFT, it is
subject to several well-known deficiencies. The accurate
description of long-range electron correlation, particularly
including van der Waals (vdW) interactions, represents a
challenging task in the modeling of molecules and materi-
als."”"*™'® This makes the development of more broadly
applicable correlation models a necessity.

The random phase approximation (RPA) is one of the most
promising methods to obtain accurate correlation energies,lg’20
which is reflected by the increased interest over the last
decades."”*'** It yields a good description of bonding types,
including covalent, ionic, and metallic bonding.19 Additionally,
due to its nonlocality, RPA correlation is able to describe vdW
interactions exceptionally well.*®

RPA is usually implemented as a post-Kohn—Sham
method® and was first introduced by Bohm and Pines in
1953.%” Tt was later formulated within the framework of DFT
usin%O g)gg adiabatic-connection fluctuation-dissipation theo-
rem.” """ However, in its original formulation, the calculation

© 2021 The Authors. Published by
American Chemical Society

W ACS Publications 5623

of RPA correlation energies scales as O(M®) with the system
size M, limiting its applicability to systems comprising only
tens of atoms. In 2010, Furche and co-workers introduced the
resolution-of-the-identity (RI) approximation to RPA, reduc-
ing the scaling to O(M*).*”*>*! This opened the way for
applications beyond the few atoms scale. In 2016, Schurkus
and Ochsenfeld*” reformulated the RPA correlation energy in
the atomic orbital (AO) space, thus extending the applicability
of the RPA to molecules comprising thousands of atoms.
Further improvements were introduced by Luenser et al.>* and
later by Graf et al.”* by employing an attenuated Coulomb
metric, Cholesky decomposition of the ground-state density
matrix, and an improved quadrature for the cosine transform in
the framework of the w-CDGD-RI-RPA method.

Within the @-CDGD-RI-RPA method, the most demanding
step regarding the computational effort and memory require-
ments constitutes the calculation of the response function in
the auxiliary basis. For this step, the half-transformed three-
center integral tensor B}, whose storage requirements formally
scale as O(N, N N,..) with the number of auxiliary
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functions N,,, AO basis functions Ny, and occupied
molecular orbitals (MOs) N, has to be stored in memory.
Consequently, when approaching large systems, the memory
requirement of the three-center integral tensor easily exceeds
the available system memory on a single computing node,
thereby severely limiting the tractable system sizes. This
memory bottleneck was previously addressed by Graf et al.**
utilizing a hybrid parallelization scheme, thus reducing the
memory requirements of the three-center integral tensor per
node. However, depending on the targeted system size, this
requires medium to large computing clusters. To avoid these
demanding computing requirements, a method utilizing a
single server or workstation, which is readily available in
research groups, is desirable.

In this work, we introduce a Lagrange formulation for a
minimal batching overhead and an optimal exploitation of
computing resources. The memory-efficient integral-direct
RPA method completely eliminates the storage bottleneck of
the three-center integral tensor by computing the response
function within an optimized batching scheme over both the
auxiliary and AO basis-function index at the same time. The
available system memory is utilized in the most efficient way
and with minimal overhead. The three-center integral tensor is
recomputed and transformed “on the fly” for only the
respective batch (integral-direct), thereby reducing its memory
requirement by a factor of b, bro, where b,, denotes the
number of auxiliary function batches and b,o the number of
AO basis-function batches. This redundant on the fly
recomputation comes, however, at the cost of an increased
program runtime. Hence, a compromise between memory
demand and program runtime has to be made. In this context,
the here presented optimized batching represents, by design,
the optimal compromise requiring the smallest amount of
recomputation, and consequently the lowest runtime, for any
given amount of available system memory. In this way, our
integral-direct RPA implementation extends the applicability of
RPA to considerably larger systems.

This work is structured as follows: We begin with a brief
review of the w-CDGD-RI-RPA method in Section 2. Next, we
derive a batching method for the calculation of the response
function in Section 3. In this regard, we begin with the trivial
approach of batching with respect to auxiliary functions in
Section 3.1 and subsequently extend this batching scheme by
additionally including batching over the AO basis functions
and Laplace quadrature points in Section 3.2, where we arrive
at the optimal batching formalism. We proceed to compare
both batching methods in Section 3.3 and present calculations
to support our considerations. In Section 4, we first establish
why integral-direct RPA is best suited to reach very large
systems by addressing two approaches typically used for the
assessment of large integral tensors such as the three-center
integrals, namely, the integral-direct approach and retrieving
the three-center integrals from disk in Section 4.1. In Section
4.2, the scaling for integral-direct RPA is analyzed and
systematically improved using shell pair and integral screening
methods, sparse matrix algebra as well as switching from the
Coulomb metric to the Coulomb metric attenuated by a
complementary error function. Furthermore, calculations are
presented to support our theoretical considerations. Computa-
tional details are given in Section S and the performance of our
integral-direct RPA implementation is evaluated for chemically
relevant systems in Section 6. Finally, the conclusion and
outlook are presented in Section 7.
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2. w-CDGD-RI-RPA THEORY

In this section, we intend to give a brief overview of the theory
underlying the @-CDGD-RI-RPA method.”* For a more
detailed derivation, we refer the reader to previous
publications,””#> 734041

Throughout, the following notation has been adopted: y, v,
A, and o denote atomic orbitals (AOs); i and j refer to
occupied molecular orbitals (MOs); a and b refer to virtual
MOs; i and j denote Cholesky orbitals, and M, N, P, and Q
denote auxiliary functions. The number of auxiliary functions is
represented by N,,, the number of AO basis functions by
Ny the number of Laplace quadrature points by N,, and the
numbers of occupied and virtual MOs by N, and Ny,
respectively. For two-, three-, and four-center integrals, the
Mulliken notation is used. Furthermore, Einstein’s sum
convention*” is employed. The spin index is dropped for
convenience and matrix operations are to be taken before
indexing in this work.

The total energy of the electronic ground state can be
expressed within the adiabatic-connection formalism® as””**

as
E = E[{de]] + Blld)] + Exlide 1 +Ec ()

where E,, Ej, and Ey denote the one-electron, Coulomb, and

exact exchange energies, respectively. An expression for the

correlation energy”* E¢ can be derived by applying the zero-

temperature fluctuation-dissipation theorem and the RPA** as
27,4041

well as the RI approximation

1 +o0
E.= — / doTrlIn(1-X,(i0)V) + X,(io)V]
2z Jo 2)
with the electron—electron interaction operator in the auxiliary
basis

Vi = (Mlmp,IPY " (Plr1Q) (Qlmy,IN)™ (3)

where m;, denotes the RI metric and ry, the interelectronic
distance. X, represents the noninteracting density—density
response function in the auxiliary basis in the zero-temperature
case.”” For efficiency reasons, the response function is
. L . . . 29,34
calculated in the imaginary time domain according to

XO,MN(iT) = Tf[(_;o(_iT)BMGo(iT)BN] (4)

XO,MN(iT) = go,yu(_iT)Bz%Go,Aa(if)ng (5)

with the one-particle Green’s function in the imaginary time
domain

G,(ir) = O(—ir)G,(ir) + O(ir)G(ir) (6)
(—;O,ﬂy(iT) = Cﬂicbi Exp(—(€i - €F)T) (7)
(_;O,m/(iT) = _C;mcba eXP(_(eu - €F)T) (8)

where C,; and C,, denote the occupied and unoccupied MO
coeflicients, respectively, and e the Fermi level. The three-

center integral matrix BM is given by

BM = (vAlm,]IM) )

A drawback of AO compared to MO formulations is the
increased scaling with the size of the atom-centered basis.
However, this drawback can be addressed by utilizing pivoted
Cholesky decomposition of density-type matrices, thereby
reintroducing the occupied index.”> Furthermore, a memory-

https://doi.org/10.1021/acs.jctc.1c00494
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efficient expression for Xy(ir) can be obtained using the
idempotency relation of the ground-state density matrix P

P = PSP (10)
with the two-center overlap matrix S, and the analogous

expression for the one-particle Green’s function in the negative
imaginary time domain

Gy(—ir) = Gy(—ir)SP (11)
leading to™*

Xoun(i7) = Tr[L'SG(—ir)SLL'BYG,(ir)B"L] (12)

X (i1) = Gy, li(—iT)B%GOIW(iT)BZ (13)

where the pivoted Cholesky factorization of a matrix A is
abbreviated by A = LL". Each BM is precontracted with the
Cholesky factor L of the occupied one-particle density P,
which is independent of the Laplace points. This reduces the
memory requirement for storing the three-center integrals
from (N, Ngasis) t0 (NouxNpasisNoc)- The final expression for

X, (i) reads

. M. \pN
XO,MN(IT) = Blﬂ(IT)Bﬂl (14)
with
My, \pM~= .
Bl!‘(lT) = Qoi;i(—lr)BinO,W(lr) (15)
and the transformed three-center in‘cegrals‘zz_34
N _ pN
B/Q’ =B, vj (16)

From here on, we will refer to the transformed three-center
integrals Bz (eq 16) also as the three-center integrals.

After obtaining the response function in the imaginary time
domain, it is transformed into the imaginary frequency domain
with a contracted double-Laplace®>*" or cosine transform™*
according to

Xy(io) = [ :° dr cos(wr)X(ir) -

The @-CDGD-RI-RPA method scales formally as

O(N2 N, .iN,..  M*); it can, however, be implemented in
an asymptotically linear scaling fashion.>

3. MINIMAL-OVERHEAD BATCHING

Within the calculation of the RPA correlation energy, the most
demanding step in terms of memory requirements is the
calculation of the response function in the imaginary time
domain. The response function X,(iz) is calculated within the
standard algorithm according to eq 14 for one Laplace point at
a time. Therefore, the Laplace point-dependent three-center
integrals Bﬁ(ir) as well as the three-center integrals BZ‘ have to
be stored in memory, which requires (2N, Np.Nocc)
memory. Further, taking into account the memory require-
ments of the response function with dimensions (N, X N, X
N,), it becomes apparent that for large systems the memory
requirements easily exceed the available system memory on a
workstation or server. Thus, to overcome the limiting storage
requirements within the calculation of the response function, a
batching algorithm is necessary.

In this section, we first derive a simple batching method
where only batching over the auxiliary function index is
employed. Subsequently, we increase the complexity of our
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batching method by additionally batching over the AO basis-
function index as well as the Laplace quadrature points. For the
latter method, we derive an expression for the optimal number
of batches using a Lagrange formalism. Finally, we compare
both algorithms in terms of their scaling behavior and present
computational results supporting our theoretical studies. Please
note that we use the def2-SVP basis set for the calculations in
this and the subsequent section (Sections 3 and 4) for
illustration purposes only. Since our objective is to, first,
demonstrate the scaling with the system size, the completeness
of the basis set is not relevant in this context. However, for
practical applications, where the objective is to obtain high-
quality results, larger basis sets are typically required, which are
presented in Section 6.

3.1. Trivial Batching. In the following, we introduce the
approach of batching over the auxiliary function index, which
we will refer to as trivial batching. The pseudocode for this
implementation is shown in Algorithm 1.

Algorithm 1 Trivial Batching

1: for aux-batchl do
for M € aux-batchl do
read/recalculate BN Vj, v
for all 7 do -
Bﬁf(“’) = Qn,g(*iT)Bz‘gGu.w(iT) Vi, i
end for
end for
for aux-batch2 > aux-batchl do
for N € aux-batch2 do
read/recalculate By, Vi,
end for
for all 7 do
for M € aux-batchl do
for N € aux-batch2 do
Xomn(iT) = Bﬁf <iT>Bﬁ
end for
end for
end for
end for
for M € aux-batchl do
for all 7 do
write on disk Xo arn(i7)
23: end for
24:  end for
25: end for

RS e e e
IR A R I AN o T

22: VN

In the context of index batching, reading from disk or
recomputing from scratch are analogous. That is, both variants
yield a given set of tensor elements at a cost that is
proportional to the amount of requested elements. Thus, the
two possible variants for accessing the three-center integrals,
namely, reading or recalculating (lines 3 and 10) both require
the same batching and can therefore be discussed separately in
Section 4.

In Algorithm 1, first, the tensor elements of the three-center
integrals B}/ are accessed for one auxiliary function within the
respective auxiliary batch (aux-batch) (line 3) and sub-
sequently used to compute Bj;(iz) (line S). Next, within the
second aux-batch loop (line 8), the tensor elements of the
three-center integrals Bﬁ are accessed for a second time (line
10) and subsequently contracted with Bj;(iz) for each Laplace
point 7 to form X, yy(it) (line 15). Please note that, due to the

symmetry of the response function, only % aux-batches are

considered for the second aux-batch loop (line 8), where by,
denotes the number of aux-batches. Further, for performance
reasons, the operations in line S as well as lines 13—17 are
implemented as matrix multiplications to utilize the high
performance of dense matrix algebra routines provided by

https://doi.org/10.1021/acs.jctc.1c00494
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basic linear algebra subroutine (BLAS) libraries. To further
reduce the memory requirements of the algorithm, the
response function is written on disk (line 22) by batching
over the first auxiliary function index. However, the storage of
the response function only becomes problematic for extremely
large systems, since the memory demand scales as o(mM?)

compared to the o) scaling of the three-center integral
tensor.

3.2. Optimized Batching. In this section, we extend the
trivial batching algorithm: First, in addition to batching with
respect to auxiliary functions, we also incorporate batching
with respect to basis functions as well as Laplace points.
Second, we use the method of Lagrange multipliers to
minimize the number of three-center integral tensor accesses
for a given amount of available memory. This allows the
optimal utilization of the available memory with minimal
overhead. Thus, we refer to this batching algorithm as
optimized batching. The pseudocode for the optimized
batching algorithm is shown in Algorithm 2.

Algorithm 2 Optimized Batching

1: for aux-batchl do
2:  for AO-batch do
3: for 7-batch do
4 for M € aux-batchl do
read /recalculate B;‘,f Vi, v

b}

6 for 7 € T-batch do

7 Bgf'(iT) = Qo.g(*i‘r)B}‘,{aO.uw (ir) Vi, u' € AO-batch
8: end for - N

9: end for

for aux-batch2 > aux-batchl do
for N € aux-batch2 do
read/recalculate B{E, Vi, i’ € AO-batch
end for
for 7 € T-batch do
for M € aux-batchl do
for N € aux-batch2 do
Xo,mn(it) += B}l (ir)B),
end for
end for
end for
end for
end for
end for
for M € aux-batchl do
for all 7 do
write on disk Xo arn(i7)
end for
end for
29: end for

VN

In this work, the following abbreviations are introduced: The
number of aux-batches is denoted by b,,,, the number of AO-
batches by b,o, and the number of z-batches by b,. Please note

that b,, denotes the number of aux-batches within the
optimized batching, while b, represents the number of aux-
batches within the trivial batching algorithm. Further, the
following approximations are used for simplicity: The number

of auxiliary functions in an aux-batch is given by IZ““", the
number of basis functions in an AO-batch by %, and the

‘A0

number of Laplace points in a 7-batch is given by % Please

(3

note that within this approximation, the number of functions in
the respective batches constitutes a rational number; therefore,
it needs to be rounded down to an integer for practical
applications. For large systems, however, this rounding makes
little difference.

In Algorithm 2, the most prominent changes compared to
the trivial batching in Algorithm 1 include the loop over the
basis-function batches ranging from lines 2 to 23. Accordingly,
Bji(ir) (line 7) and By (line 12) show decreased memory
requirements, considering the batched aux- and basis-function
index. Further, er(ir) (line 7) as well as X, pn(it) (line 17)
are evaluated for one z-batch.

In Table 1, the memory requirements for an implementation
without any batching, the trivial batching, as well as the
optimized batching scheme are compared. It follows that the
memory requirements of the largest quantities within the
response function calculation can be significantly reduced by
employing either of the batching schemes. However, the
optimized batching scheme provides a larger range of batching
configurations for the same ratio, while for the trivial batching
there is only one possibility to achieve a specific ratio.

As seen in Algorithm 1 (lines 3 and 10) and Algorithm 2
(lines S and 12), each element B% needs to be read/
recalculated redundantly. Therefore, the reduced memory
requirements come at the cost of a batching overhead, which is
proportional to the number of batches. Consequently, a
minimal amount of batches is required to minimize the
batching overhead for a fixed amount of the available system
memory. This can be achieved by employing the method of
Lagrange multipliers. Please note that for the rest of this
section we will refer to the amount of redundant integral reads
or recalculations more generally as redundant integral tensor
accesses.

Therefore, the rest of this section is structured as follows: At
first, an expression for the number of redundant integral tensor
element accesses is derived, followed by an expression for the
constraint function. Subsequently, the number of redundant
tensor accesses is minimized with respect to the number of

Table 1. Largest Quantities within the Response Function Calculation with Their Respective Memory Requirements for an
Implementation without Any Batching, the Trivial Batching Algorithm (Algorithm 1), and the Optimized Batching Algorithm

(Algorithm 2)“

quantity memory ratio
not batched” trivial® optimized” trivial optimized
N, Nyux Npasis N; N, N,
M ux ;- hux Nbasis Ne i 4
Bgu (IT) Nochaux'Nbasis baux basnlvochr bux bao by O biax buxbaobs
N, Nyux Nasis 1 1
N aux . aux Vbasis
ByA NowoNbasisNoce [ NbaslsNocc bux bao  OCC biax buxbao
. Naux Naux 1 1
Xom N(i7) NooNouN: b N: b Ny N; o b
aux aux aux aux

“The ratio of the memory for the trivial batching and optimized batching algorithm to an algorithm without any batching is given for each quantity.
For illustrative purposes, all tensors are represented by their tensor elements. “Evaluated according to eq 14 per Laplace point. “Evaluated

according to Algorithm 1. “Evaluated according to Algorithm 2.
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ux-, AO-, and 7-batches using the method of Lagrange N = N2, + 2NZ N, (25)

multipliers to comply with the constraint.

3.2.1. Number of Integral Tensor Accesses. According to
Algorithm 2, the number of integral tensor accesses Nj.(byue
bao, b,) for the elements of BM (line S) is given by

acc( aux’ AO’ br) - bAObrl\TaubeasisNocc (18)
and the number of integral tensor accesses Ny, for Bj
(line 12) is given by

+ 1

Na”cc( aux’ AO’ ‘t) = aUX2 b‘rNaerVbasisNocc (19)

where the term b““‘2 stems from exploiting the symmetry of

the response function in line 10. The total number of integral
tensor accesses N©*!(b,., bao, b;) can be obtained by adding
eqs 18 and 19, which leads to

by +1
total
acc aux - N b -+ b
bho b) = ( 2 AO) (20)
with

N = lvaubeasisNocc (21)

3.2.2. Constraint Function. The constraint function C(b,,,,
baoy b,) can be expressed as

C(baux’ bAO’ h‘r) = mem,,; — memreq aux’ AO' ‘r) =0
(22)
where mem,,,; denotes the available system memory and
memreq(baux, baos b.) the memory required for the algorithm.
For the latter, the relevant quantities that have to be stored in
memory during the algorithm are shown along with their
memory requirements in Table 2. Please note that the memory

Table 2. Quantities That have to be Stored in Memory
during the Calculation of the Response Function with Their
Respective Memory Requirements”

quantity memory
Naux Nbasis Nr
BM (it aux Nbasis Nz Ay
(iz) bux bao br
BN Naux Nbasis
: bux bao O
. 2
QO,)IL(_IT) N basis N, 3
Goyu(it) Niasis N;
2
Vun Niux

“For illustrative purposes, all tensors are represented by their tensor
elements. Note that B} (i) and B} are evaluated within Algorithm 2,
lines 7 and 12, respectively.

requirements of the batched response function are not
considered in Table 2 since its size is not significant as
explained in Section 3.1. Using Table 2, mem,oq(byy bao, ;)
can be written as

Inel’nreq aux’ AO’ )

_ N Ny N,
baSlsNocc(b_T + 1] + Nazux + 2N§asisNr
baux bAO T (23)
b,) = (N + 1] +N
mem,, aux AO e
d ' ’ baubeO b (24)

with

By inserting eq 24 into eq 22, the constraint function can be
expressed as

N (N,
C(haux’ hAO’ br) = MeM,; — — +1({=0
baubeO b‘r
(26)

where

MeMy,y,j = MeMy,y,; — N (27)

3.2.3. Minimizing the Number of Integral Tensor Accesses
using the Method of Lagrange Multipliers. To obtain the
optimal number of batches, the total number of integral tensor
accesses N (eq 20) has to be minimized with respect to the
number of aux-, AO-, and 7-batches, while not exceeding the
available memory. The Lagrange function hence reads

L(hauxl AO’ /1)
- N:::)(:al aux/ AO’ b‘[) /IC( aux’ AO’ b‘r) (28)

where A denotes the Lagrange multiplier. Inserting the
expression for N®% according to eq 20 and C(b,, bao, b.)
according to eq 26 yields

L(byys baoy by 4)

(b 41 N
- NhT(L + bAO) - ﬂ[m_emavaﬂ __N

2 b bro

aux

)
—~ 41
b, (29)

Partial differentiation of eq 29 with respect to b, bao, and 4
gives the first-order conditions for the minimization

_ 5 (N ‘
oL _ Eb, -4 ZN —<+1||=0
abaux 2 baubeO b‘r (30)
L N - [ )
dbyo bubio (31)
oL _ N [N, ZuxNT !
—=—memmﬂ+——+l+ — =0
oA wxPao b

(32)

To obtain a relation between b, and b,o, eq 31 can be
rewritten as

_ N (N,
Nb, = 1—> (—f+1]
baubeO b‘r (33)
and inserted into eq 30, which leads to the following relation
1
byo = —b
‘A0 2 aux (34)

An expression for b, can be obtained by inserting eq 34 into
eq 32 according to

2N ([ N,
mem,,; — —5—|— + 1| =
bix \ e (35)
leading to
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Figure 1. Log—log plot of the number of aux-batches b,,, and AO-batches b, for the optimized batching and number of aux-batches b;,, for the
trivial batching against the number of basis functions. In addition, the scaling fits are given. Note that for illustrative purposes, mem,,; = 10 GB as

well as N = 0 (eq 25) was used.

1

]_

N,
—<+1

by, = iﬁ\/N[ ;

T mem,,;

(36)

However, eq 36 is still dependent on b, To derive an
expression for b,, eq 34 can be inserted into eq 29

(b, b, ) = Nb,(bm + %)
2N | N,
- /’L[memavaﬂ - T[_ + 1)]
aux b‘t (37)

and using eq 36 leads to

_N_

b(N, +b) + ~Nb,
mem 2

L(b) = N2 J

(38)

avail

Equation 38 is minimized if b, is minimal. Therefore, it follows

that
by=1 (39)

Inserting eq 39 into eq 36, the final expression for b, reads

N
by = V2 [ —— (N, + 1)
mem,; (40)
N, N, ..
baux — ﬁ\/ aux baan\]occ (NT + 1) x O(MS/Z)
Mem (41)
and byp can be written using the relation in eq 34 as
1 N
bo = —= | ——(N, + 1)
\/E mem,,; i (42)
1 N N, ..N
bAo — _\/ aux” "\ basis OCC(NT + 1) & O(M3/2)
\/E MEem, i1 (43)

5628

It follows from eqs 41 and 43 that the number of batches scales
as O(M>'?) o, equivalently, O(M"®) with the system size and

O(mem_7) with respect to the available system memory,
since the number of Laplace points N is independent of the
system size.

To summarize the results of the optimization, the optimal
setting employs one 7-batch containing all Laplace points
(eq 39), there are twice as many aux-batches as AO-batches
(eq 34), and the number of batches scales as O(mema_v(:'j) with

respect to the available system memory and O(M") with
respect to the system size (eqs 41 and 43).

3.3. Comparing the Optimized Batching and the
Trivial Batching. In the following, the scaling behavior for the
number of batches as well as the number of integral tensor
accesses is analyzed for the trivial and the optimized batching.

3.3.1. Number of Batches. In the context of optimizing the
batch sizes, the previously introduced trivial batching scheme
can be regarded as a nonoptimal variant, where b, and b,
were set equal to 1. Thus, for the trivial batching, the number
of aux-batches b;, can be obtained using the constraint
function in eq 26. Setting b,o and b, equal to 1 leads to

§¥M+D=0

aux

C(ba/ux) = MeMyy,;) —

(44)

Rewriting eq 44 gives the optimal number of aux-batches b;,,
N

N+

mem

’
baux -

(43)

avail

For the trivial batching, the optimal number of batches grows
as O(M*°), while the optimized batching shows a more

favorable scaling of O(Ml's) (egs 41 and 43).

To verify these theoretical considerations, we first carried
out calculations on simple linear n-alkanes of increasing size
using the def2-SVP basis set.””~*’ In Figure 1, a log—log plot
of the numbers of aux- and AO-batches against the number of

https://doi.org/10.1021/acs.jctc.1c00494
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AO basis functions is shown. The obtained scaling behavior is
in very good agreement with the theoretical scaling. The
fluctuations around the optimized batching arise solely from
the rounding of the batch dimension to the nearest lower
integer.

3.3.2. Number of Integral Tensor Accesses. The scaling
behavior for both batching algorithms can be obtained using
the expression for the number of integral tensor accesses in
eq 20 and inserting the expression for the optimized number of
batches.

For the optimized batching, we insert the expressions for b,
(eq 41), byo (eq 43), and b, (eq 39) leading to

N (b, byoy b) = NNZ | —> (N, + 1) +
memavail
(46)

It follows that the number of integral tensor accesses grows as
O( M4'5).

Analogously, for the trivial batching, the number of integral
tensor accesses N, can be obtained by inserting b, (eq 45)
into eq 20 as well as setting b, and b, equal to 1, resulting in

N? 3
7(NT +1)+ =N
mem 2

|z

Ntriv —

acc

(47)

avail

For the trivial batching, the number of integral tensor accesses

thus grows as o(M*0).
In Figure 2, the corresponding log—log plot of the number
of integral tensor accesses against the number of AO basis

e Optimized Batching ¢ Trivial Batching
— Fit: O(A[4‘44) - - - Fit: O(]\[SQQ)

1013

acc

12
= 10

10t

103.5 1056 103.7 10348

Nbasis

1055 103.4

Figure 2. Log—log plot of the number of integral tensor accesses N,..
for the optimized batching and the trivial batching against the number

of basis functions. In addition, the scaling fits are given. Note that for

illustrative purposes, mem,,,; = 10 GB as well as N = 0 (eq 25) was
uesd.

functions is shown for the trivial and the optimized batching,
which confirms the theoretical scaling of O(M*®) for the

optimized batching (eq 46) and O(M6'0) for the trivial
batching (eq 47).
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In conclusion, the optimized batching shows a more
favorable scaling with respect to the number of batches as
well as the number of integral tensor accesses compared to the
trivial batching. Since the number of integral tensor accesses is
proportional to the batching overhead, we can also conclude
that our optimized batching is more effective in reducing the
batching overhead than the trivial batching. Especially when
aiming for very large systems requiring a high number of
batches, the advantages of our optimized batching become
apparent. In essence, the optimized batching represents the
best compromise between program runtime and demand for
system memory.

4. INTEGRAL-DIRECT RPA

As mentioned in Section 3.1, there are two approaches for
accessing the elements of the three-center integral tensor B},
namely, reading and recomputing (Algorithm 1, lines 3 and 10
and Algorithm 2, lines S and 12). In this section, we will first
compare both approaches and establish why integral-direct
RPA (recomputation) is best suited for the computation of
very large systems. We will then analyze the scaling behavior
for integral-direct RPA and systematically improve upon it.

4.1. Hard-Disk 10 vs On the Fly Computation of the
three-center Integrals. For the first approach to access the
elements of the three-center integrals, the integrals are stored
on disk and the tensor elements Bj; are read into memory in
batches. Thus, the batching overhead is determined by the
amount of input/output operations on a physical disk (disk
I/O). However, since the three-center integrals with
dimensions (N, X Ny, X No..) have to be stored on disk,
the algorithm is limited by the available disk space. The storage
limitation problem can be overcome entirely using an integral-
direct scheme for the three-center integrals, which we will refer
to as integral-direct RPA.

In Table 3, both approaches as well as an implementation
without any batching are compared with regard to the feasible
system size. To this end, the memory and disk space
requirements for all methods are shown for different system
sizes using the def2-SVP basis set.*~*" Please note again that
we use this basis set for illustration purposes only. Further, to
demonstrate the scope of the methods from a practical
viewpoint, it is noted whether the respective system is
accessible on a computing node using 200 GB of memory
space and 2500 GB of disk space. As expected, when reading
the three-center integrals from disk, we are able to access much
larger system sizes than without utilizing any batching, since
this approach is not limited by the available system memory.
However, this shifts the bottleneck to the disk space
requirements such that storing the three-center integrals
becomes the limiting factor and, therefore, larger systems are
not accessible. In contrast to that, integral-direct RPA opens
the way to access all listed systems, since this method is not
limited by the disk space requirements of the three-center
integral tensor. Within integral-direct RPA, only the response
function has to be stored on disk. However, the response
function with dimensions (N,,, X N,, X N,) is orders of
magnitude smaller than the three-center integral tensor with
dimensions (N,,, X Ny, X N,..). Thus, it does not constitute
the limiting factor for the systems shown in Table 3.

4.2. Scaling. The calculation of the response function
comprises four major steps: The computation of the three-
center integrals in the AO basis B), and its subsequent

https://doi.org/10.1021/acs.jctc.1c00494
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Table 3. Required Memory and Disk Space for Various Systems Utilizing an Implementation without any Batching (NB) and
the Reading Variant of the RPA Batching Routine (Read) as well as the Integral-Direct RPA (Int-Dir)“

memory (GB) disk space (GB) accessibilityf
system NBY¢ Read/Int-Dir® Read®* Int-Dir? NB Read Int-Dir
CooHa0s 963 1.6 503 6.1 v v v
CrioHom 127.1 2.0 662 73 Vv Vv v
CiaoHa 163.8 2.4 85.1 8.7 v v v
CraoHse 207.0 28 107.2 102 X v v
CaooHeon 1177.9 15.0 608.6 54.2 x Vv Vv
CaaooHs0> 23733 26.6 12215 96.3 X v v
CsooHi002 41453 416 2127.1 150.4 X Vv v
CeooH10 91237 59.8 4640.2 216.5 X X v
Cio00Ha002 62 189.4 166.1 313122 601.1 x x v
(DNA), 183.4 2.5 95.5 9.9 v v v
(DNA), 1488.3 10.2 759.6 41.0 X v v
(DNA),¢ 11987.0 414 6056.1 166.5 x x v

“Note that the disk space requirements for an implementation without batching are not shown, since no quantities are stored on disk. Further, it is
assessed whether the respective system is accessible, employing either method on a computing node using 200 GB of memory space and 2500 GB
of disk space. “For storing B,M(ir) per Laplace point (eq 14). “For storing G, ,,(—it), Gy, (it), and Vjy (Table 2). @For storing the response
function. “For storing the three-center integrals. "Memory: 200 GB; disk space: 2500 GB.
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against the number of basis functions (a) and the number of FLOPs

needed for the transformation of the three-center integrals (b). In addition, the scaling fits are given. Note that for illustrative purposes,

mem,,; = 10 GB as well as N = 0 (eq 25) was used.

transformation (eq 16) as well as the matrix multiplications to
obtain B}i(ir) (eq 15) and X, (it) (eq 14).

4.2.1. Without Batching. When no batching is employed,
the calculation of the three-center integrals By, formally scales

as O(NmmNgasis o M*), while the transformation shows an
O(N, N N, .. x M**) scaling. The matrix multiplications

both scale as O(M4'°). As mentioned in Section 2, the
calculation of the response function can also be implemented
in an asymptotically linear scaling fashion,>* which, however,
will not be discussed further in this work.

4.2.2. Dense. When there is not enough available system
memory, batching has to be employed (integral-direct RPA).
Please note that for our integral-direct RPA implementation,
we use dense matrix algebra and hence presently do not aim
for linear scaling. Our method could also be implemented
using sparse matrix algebra; however, this would significantly
complicate the determination of optimal batch sizes since the
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exact memory demand is not known a priori in case of sparse
matrices.

Within integral-direct RPA, the response function is
calculated in the batching routine (Algorithm 2), where the
three-center integral tensor is recomputed on the fly. The
recomputation (lines S and 12) is comprised of the
computation of the three-center integrals in the AO basis By,
and the subsequent transformation with the Cholesky factor of
the occupied one-particle density matrix (eq 16) for each batch
only. It follows that the formal scaling for the computation of
Bl as well as the transformation is increased by a factor of

O(M"®), which accounts for the scaling with respect to the
numbers of batches (eqs 41 and 43). The scaling for the matrix
multiplications in lines 7 and 17, however, remains unchanged
since it is independent of the batching as can be deduced from
Algorithm 2. Thus, within integral-direct RPA, the integral
calculation formally scales as O(M*®) and the transformation
as O(M>®). To confirm these considerations, we carried out

https://doi.org/10.1021/acs.jctc.1c00494
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Figure 4. Contributions to the total time for the integral-direct calculation of the RPA correlation energy for DNA fragments using the def2-SVP
basis set. Specifically, timings for the following operations are shown: three-center integral calculation (Algorithm 2, lines S and 12), three-center
integral transformation (Algorithm 2, lines S and 12), calculation of B%(i‘r) (Algorithm 2, line 7), and calculation of X,(it) (Algorithm 2, line 17).
Systems that are marked with an asterisk (*) can only be computed using our integral-direct RPA method since the memory requirements for the

unbatched variant would exceed the available system memory.

calculations on linear n-alkanes of increasing size using the
def2-SVP basis set.”" ™"’ The results are summarized in Figure
3 in the blue graphs (denoted by “Dense”), where a log—log
plot of the number of primitive integral calculations against the
number of basis functions (a) as well as a log—log plot of the
numbers of floating point operations (FLOPs) needed for the
transformation of the three-center integrals against the number
of basis functions (b) are shown.

4.2.3. Sparse |. Due to the exponential decay of the
overlapping Gaussian-type basis functions of the charge
distribution (uv), the number of significant three-center

integrals B}, scales asymptotically only as O(M’®) with a
relatively early onset of the reduced scaling (only a few
Angstrom coupling distance between the AO basis functions p
and v). Furthermore, the sparsity of (uv) can also be exploited
in the transformation of the three-center integrals using block-
sparse matrix multiplication. This reduces the scaling for the
calculation and transformation by a factor of M, leading to an

asymptotic scaling of O(M>®) for the calculation and O(M*)
for the transformation. To verify this, we edited the code of our
implementation by incorporating shell pair screening for the
integral calculation and using sparse matrix algebra for the
transformation, where we only exploit the sparsity of the
charge distribution (yv/). The results are summarized in the red
graphs (denoted by “Sparse I”) in Figure 3. It can be observed
that the obtained scaling for the calculation (Figure 3a) and
the transformation (Figure 3b) are in good agreement with the
theoretical scaling.

4.2.4. Sparse Il. The scaling for the calculation can be
further reduced by employing the Coulomb metric attenuated

by the complementary error function (see eq 9 with

erfc(m,,n . :
my, = %), which decreases the range of coupling

between the charge distribution (ur) and the auxiliary
functions. This reduces the asymptotic scaling for the
calculation of the three-center integrals B,]ff, to O(MZ‘S).
Furthermore, the scaling for the transformation of the three-
center integrals can be reduced by additionally exploiting the
sparsity of the Cholesky factor, leading to an asymptotic
o(M™) scaling. For our implementation, we switched to the
Coulomb metric attenuated by the complementary error
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function with the attenuation parameter w,, = 0.1 auw.*® and
used the approximate integral partition bounds (alPBs)*
developed by our group for screening the three-center integral
computation. The results are shown in the black graphs
(denoted by “Sparse II”) in Figure 3.

To summarize, within integral-direct RPA, the computation
of B}, scales formally as O(M*®), the subsequent trans-

formation as O(M>?), albeit with a small prefactor depending
on the available system memory, and the matrix multiplications
for obtaining B}, (ir) (line 7) and Xguy(ir) (line 17) scale
formally as O(M*°). However, the scaling for the calculation
and transformation of the three-center integral tensor can be

reduced to O(M>®) by employing shell pair screening, a local
metric for the three-center integral tensor, and integral
screening, as well as using sparse matrix algebra for the
transformation of the three-center integrals. As a result, these
redundant on the fly recomputations of the three-center
integrals do not represent a significant bottleneck compared to
the computation of Bj;(iz) (line 7) and Xy (it) (line 17) in
practice.

5. COMPUTATIONAL DETAILS

Our new integral-direct RPA method was implemented in the
FermiONs++ program 1;)ackazgre.49_51 The Kohn—Sham
orbitals used for the RPA energy calculations were obtained
by preceding DFT calculations employing the generalized
gradient approximation of Perdew, Burke, and Ernzerhof
(PBE).***® The atomic basis sets def2-SVP and def2-QZVP
are used.*”*® The RI approximation, which is applied to the
four-center integrals in the correlation part of the RPA energy,
employs the corresponding auxiliary basis sets*”** with the
attenuated Coulomb metric and the attenuation parameter
@, = 0.1 au.*® For the Laplace expansion, 13—15 quadrature
points were used.”* All calculations were carried out on an
Intel Xeon ES-2667 processor using 16 threads.

6. PERFORMANCE

In the following, we investigate the performance of our
integral-direct RPA method by considering the contribution of
the batching overhead to the total computation time. In
respect thereof, we calculated DNA fragments of increasing

https://doi.org/10.1021/acs.jctc.1c00494
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size. To obtain physically meaningful energies, we carried out
calculations using the def2-QZVP basis set, which has shown
to yield very accurate results within RPA,'??7373%35758
Furthermore, for illustration purposes, we carried out
calculations using the def2-SVP basis set to compute large
systems in a reasonable amount of time.

In Figure 4, the contributions of the most time-consuming
operations to the overall time are shown for DNA fragments
using the def2-SVP basis set. The timings for the integral
calculation and transformation as well as its contribution to the
total time are considerably lower and grow less rapidly with
increased system size as compared to the calculation of Bﬁ(if)
(line 7) and X, (iz) (line 17). It follows that the timings for
the calculation and transformation observed for the largest
systems in Figure 4 are a direct consequence of exploiting the
sparsity of the system as explained in Section 4. Thus, the
contribution of the batching overhead is relatively low and the
total computation time is dominated by the calculation of
Bji(ir) (Algorithm 2, line 7) and Xy(ir) (Algorithm 2 line
17).

In Figure S, the corresponding results for DNA fragments
using the def2-QZVP basis set are shown. Without batching

B 3-Center Tntegral Calculation M 3-Center Integral Transformation
B Calculation B1‘“1 (ir) B Calculation Xy (i7)

H Other
. 511 104 h
100 0.3 h 5.1h
— 80
S
b7
260
5 40
(s}
. l
0 3
(DNA), (DNA) (DNA);

DNA Fragments

Figure 5. Contributions to the total time for the integral-direct
calculation of the RPA correlation energy for DNA fragments using
the def2-QZVP basis set. Specifically, timings for the following
operations are shown: three-center integral calculation (Algorithm 2,
lines S and 12), three-center integral transformation (Algorithm 2,
lines S and 12), calculation of Bji(ir) (Algorithm 2, line 7), and
calculation of Xy(ir) (Algorithm 2, line 17). Systems that are
marked with an asterisk (*) can only be computed using our integral-
direct RPA method, since the memory requirements for the
unbatched variant would exceed the available system memory.

(integral-direct RPA), we would only be able to compute
(DNA),, since for larger systems the memory demand for the
unbatched variant already exceeds the available system
memory. In contrast, using the def2-SVP basis (Figure 4),
systems up to (DNA), were accessible without batching.
Consequently, our integral-direct RPA method is of even
higher relevance for large basis set calculations (which are
required to obtain high-quality results in practice), where the
memory limitation problem (which our proposed batching
solves in an optimized fashion) already emerges for much
smaller molecules. The timings shown in Figure 5 indicate that
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the calculation of the three-center integrals is considerably
more demanding compared to the def2-SVP basis set results
(Figure 4). For larger basis sets, the three-center integrals B%{
show less sparsity and thus the computational cost increases
since shell pair screening and integral screening methods
cannot significantly decrease the number of significant
elements for the present systems.

7. CONCLUSIONS AND OUTLOOK

We presented a memory-efficient integral-direct RPA algo-
rithm based on our @-CDGD-RI-RPA method by employing
an optimized batching scheme, which, by construction via a
Lagrangian formalism, allows for the most effective utilization
of the available system memory, while minimizing the number
of three-center integral tensor calculations.

We showed that our optimized batching scheme over the
auxiliary and basis functions is able to minimize the batching
overhead for a given amount of memory considerably better
than an implementation where only batching with respect to
auxiliary functions is employed by considering their scaling
behavior with the system size M. For our optimized batching,
the number of batches, which are proportional to the batching

overhead, scale only as O(M"), which is a considerable

improvement compared to the O(M>°) scaling for a simple
batching implementation over the auxiliary functions only.
Furthermore, we have shown that the utilization of an integral-
direct scheme for the three-center integral tensor, as opposed
to reading the three-center integrals from disk, completely
alleviates the storage bottleneck of the three-center integral
tensor, thereby allowing the calculation of large systems, which
were previously intractable. For the performance assessment of
our integral-direct RPA method, we calculated DNA fragments
of increasing size, showing that the batching overhead has a
relatively small contribution on the total time. In this regard,
we calculated the DNA fragment (DNA)4 comprised of 1052
atoms and 11 230 basis functions.

In the future, our method could in principle be extended to
asymptotically linear scaling schemes using sparse matrix
algebra. However, for the computation of the optimized
number of batches, the precise sparsity of the relevant matrices
has to be known beforehand, which is only determined at
program runtime, so that efficient estimates will be required.

Moreover, it has been shown that significant performance
gains can be obtained by porting computer-intensive code to
the graphics processing unit (GPU). However, special
algorithms are necessary for the optimal exploitation of the
scarce memory resources of GPUs as well as to reduce the
high-cost data transfer between the GPU and the central
processing unit (CPU). Our integral-direct RPA method is
able to address both challenges: We compute the optimal
amount of batches for a given amount of GPU memory.
Further, all quantities needed for the computation of the
response function could be computed directly on the GPU,
thereby minimizing the data transfer between the GPU and
CPU. Since the computation of the response function is the
computationally most expensive part of the total calculation,
significant performance gains are expected by porting our
integral-direct RPA algorithm to the GPU.

Lastly, we would like to emphasize the applicability of the
underlying concepts of our integral-direct RPA method (such
as the derivation of the optimized batching method using the

https://doi.org/10.1021/acs.jctc.1c00494
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method of Lagrange multipliers) to related correlation
methods such as SOS-MP2 and Coupled-Cluster variants.
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ABSTRACT: A method for the evaluation of analytical frozen-
core gradients within the random phase approximation is
presented. We outline an efficient way to evaluate the response
of the density of active electrons arising only when introducing the
frozen-core approximation and constituting the main difficulty,
together with the response of the standard Kohn—Sham density.
The general framework allows to extend the outlined procedure to
related electron correlation methods in the atomic orbital basis that
require the evaluation of density responses, such as second-order
Moller—Plesset perturbation theory or coupled cluster variants. By
using Cholesky decomposed densities—which reintroduce the

Pi(u'tive

- 20-30 % speedup

- No loss in accuracy

:> for geometry para-
meters

- No core-correlating

basis sets required

occupied index in the time-determining steps—we are able to achieve speedups of 20—30% (depending on the size of the basis set)
by using the frozen-core approximation, which is of similar magnitude as for molecular orbital formulations. We further show that
the errors introduced by the frozen-core approximation are practically insignificant for molecular geometries.

1. INTRODUCTION

The accurate and efficient calculation of the electron
correlation energy is one of the most challenging tasks in
quantum chemistry for approaching the Schrodinger equation.
One of the most widely applied approaches to solve the
Schrédinger equation is density functional theory (DFT)"“*
due to its excellent cost performance ratios and good
accuracies for various compounds and properties. However,
the vast number of available functionals makes the choice for a
specific application difficult and severely limits the predictive
power of density functionals.”™> Other methods to describe
electron correlation include wave function-based methods such
as second-order Moller—Plesset (MP2) perturbation theory,’
coupled cluster (CC) theory,”® or configuration interaction
(CI) methods,”"” which, however, come with a much higher
computational effort.

A very promising method, that has gained increased
popularity in the last decades, is the random phase
approximation (RPA)>''~* as a post-Kohn—Sham method.
It does not contain any empirical parameters and in
connection with DFT can be assigned to the fifth rung on
Jacob’s ladder of density functional approximations.”> Most
notably, RPA is able to describe noncovalent interactions
exceptionally well** without the need to introduce semi-
empirical corrections, which makes it stand out from empirical
dispersion correction methods.*”~>° Furthermore, it is able to
describe systems with vanishing electronic gaps,”® where
methods such as MP2 fail. In addition, the recently developed
RPA-like o-functionals®~® introduced by the Gorling group

© 2022 The Authors. Published by
American Chemical Society
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look especially promising in that regard. Much progress has
been made in terms of the computational efficiency of RPA
since it was first proposed by Bohm and Pines in 1953.>” By
introducing the resolution-of-the-identity (RI) approximation
to RPA, Furche and coworkers'®'®%°

scaling from O(M®) to O(M*) with the system size M, which
opened the way for practical applications beyond a few atoms.
Further improvements in the efficiency of RPA fol-
lowed,*"?>3%395%%9 extending the applicability of RPA to
systems with more than 1000 atoms.’"*******° Furthermore,
for practical applications, the computation of electronic
properties beyond ground-state energies is necessary, such as
the determination of equilibrium geometries, which requires
the analytical evaluation of nuclear gradients. Much progress
has been made in the development of efficient methods for the
computation of molecular gradients within RPA in recent years
as well:***47 for example, the molecular orbital (MO)
RI-RPA implementation of Burow et al,”” the work of Kresse
and coworkers,”” as well as the work in our group by Beuerle
and Ochsenfeld,’® the latter presenting an atomic orbital (AQO)

were able to reduce the
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implementation with Cholesky-decomposed ground-state
densities.

A very widely applied approximation for electron correlation
methods (including RPA) is the frozen-core approximation,
whereby the lowest lying MOs are “frozen”, prohibiting
excitations from these orbitals and only including excitations
from valence or “active” orbitals. This approximation also
coincides with an intuitive chemist’s picture where the core
electrons are considered to be less sensitive to changes in the
environment and chemical reactions are determined by valence
electrons. In fact, it has been found that the error introduced
by the frozen-core approximation is minimal in terms of
relative energies for RPA'® and additionally for geometries of
related methods.”””" Furthermore, for practical applications,
the use of the frozen-core approximation is preferred since
most of the commonly used basis sets are designed to correlate
the valence electrons only. Specifically, most AO and auxiliary
basis sets are not equipped to describe the core region
sufficiently and special basis functions, that is, Gaussians with
large exponents, would have to be added to the basis sets in
order to describe the correlation between core electrons as well
as core and active electrons,’” such as, for example, in
Dunning’s cc-pCVXZ” and cc-pwCVXZ"* basis sets (where X
=D, T, QS5 ..). The problem with auxiliary basis sets is even
more obvious since they are often developed within the frozen-
core approximation and, thus, do not contain any core
functions. One possible solution is the use of automatically
generated auxiliary basis sets, for example, developed by Neese
and coworkers.”” However, these basis sets are usually about
twice the size of optimized basis sets, which makes the
computation much more expensive. Another possible solution
lies in the utilization of optimized auxiliary basis sets in
combination with the frozen-core approximation for the
underlying electron correlation method, which allows to
overcome the restrictions on the basis set selection. A further
advantage when using the frozen-core approximation comes
with the increased computational efficiency since the active
occupied space excludes the core electrons. Thus, the limited
availability of all-electron basis sets together with the higher
computational cost for larger basis sets makes the use of the
frozen-core approximation preferable within electron correla-
tion methods. In addition, the frozen-core approximation
entails no significant loss of accuracy for quantities such as
structural parameters or relative energies.

While the implementation of the frozen-core approximation
for ground-state energies is a trivial matter, the corresponding
implementation for analytical gradients is far from trivial. In
the literature, the frozen-core approximation has been derived
and implemented within an MO formalism for MP2
gradients,70’71’76’77 CC gradients,71’78_80 as well as CI
gmdients.%’gl’82 However, there are no accounts for RPA
gradients within the frozen-core approximation (to the best of
our knowledge).

In this work, we give a detailed derivation of the frozen-core
approximation within our RPA gradient implementation.’®
Since the main difficulty lies in the evaluation of the response
of the density stemming from active electrons, we will show
how to do this in the most efficient way. The proposed
approach could further be used for the implementation of o-
functional gradients and, furthermore, applied for related AO-
based electron correlation methods that require the evaluation
of density responses (which is done most efficiently using the
Z-vector method),*>** such as MP2 gradients.84 As will be
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shown, the loss in accuracy in structures resulting from the
introduction of the frozen-core approximation is minimal,
while the gain in performance is 20—30%, depending on the
size of the chosen basis set.

2. NOTATION

We adopt the Mulliken notation for two- and three-center
integrals. Furthermore, we use a generalized notation for the
trace: coordinates that appear twice within a trace are
implicitly integrated over. The notation and abbreviations
used in this work are summarized in Table 1. Additionally, the
following definitions are used for various densities

N\)CC
P, = C,C,
7% Wi~ vi
i (1)
Nt
Rrirt,;w = 2 C/mcya
a ()
Nice
Pact,;w = C;u"cw"
i (3)

Table 1. Notation and Abbreviations Adopted in This Work

orbital indices scalars

W ho atomic orbitals Npagis number of AO basis
functions
M, N, P, Q auxiliary functions Ny number of auxiliary
functions
ij occupied MOs Noee number of occupied MOs
a, b virtual MOs Ny number of virtual MOs
ij Cholesky orbitals
L frozen-core orbitals Neore number of frozen-
core orbitals
i active orbitals N, number of active, occupied
orbitals
P q any orbitals (occupied N number of occupied and
or virtual) virtual orbitals
Nyoms number of atoms
N, number of Laplace
quadrature points
density matrices subscripts
P all-electron, KS density (eq 1) 0o  occupied—occupied subspace
P,.  virtual density (eq 2) ov  occupied—virtual subspace
P, active density (eq 3) cc core—core subspace
pP* derivative of the KS density aa active—active subspace
Py, derivative of the active density ac active—core subspace
Py,  derivative of the virtual density  av active—virtual subspace
derivatives
0% derivatives of a quantity O O*  derivatives of a quantity O with
with respect to a respect to a perturbation x with a
perturbation x containing functional dependence on the
only integral derivatives perturbed density
3. THEORY

We will start by reviewing the expressions for the RPA total
energy within the AO basis. We will first present the equations
within the all-electron formalism and subsequently derive the
expressions for the frozen-core approximation. Next, we will
continue with a review of RPA gradients in the AO basis: we
will begin by briefly summarizing RPA gradients in the original
all-electron formalism®® and then derive the incorporation of
the frozen-core approximation in detail. Since the difficulty lies

https://doi.org/10.1021/acs.jctc.2c00774
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in the additional evaluation of the active perturbed density, we
will derive and explain how to obtain the corresponding
expressions. And lastly, we will use pivoted Cholesky
decomposition (CD) of the (active) ground-state density
within the energy and force calculation to reintroduce the
occupied (active) orbital index, which is an important step to
achieve increased performance when using the frozen-core
approximation within an AO formalism.

Please note that in Sections 3.1.1 and 3.2.1, we will only give
a brief summary of the most important equations, which will
be relevant in the main part of this paper. For more detailed
derivations, we refer the reader to previous publications related
to RPA energies'®'®*%*"*>** and gradients.”>**

3.1. RPA Total Energies. 3.1.1. All-Electron Energy

Expression. The total energy within the adiabatic-connection
15,85

fluctuation— d1s51pat10n theorem and the RPA can be
expressed as®®*’
Etotal[P] = EHF[P] + EgPA[P] (4)

where EMF[P] denotes the Hartree—Fock energy evaluated
with KS orbitals, stemming from a prior DFT calculation.
The RPA correlation energy Eq can be expressed within

16,18,20
the RI approximation as

1 +00
ESPA = — / doTr(In[1 — X,(iw)V] + X,(iw)V)
2rJdo
(8

with the noninteracting density—density response function X,
and the electron—electron interaction operator in the auxiliary
basis employing a short-range RI metric*”

Ny
Vo = 2. (Plmp,IR)™ (RIry;'1S) (Slmy,lQ)
~ (6)

with m), denoting the RI-metric and r, the interelectronic
distance. For efliciency reasons, the response function is

computed in the imaginary time domain according to”"*>**
Nipasis
. \NpM~ /. \pN
XO,MN(IT) = Z QO,;UJ(_H)BM GO,ﬂa(IT)Brm
HU,A,0 (7)
where the three-center integral tensor BM is defined as
M
B/w = (/“Jlmlle) (8)

The one-particle Green’s function in the imaginary time
domain is given by

G,(ir) = B(—ir)G,(ir) + O(ir)G,(ir) (9)
with Gy(ir) defined as
G(ir) = P exp(—(Hys — €:S)P) (10)
Oﬂb(lr) - Z wi m exp(—(ei - eF)T)
(11)
and Gy(iz) as
Gy(ir) = —Py, exp(—7(Hys — €:S)P,;,) (12)
GO/w(lT) - z‘"f /m Z/a eXP(_(ea - €F)T)
(13)

where C,; and C,, denote occupied and virtual MO
coefficients, respectively. €; and €, denote the occupied and
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virtual orbital energies, respectively. The Fermi level eg is
1
defined as 7(€HOMO + € umo) Where egonmo and €y are the

orbital energies of the highest occupied MO and the lowest
unoccupied MO, respectively.*>** @(ir) is the Heaviside step
function and S is the overlap matrix. The Kohn—Sham
Hamiltonian Hyg is defined as

Hys = h + J[P] + V,[P] (14)

with the matrix representation of the one-electron potential h,
the Coulomb potential J, and the exchange—correlation
potential V,.. Subsequently, the response function (eq 7) is
transformed into the imaginary frequency domain by a cosine
transform,*® or, equivalently, a contracted double-Laplace
transform”"** according to

+0o0
X,(iw) = 2 / dr cos(wr)X,(ir)
0 (15)
in order to carry out the frequency integration in eq S.

3.1.2. Frozen-Core Energy Expression. Within the frozen-
core approximation, only the correlation of active electrons is
considered. Thus, the frozen-core approximation can be
implemented for RPA correlation energies by considering
excitations from active electrons only, which can be easily
achieved by restricting the sum over occupied orbitals in the
construction of Gy(—ir) to active occupied orbitals according
to

Nt

—ir) = Z

Gy (—ir) =

act
O N

Cu exp(f(e,., - €F))

(16)
(17)

This way, the general expression for the active Green’s function
within the frozen-core approximation reads

G (ir) = O(—ir)G{"(ir) + O(ir)Gy(ir)

Pact eXp(T(HKS - €FS)Pact)

(18)

Thus, by using the active Green’s function as defined above in
the computation of the response function (eq 7), we obtain the
active response function

Niagis
. M= . N
Xg(}\t/IN(lT) - Z G(;“;:u IT)BM GO,)»(;(IT)B(W.
wv,A,c (19)

which allows to compute the RPA correlation energy within
the frozen-core approximation.

3.2. RPA Gradients in the AO Basis. The first derivative
of the RPA total energy (eq 4) with respect to perturbations
caused by nuclear displacements can be expressed as

Etttal[P] =

The contribution of the HF functional can be further separated
according to

EMEAP] + ESPM P (20)

ETFA[p] = EHPW[p] 4+ ETF[p¥] (21)

Please note that at this stage, the response of the KS density
has to be evaluated (which is most efficiently accomplished
using the Z-vector method)®**** since the HF functional is not
stationary with respect to the KS orbitals. This differs from
regular HF force calculations, where the response of the HF
orbitals can be expressed with the derivative of the overla
matrix and the energy-weighted one-particle density matrix.
The first contribution in eq 21 is given by

9
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ET®Ip] = Tr(Ph® + 0.5(PJ¥[P] + PKWIP]))  (22)
and the second one by

E™[P*] = Tr(HyP") (23)
with

Hyp = h + J[P] + K[P] (24)

where K denotes the HF exchange matrix. In the following, we
will first present the all-electron formulation for E¢-™* and
subsequently derive the corresponding frozen-core expressions.
3.2.1. All-Electron Gradient Expression. The derivative of
the RPA correlation energy can be expressed according to

|
2o

The first term in eq 25 can be evaluated as®®

OEE™A ov
A

ESPAV, B, Gyl = Tr(

[ OERPA X (iw) OB

JEE™A 0G,(ir)
X, (iw) 0B  ox

0Gy(it) ox
(25)

OEC™ 1

= dw(—
av 2z

[(1 = X,(i@)V)" ~ 11X (iw))

(26)
(ﬂ) = —(Plmyp M) (M, IN) (Nl [R) ™ (RIrHS) (Sl Q )
Ox Jpq
+ (Plmy, MY (M1 IN) (Nl | Q)™ — (Plimy,IM)™ (Mir,,IN)
(Nl R)™ (Rlm,,18)) (Slm,,1Q )™ (27)

The contribution from the three-center integrals to the RPA
gradient (second term, eq 295) can be evaluated in the
imaginary time domain according to®®

- OEE™ X (iw) oBM
)y
Xy(iw) oBM  ox

2 +oo +oo
= Ti| —f‘/ / dw dr cos(wr)
zJo 0

3 110G ie)BGo(i) BV

= Tr[—Z/ dr| ] (28)

where the correlated screened Coulomb interaction in the
auxiliary basis is defined as

Naux

Z W, aan(i7) Go(—i7) BV Gy (i) (BM)*

W (iw) = V(1 = Xo(i0)V)™" - (29)

Lastly, the contribution of the Green’s function to the RPA
gradient (third term, eq 25) can be evaluated in the imaginary
time domain as well yielding

OESA 0G, (i)
r [aGo(lr) ox ]
_ Tr( fo " 4B (—in) G (i) + z(if)c_;g(—n)])
(30)

with the correlated self-energy defined as®7?001
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IDIE

P,Q Ao

Zﬂb(iT) PQ(IT)B AGO la(lT)Bo’b

(31)

The detailed derivation for the evaluation of Gj(ir) arising in
eq 30 can be found in ref 68. Here, we only want to note the
most important steps in the evaluation: starting with the
representation of the Green’s function given in eqs 10 and 12
together with the power series representation of the
exponential function®”*** allows to take the derivative with
respect to a perturbation x. Furthermore, to avoid the
derivative of the virtual density, which arises in the evaluation
of Gj(iz), P¥, can be expressed in terms of P* by taking the
derivative of the completeness relation 1 = PS + P;,S. Thus,
the final expression for the COIltl‘lbuthIl of the Green’s
function to the RPA gradient reads®®

JER™ 0G, . . .
Tr[a—f;oa_f] = Tr(Pep, (HY — €:8%) + Vi, P
+ 57T s7IsW) (32)
where we have introduced the following quantities
Viea = T + J[Prpal + Vi[Prpal (33)
Peox = /O de(PY(-iz) - P, ¥(ir)) o)
T=3+% (35)
_ +00
Y= [ a (i) - )
0
+ exp(—7(Hys — €:8)P)X(ir)) (36)
pop / dr(¥(ir) (Hys — €;S)
0
+ exp(—7(Hgs — €58)P,;) E(—ir)) (37)
Y(ir) = O(—ir)X(ir) + O(ir)Y(ir) (38)
co n-—1 (T)
Y(=in) = 2 2 - ((Hys — 68)P)™ ()P
=1k=0 M
((HKS — 8)P)" (39)

— &S)P,,)" T E(=in)R,

v1rt

((HKS — &S)P, n)

Now, the only remaining quantity to be determined is the
derivative of the occupied one-particle density P*. The density
response can be determined by solving the coupled-perturbed
KS (CPKS) equations for all 3N, perturbations, which,
however, becomes very expensive. A better approach is to first
summarize all terms containing density derivatives, specifically,
the contribution stemming from E"F[P*] (eq 23) and from the
Green’s function (eq 32), resulting in

Tr([Hyr + VpalP®)

(40)

(41)

and use the Z-vector technique®”®* on eq 41, which requires
solving only one CPKS equation instead of 3N, equations.
Within an AO-formalism, the response of the density can be
evaluated by considering its subspace projections. The

https://doi.org/10.1021/acs.jctc.2c00774
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occupied—virtual and virtual—occupied subspace projections of
P* can be solved using the density matrix-based Laplace
transformed (DL) CPKS equations.” The occupied—occupied
subspace projection can be easily evaluated according to

Pl, = —PS'P )

3.2.2. Frozen-Core Gradient Expression. Within the frozen-
core approximation, the derivative of the RPA correlation
energy reads

ES™MV, B, GXY
- OEE™ av LT OEE™  0X3(iw) 9B
= by _— by _—
oV 0Ox X' (iw) 0B ox

. Tr[ OERPA acg“(n)]

oGy (it)  ox

where we use the active Green’s function (eq 18). Upon closer
inspection, it becomes apparent that for the evaluation of the
first two terms, the equations derived for the all-electron case
can be used, however, replacing the Green’s function with the
active Green’s function throughout the complete computation.
Therefore, the contribution of the electron—electron operator
to the RPA gradient (first term, eq 43) can be computed using
eqs 26 and 27, however, using the active response function (eq
19) and for the contribution of the three-center integrals to the
RPA gradient (second term, eq 43), eq 28 can be employed
using the active Green’s function.

The task ahead is now to compute the contribution of the
active Green’s function to the RPA gradient (third term, eq
43). We can start by following the same steps as for the all-
electron Green’s function bringing us to the following
expression

OEE™  0G(ir)
0Gy'(ir) o«

(43)

= Tr(/+°° dT[Eact(—iT)(_;g(iT) + Eact(ir)(j?)ct,x(_ir)])
0
(44)

where we introduced the active self-energy X, which is
constructed according to eq 31 employing the active Green’s
function (eq 18). The contribution of the active Green’s
function in the negative imaginary time domain can be
evaluated using eq 17 following the same procedure as outlined
for the all-electron case in ref 68. Here, it is important to note
that the active Green’s function (eq 17) is dependent not only
on the active density but also on the all-electron KS density P
through the KS Hamiltonian (eq 14). Therefore, G{"**(—ir)
depends explicitly on the response of the active density P},
but it also depends implicitly on the response of the all-
electron KS density P* through Hig (eq 14).

The derivative of the Green’s function in the positive
imaginary time domain is computed as in the all-electron case
and is thus only dependent on the response of the all-electron
KS density.

Finally, after collecting all terms, we arrive at the following
expression for the contribution of the active Green’s function
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OES™  0GX(ir
I
dG?ft(iT) Oox
= Tr(PiS, (HE) — 8%)) + Vi, p* + T P*

act™ act

+ S7IZF s71sW) (45)
where we have introduced the following quantities
Viga = Zoe + JIPREA] + Vi[Piga (46)
act © . < .
PRPA = A dT(PXact(_lT) - PvirtYact(IT)) (47)
_ +o0
2:act = L dT(Xact(_iT)(HKS - €Fs)
+ EXP(—T(HKS - €FS)Pact>Zact(iT)) (48)
—t +00 _
2act = [; dT(Yact(iT)(HKS - €FS)
+ eXP(_T(HKS - eFS)Pvin)Eact(_iT)) (49)
Y, (ir) = O(—ir)Y,,(ir) + O(ir)Y,,(ir) (50)

where Y, (—ir) can be computed using eq 39 utilizing the
active density and active self-energy and Y,.(ir) according to
eq 40 using the active self-energy.

When comparing the expression within the frozen-core
approximation (eq 4S5) with the all-electron expression (eq
32), it becomes clear that within the frozen-core approx-
imation, we have to evaluate not only the response of the KS
density but also the response of the active density. This fact
makes the evaluation of gradients within the frozen-core
approximation nontrivial.

To eventually make use of the Z-vector technique for the
computation of perturbed densities, we start by summarizing
all terms containing density responses, such as the contribution
stemming from E"[P*] (eq 23) and from the active Green’s
function (eq 45) resulting in
+ Z..P;

act™ act

Tr([Hyz + VipalP* (s1)

While the evaluation of P is not new and can, in principle, be
done as in the all-electron case, we do require an expression for
P;... The next section is structured as follows: we will start by
reviewing important equations from MO response theory.
Subsequently, we will derive an expression for both densities in
terms of MO quantities. Lastly, we will derive the final Z-vector
equation for the efficient evaluation of both density responses.

Please note that for the implementation of the frozen-core
approximation for related AO-based electron correlation
methods (such as MP2 or CC variants), the equivalent of
eq 51 has to be derived, that is, an expression that depends on
the response of the active and all-electron density. After that
expression is obtained, the density responses can be computed
as outlined in the next section.

3.3. Evaluating the Contribution of Density Re-
sponses to the RPA Gradient. 3.3.7. MO-Response Theory.
In this section, we will review some important equations from
MO response theory”® that will become very useful and
relevant in the upcoming sections.

The derivative of the MO coeflicient matrix can be
expressed as

https://doi.org/10.1021/acs.jctc.2c00774
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Figure 1. Schematic representation of the different subspace projections of the all-electron perturbed density (left) and the active perturbed density

(right). The gray blocks evaluate to zero.

Nay
x x
Cup = Z CuaUsp
q (52)
where we used the unitary matrix U” to express the perturbed
MO coefficient matrix as a linear combination of the
unperturbed quantities. In the quest to obtain an expression
for U*, the CPKS equations can be derived—specifically by
taking the derivative of the off-diagonal elements of the Fock
matrix.”> The CPKS equations within the MO formalism read

N,

occ

2

N
Z (5ab51j(€i - eu) - Aaibj)U:i = Blj;
a

i (83)
where we introduced the following quantities
Ay = au0,(€ — €) — Ay, (54)
Apgs = 2palrs) — (prif,_lgs) — (pslf, lgr) (5)
Ny
B,=F ;Z) - Sﬁﬁ)eq - %Z St )qulk
K (56)

with the exchange—correlation kernel f,.. It should be noted
that by construction, the CPKS equations solve only for the
occupied—virtual block of U* ({U%;}). However, to obtain an

arbitrary block Uy, the following equation can be used”

Nyx N,

occ

> AU

pqai = ai

1
= + B
P4 €, — pa

U*
€P

a i

(87)

3.3.2. Evaluating Density Responses (Ps.; and P¥). In order
to evaluate P}, and P*, we may start by visualizing the different
subspace projections of each density response. This is shown in
Figure 1, where the subspace projections of P* are shown on
the left and those of P}, on the right. For P, the core—core as
well as the core—virtual (virtual—core) blocks evaluate to zero
as has been shown in Appendix B. Therefore, using Figure 1,
the response of the all-electron and the active density can now
be expressed in terms of their subspace projections. This allows
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us to break down the task of evaluating the complete density
and P¥) into the evaluations of each individual
subspace projection. This can be accomplished by utilizing
quantities from MO response theory (Section 3.3.1) to express
each subspace projection in terms of U". As shown in

X

responses (P%,

Appendices A and B, the resulting equations for P* read

x x x x
P/w - (Poo);w + (on);w + (Pov Uy (58)
NOCC NOCC NDCC NOCC
— X X
=| 2 X GUC,+ X X C.C,U;
i j i j
NOCC Nvlrt NOC( Nvirt
x x
+ D D CUC, [+ D D CuC UL (59)
i a i a
and for P},
:ct,;u/ = P:ct,ca + P:ct,ac + P:ct,aa + P:ct,va + P:ct,av (60)
NAC( Nccu'e Nnct Ncore
= z CyIUIJ;'Cui’ + Z Z C/Ai'CuIUI’;’
[ i I
Nact Nact Nxct NAC[
iy i
Nact Nyirt Nact Nyirt
+ Z CyaU:i’Cui’] + [Z Z Cui’cuuU:i’] (61)
i a i a

where {Uj;} is defined according to eq 57.

3.3.3. Efficient Evaluation of Perturbed Densities: RPA-
Lagrangian, Z-Vector Technique. We may recall that the term
depending on density responses is given by eq S1. In this
section, we aim to combine the observations made in the last
two sections to efficiently solve eq 51 using the Z-vector
technique.*”** To accomplish this, we can start by inserting
the expressions for P* (eq 58) and P¥, (eq 60) into eq S1
according to

https://doi.org/10.1021/acs.jctc.2c00774
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Tr([véli{clgA + HHF] + ZactPact)

= Tr([Viss + HyplPY) + Tr(X P

act act aa)
+ Tr([Vipa + HypPY) + Tr([Vip, + HyplPY,)
+ Tr(X, Py, ) + Tr(Z PY, ) + Tr(X,

act act va act act,av act act,ca)

+ Tr(zact act, ac) (62)

The contribution stemming from P}, (eq 42) as well as the
contribution from P} . can be easily evaluated according to

Tr([Vips + HyplPE) = Tr(=[Vips + HyplPS*P)

(63)
Tr(Eact act,aa) = Tr( ZactPacth act) (64)
The contribution of the remaining subspaces can be evaluated
utilizing their expressions given in eqs 59 and 61. As shown in
the detailed derivation in Appendix C, the final expression
reads

Tr([vilclgA + HHF P ) + Tr(zact act, va) + Tr(zact act,ac)
Nocc Nvlrt nct core
= Z Z m 111 + Z Z ZI',BIl
i a (65)
with
Z = (Eact)h
e — e (66)

and the RPA Lagrangian Q is defined as

(VaCt + HHF)ui + (f:act)m'llact + L i (67)
N, N,
1Ia1
i = Z Z act)It ]
T - & (68)
where we introduced
0 ifi e [1, N.]
=
1 lfl € ( core’ l\]occ] (69)

Using eq 65, we are able to simultaneously determine the
contributions stemming from the virtual—occupied subspace of
P* as well as the virtual—active and active—core subspaces of
P;.. Now, we can apply the Z-vector technique on the right
hand side of eq 65 giving the final expression

Tr(Q'U* + Z'B%) = Tr([Z" + Z"1B") (70)
with
T/ A\~
Q(A)” (71)
Accordingly, only one CPKS equation has to be solved to
obtain the perturbation-independent matrix Z.

3.4. Cholesky Decomposition. An important technique
used in AO-based theories to achieve rank reduction is the CD
with com6p1ete pivoting of positive semi-definite density
matrices,” which allows to overcome the unfavorable
scaling with the size of the atom-centered basis by
reintroducing the occupied index. When the frozen-core
approximation is used, instead of the aforementioned occupied

index, the active-orbital index is introduced. Thus, by using the
CD within an AO-based theory, the frozen-core approximation

becomes profitable also in terms of increased computational
efficiency and memory requirements.

The most demanding steps within the calculation of RPA
gradients in terms of memory and computational resources are
the computation of the response function (eq 7), which
formally scales as O(N2 Ni....), and the computation of the
self-energy (eq 31), where the most demanding step is the
contraction of the screened Coulomb interaction with the
three-center integrals formally scaling as O(N2, N..,.)- Thus,
we will use the CD of ground-state densities to reduce the
scaling and memory requirements for both steps.

3.4.1. All-Electron Formalism. To introduce the CD, we
make use of the fact that the Green’s function in negative
imaginary time is invariant with respect to projections onto the
occupied subspace

G(—it) = G,(~ir)SP (72)

Using eq 72 together with the CD of the occupied ground-

state density, P = LLT allows to express the response function
32,34
as

Xoan(it) = [L'8G,(—ir)SLIL'BY]G,(ir)[B'L]  (73)

N,

foce Nbasis

Xoanw(it) = D5 D7 [Gy,;,(=ir)B Gy, (i7)1BY;
Joi vm (74)

Noce Nbpagi

Xoaw(it) = 2 Z B} (ir)By)

(75)

This reduces the formal scaling for the computation of the

response function to O(N2, Ny N,.o)-

For the computation of the self-energy in negative imaginary
time, we can use eq 72 together with the CD of the ground-
state density to yield

2(—ir) = 2[ BYL][L"SG(—ir)SLI[L'BV W, y (i)
M,N
(76)
ZMD(_iT) z z ;11—0 i ]( IT)B]DM/CNM( 11)
M,N i,j (77)

The scaling for the expensive contraction can thus be reduced
to O(NazubeasisNocc)'

For the self-energy in the positive imaginary time domain,
instead of computing X(ir) directly, we can also compute
SPX(ir) without changing the final result of the gradient
calculation. The details and reasoning for this approach can be
found in ref 68. This gives rise to the CD of the occupied
density. Thus, we obtain the following expression

SPX(ir) = Z

2 an(iT) [SLIIL'BY ]G (ir)BY

M,N (78)
N Nocc Nbaw
(SPX(ir)),, = Z > > S, W m(it)B Gy i (i7)BY
M,N i o,k
(79)
scaling as O(N2, Ny,N,..o)-

3.4.2. Frozen-Core Formalism. We can derive the frozen-
core equivalent of eq 72 as

https://doi.org/10.1021/acs.jctc.2c00774
J. Chem. Theory Comput. 2022, 18, 7359-7372



Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

G{'(—ir) = G{'(—ir)SP, (80)
and use the pivoted CD of the active density P, = LL" to
reformulate the active response function and active self-energy
using the approaches presented in the last section. This
reduces the scaling for the computation of the response

function and for the expensive contraction within the
calculation of the self-energy to O(N2, Ny .N..,)- Thus, within
the frozen-core approximation, we are able to reduce the
computational effort and memory requirement for the two
most costly steps by a factor of N../N,.

ct

4. COMPUTATIONAL DETAILS

The frozen-core approximation was implemented for RPA
forces in the FermiONs++ program package,'”'~'** which was
compiled with the GNU Compiler Collection (GCC) version
8.1. Kohn—Sham orbitals required for the RPA calculations
were obtained from preceeding DFT calculations using the
generalized %radient approximation of Perdew, Burke, and
Ernzerhof **'%° provided by the libXC library.'”® For atomic
basis sets, we use the def2-SVP, def2-TZVP, and def2-QZVP
basis sets'””'*® as well as Dunning’s augmented correlation-
consistent basis sets with core-weighted functions (aug-cc-
pwCVQZ).”* For the RI approximation, which is applied to
the four-center integrals in the correlation part of the RPA
energy, the corresponding RI basis sets are employed.'*”""°
For the time and frequency grid, we used 13—15 grid points.**
When using the frozen-core approximation, the following
number of orbitals was kept frozen: H—Be: 0, B—Mg: 1, Al—
Zn: 5, and Ga—Kir: 9. All calculations were carried out on a
CPU compute node containing 2 AMD EPYC 7302 16-core
processors (in total, 32 cores/64 threads @ 3.0 GHz). Since
the most compute intensive steps involve dense linear algebra,
we use the high performance of the Math Kernel Library
(version 2021). Thus, the speedup from the frozen-core
approximation is the result of smaller matrix dimensions—and
therefore a lower number of floating point operations—in the
time-determining steps.

5. RESULTS AND DISCUSSION

5.1. Validation of the Implementation. First, we will
validate our implementation by comparing our analytical
frozen-core gradients to numerical results, which we obtained
using the five-point stencil method with a step size of 107> A.
For the computations, we used the molecules in the G2 test set
since it includes various main-group elements (specifically,
elements from the first to third row), which allows us to
investigate an assortment of systems with a broad range of
frozen-core orbitals. However, since the geometries of the G2
test set were already optimized and consequently comprised
very small gradient vectors, we decided to distort one atom in
each molecule by 0.2 A in order to obtain larger gradients to
asses. Please note that the small size of the gradient vector for
preoptimized geometries serves as the first consistency check
of our new implementation. We computed the analytical and
numerical frozen-core gradients for the molecules in the
distorted G2 test set using the def2-QZVP basis set and the
corresponding RI basis set. The results are shown in Table 2
where we denoted the mean-absolute deviation (MAD) as well
as the number of frozen-core orbitals compared to the total
number of occupied orbitals for each system. As can be
observed, the MADs are on the order of 107 to 10™* a.u,,
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Table 2. Comparison of Analytical and Numerical Frozen-
Core RPA Forces for the Distorted G2 Test Set Using the
def2-QZVP Basis Set with the Corresponding RI Basis Set”

system Neore/Noee ~ MAD system Neore/Noee  MAD
CO 2/7 0.470 P, 10/15 0.040
Sio 6/11 0268 CH, 1/5 0.164
H,N-NH,  2/9 0216  Na, 4/11 0.003
Cl, 10/17 0.054 HOCI 6/13 0.071
PH, 5/9 0175 H,C—SH 6/13 0.200
CH,~OH  2/9 0186  H,C—CH, 2/9 0.120
H,S 5/9 0.112 NH, 1/5 0.038
Cs 6/11 0.607 HCl 5/9 0.077
LiF 1/6 0.016 SiH, 5/8 0.154
HSi-SiH,  10/17 0294 N, 2/7 0433
SiH, 5/9 0.364 CIF 6/13 0.076
CH, 1/4 0.265 HO-OH 2/9 0.154
NaCl 6/14 0.075 HCN 2/7 0.876
H,0 1/5 0.069 HF 1/5 0.025
CO, 3/11 0.461  formaldehyde 2/8 0.150
ethylene 2/8 0.157  CH;Cl 6/13 0.141
C,H, 2/7 0230 F, 2/9 0.056

“MAD:s are given in units of 107 a.u.

which is within the error of numerical differentiation.
Therefore we can conclude that our implementation is correct.

5.2. Accuracy of RPA Frozen-Core Forces Compared
to All-Electron Forces. In this section, we will investigate the
error that is introduced when using the frozen-core
approximation or, equivalently, the effect of neglecting the
electron correlation of core electrons for molecular geometries.
Dunning’s augmented correlation-consistent basis sets with
core-weighted functions (aug-cc-pwCVQZ) are used as well as
the corresponding RI basis sets in order to obtain accurate
results when all electrons are correlated. In Table 3, the
equilibrium bond lengths and angles for small main-group
molecules as optimized with and without the frozen-core
approximation are summarized. As can be seen, the deviation
in bond lengths is below 0.5 pm and the deviation in bond
angles is below 0.2°. Those deviations are in very good
agreement with results obtained for related electron correlation
methods; for example, in ref 71, the effect of core correlation
was investigated using CC and many-body perturbation theory
and the largest deviations for bond lengths were found to be
0.3 pm and for bond angles 0.1°. Thus, our work extends these
findings (ref 71) to RPA. That is, the correlation of core
electrons has minimal effect on molecular geometries for RPA
as well, meaning that the frozen-core method has indeed
shown to be a very accurate approximation in the scope of this
study.

5.3. Timings. In this section, we will investigate the
efficiency of our frozen-core RPA forces as compared to all-
electron forces. For this, we have computed a DNA fragment
as well as linear alkanes of increasing length using the def2-SVP
and def2-TZVP basis sets with the corresponding RI basis sets
with and without the frozen-core approximation. In Table 4,
the speedups obtained by using the frozen-core approximation
compared to the all-electron timings are shown. As can be
seen, depending on the size of the basis set, we obtain a
speedup of 20—30%. The decreased speedup when moving to
larger basis sets can be rationalized by the increased number of
virtual orbitals, which are not influenced by the frozen-core
approximation and, therefore, other steps in the calculation

https://doi.org/10.1021/acs.jctc.2c00774
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Table 3. Comparison of Equilibrium Bond Distances r (pm) and Angles & (deg) for Small Main-Group Molecules Obtained
Using All-Electron RPA Forces and Frozen-Core RPA Forces”

system param. all-electron frozen-core
H,0 r 96.34 0.08
a 103.901 —0.102
CcO r 113.53 0.25
cl, r 20133 0.45
HCN #(C—=N) 115.86 0.20
r(C—H) 106.80 0.12
H,S r 133.84 0.20
a 92.165 -0.013
SiH, r 151.41 0.34
a 92.394 0.035
HF r 92.28 0.06
CH,O r(C-0) 121.11 021
r(C—H) 110.32 0.11
a(H—C—-0) 121.702 —0.012
a(H-C—H) 116.596 —0.024
H,0, +(O—H) 96.82 0.09
r(0-0) 147.23 0.28
a(0—0—H) 99.389 0.088
a(H-0-0-H) —113.225 0.167

system param. all-electron frozen-core
NH; r 101.64 0.11
a 106.064 —0.171
CS r 154.32 0.36
HCl r 127.71 0.15
C,H, r(C—H) 106.46 0.11
#(C=C) 120.70 0.20
PH;, r 141.44 0.30
a 93.333 0.014
CH, r 108.96 0.15
a 109.471 0.000
SiO r 151.824 0.36
HOCI r(O—H) 96.91 —0.09
r(0-Cl) 171.17 —0.38
a 102.176 0.097
F, r 143.87 0.19
N, r 110.35 0.20
SiH, r 151.41 -0.38
a 92.358 0.035

“The frozen-core RPA results are displayed as differences to the corresponding all-electron results. The geometry optimizations were carried out
using the aug-cc-pwCVQZ basis set and the corresponding RI basis set.

Table 4. Speedups (%) for the Computation of Frozen-Core
Forces Compared to All-Electron Results for a DNA
Fragment and the Average Speedup for Five Linear Alkanes
(C1oHp—CsoH,2)

basis Set alkanes (DNA),
def2-SVP 31 29
def2-TZVP 22 26

become more computationally demanding. For heavier
elements with more frozen-core electrons, we of course expect
larger speedups.

For a more detailed analysis, we have summarized timings
for the most time-consuming steps within the gradient
calculation for a DNA fragment using the def2-SVP basis set.
Specifically, we summarized the timings for the computation of
the response function [X,(iz), eq 75] of the screened Coulomb
interaction [W_(iz), eq 29], the self-energy [E(ir); eqs 76
and 78], the auxiliary matrix Y(ir) (eq 38), as well as the
contribution from dE&*/dV (eqs 26 and 27). The results are
shown in Figure 2. As expected, the biggest speedups are
obtained for the two most computationally demanding steps,
that is, the calculation of the response function as well as the
computation of the self-energy, since for the computation of
those terms, we made use of Cholesky decomposed densities
as explained in Section 3.4.

6. CONCLUSIONS

In this work, we have presented a detailed derivation of the
frozen-core approximation within RPA gradients in the AO
formalism. The main difficulty lies in the evaluation of the
response of the active density in addition to the response of the
all-electron KS density, for which we have outlined an efficient
way to account for both density responses. By comparing our
analytical frozen-core RPA gradients to numerical results, we
demonstrated the validity and correctness of our implementa-
tion. Furthermore, we investigated the error introduced by the
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Figure 2. Timings for the most time-consuming steps during the
computation of the all-electron (red) and frozen-core (green) RPA
forces for (DNA), (61 atoms, N, = 130, N,, = 95) using the def2-
SVP basis set. For a detailed description of the steps and symbols, we
refer to the text.

frozen-core approximation on molecular geometries for small
main-group molecules. We found that the deviation in bond
lengths lies below 0.5 pm and that in bond angles lies below
0.2°. Lastly, we have shown that by using the frozen-core
approximation, we are able to achieve speedups of 20—30%
depending on the size of the chosen basis set. We expect these
speedups to be larger for systems with more frozen-core
electrons. By introducing the frozen-core approximation to
RPA gradients, we extended RPA to practical applications by
improving the computational efficiency with practically
negligible loss in accuracy and removing the limitation in the
basis set selection.

Finally, we would also like to emphasize that the presented
derivation in the AO framework allows us to easily adopt the

https://doi.org/10.1021/acs.jctc.2c00774
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outlined procedure to related electron correlation methods
formulated in the AO basis that require the evaluation of
density responses, such as MP2 or CC variants.

B APPENDICES

A. Relationship between P* and U*
The KS density P is defined as

Noce
z: i m

(81)
Taking the derivative of eq 81 gives
Z (C;A.tcm + C/uczi
(82)

Inserting eq 52 into eq 82 gives an expression for the perturbed
density entirely in terms of U* and C

Noce [ Nay

= Z Z wUpCui
(83)

Splitting the summation over all orbitals into occupied and
virtual orbitals gives the subspace projections of P* in terms of
the respective blocks of U*

= Z Z CUIC, + Z Z C,.C,Us

i j

Z chvapl

Nucc Nvm 0
+ Z Z C/mUasz + z Z C,ulcl/aUal
i a i a
= (Poo);w + (on)/w + (Pov);w (84)

It follows that the first term in eq 84 corresponds to the
occupied—occupied subspace projection of P* and can be
easily determined using eq 42. The second and third terms in
eq 84 correspond to the virtual—occupied and occupied—
virtual subspace projections of P, respectively, and can be
obtained using the CPKS equations. The subspace projections
of P* (eq 85) are also illustrated in Figure 1 (left).

B. Relationship between P%, and U*

To determine the relation between the active perturbed
density P}, and U, we first note that the KS density can be
expressed as a sum of the active and core density as

N,

occ

P/w = Z Cﬂicui (85)

N act
Z pICuI + Z ui’ (86)
I

= Pact,/w + Pcore,/w (87)
where the summation over all occupied orbitals was split into
the summation over core orbitals and active orbitals.

In a similar way, we can determine the perturbed active
density P; from the perturbed KS density P*. Starting with eq
82, we can split the summation over the occupied space into
core and active subspaces

=) Z CULCu + 2, CuC U | (88)
I »

Nt [ Nay

+ Z Z C,U5C,y

N, Ny Ny

Ny
+ . CuC, Ul
P
= chore,/w + P:ct,/w (89)

and we can identify P as

act aIl

act;w = Z CﬂPUPl CW + Z C CVPUP’ ( )
90

Next, we can proceed to split the summations over all orbitals
into core, active, and virtual subspaces according to

Nyt N,

core Nact Neore
P::t,/w = Z Z G UII.CUX] [Z Z C;Ax 128 I]
I

i I i

Nact Nact Nact Nact
|2 2 G+ 2 2 G

(1)

(Prepea)uw +(PmC) + (Pradw + Prvadw (92)
+ (P

act,av. /Al/

which reveals the different subspace projections of P}, that are
also illustrated in Figure 1 (right). Thus, the task ahead is to
evaluate the different subspace projections.

Upon closer inspection, it becomes apparent that the
active—active subspace can be computed according to

P:Cct,aa - Pacts Pact (93)

and the active—virtual (virtual—active) subspace can be
determined using the CPKS equations. The only undetermined
subspace is the active—core (core—active) subspace. To derive
an expression for Py, , and P}, we can express the active—
core (core—active) block of U” using equation eq 57

1 N NOLC
UzJ'CI = Z ZAIIMU;! + B:’CI
I U (94)

C. Efficient Computation of Perturbed Densities:
RPA-Lagrangian, Z-Vector Technique

Inserting the expression for P* (eq 88) and for P}, (eq 91) into
eq 51 yields

Tr([Vipa + HyplP* + Z__PY)
= Tr([Vipa + HyplPL) + Tr(Z P

act act aa)
+ Tr([Vips + HyplPY) + Tr([Vigpa + HyplPY,
+ Tr(Z_PY, ) + Te(Z_PY, ) + Tr(Z,

act act va act act av act act,ca)

+ Tr(zact act,ac) (95)
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The first two terms can be readily evaluated using eqs 42 and
93, respectively. For the evaluation of the remaining terms, we
use the following symmetries

T
Py, = (Pg,) (96)
P;Cct va = (Pact av) (97)
T
P:ct,ac = (P:ct,ca) (98)

which require the evaluation of only one of each subspaces.
Furthermore, inserting the specific expressions for each
subspace projection (eqs 84 and 91) and using matrix index
notation for the trace result in the following contributions

Tr([V;CJEA + Hy PY) + Tr(ZPY, ) + Tr(Z,,

act act va act act,ac)

- Z z (VelilclgA + HHF);w C;mU;z vi

Noet Nyt

+ Z Z (Zact)/wcﬂaUazC

+ i Z (Eact v ;41

Next, we can extend the summation range in the second term
to all occupied orbitals (since the core—virtual block is zero),
transform the first terms of each trace expression into the MO
basis, and insert eq 94 into the third term yielding the final
expression

(99)

Ncucc N coze
QUi+ Z Z ZyBy;
i a (100)
with
Zy= (E;—Ct)h/
& - & (101)
and the RPA Lagrangian Q defined as
= (Vipa + Hyp)y + (o)l + Ly (102)
Ne New 4
L= Z Z (o e ,
PR G —€ (103)
where we introduced
[0 i€, Ny
l 1 ifi € (N Ny (104)

Now, we can use the Z-vector technique for the first term in eq
65. Using eq 53, we can express U™ as

U* = (A)'B” (105)
This allows us to express QTU* in eq 100 as
Q'U* =7'B" (106)
with
Q' (a)" (107)
Thus, inserting eq 106 into eq 100 yields
Tr([Z" + Z71B%) (108)
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ABSTRACT: A method for the analytical computation of nuclear magnetic resonance (NMR)
shieldings within the direct random phase approximation (RPA) is presented. As a starting point,
we use the RPA ground-state energy expression within the resolution-of-the-identity
approximation in the atomic-orbital formalism. As has been shown in a recent benchmark study
using numerical second derivatives [Glasbrenner, M. et al. J. Chem. Theory Comput. 2022, 18, 192],
RPA based on a Hartree—Fock reference shows accuracies comparable to coupled cluster singles
and doubles (CCSD) for NMR chemical shieldings. Together with the much lower computational
cost of RPA, it has emerged as an accurate method for the computation of NMR shieldings.
Therefore, we aim to extend the applicability of RPA NMR to larger systems by introducing
analytical second-order derivatives, making it a viable method for the accurate and efficient

computation of NMR chemical shieldings.

1. INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy has
emerged as an important tool for the structure determination
of organic, inorganic, and macromolecular compounds in the
field of chemistry and biochemistry.'* However, the precise
determination of molecular or solid state structures from
experimental NMR spectra can be tedious due to the difficulty
of assigning the signals.”” In these cases, employing quantum
chemical methods for the computation of NMR shielding
tensors can aid in the interpretation of experimental spectra
and, thus, help in the elucidation of structures.”® Hence, a lot
of effort has been put into the development of such methods,
e.g., refs 2,7—10.

Methods for the computation of molecular NMR shifts
range from Hartree—Fock (HE)"'~" and density functional
theory (DFT)'“™"® to wave function-based post-HF methods
such as Moller—Plesset perturbation theory (MP2),'”*°
coupled cluster (CC) variants,”' ~** and multiconfigurational
self-consistent field (MCSCF).”* Among these methods, HF
and DFT have the lowest computational cost, with comparably
moderate accuracy. Nonetheless, the development of low-
scaling implementations has made the computation of systems
with over 1000 atoms possible.””*° MP2 has been shown to
yield more accurate results than HE and DFT***"** while also
being computationally more demanding. However, significant
advancements have been made in the development of efficient
methods for the computation of MP2 NMR shifts to alleviate
this issue.”” > The most accurate methods for the
computation of NMR shifts are coupled cluster singles and
doubles (CCSD) as well as with additional perturbative triples
(CCSD(T)).* However, the CC methods are accompanied by
the highest computational cost among the above-mentioned
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methods and are, if no further approximations are applied, only
feasible for very small systems.

A method that has proven to combine both high accuracy
and low computational cost is the random phase approx-
imation (RPA).*" In a recent benchmark study,"" it was shown
that RPA provides comparable accuracy for NMR chemical
shieldings as CCSD, albeit with reduced computational effort,
also when compared to MP2.

RPA, originally introduced by Bohm and Pines in 1953, is
usually implemented as a post-Kohn—Sham (KS)** method. It
stands on the fifth and highest rung of Jacob’s ladder™ and
does not contain any empirical parameters. The expression for
the RPA ground-state energy can be derived in the context of
DFT*"* using the adiabatic-connection fluctuation—dissipa-
tion theorem (ACFDT).**™* However, the original formula-

04 has an O(M°) scaling with the system size M, making
it only feasible for small systems. By introducing the
resolution-of-the-identity (RI)**~>° approximation, Furche
and co-workers®* lowered the formal scaling to O(M*),
rendering RPA as one of the formally lowest scaling correlation
methods. Further improvements for the computational
efficiency of the RPA ground-state energies followed,”*
paving the way for the investigation of systems with more than
1000 atoms.**~*

tion
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For the investigation of many molecular properties,
derivatives of the ground-state energy are necessary. In this
regard, there are two routes to obtain higher-order derivatives,
either numerically or analytically. Generally, analytical
derivatives are superior to numerical schemes since they are
significantly more efficient and avoid errors stemming from a
finite step size.** It is worth noting here that mixed schemes,
e.g., calculating the first derivative analytically and the second
derivative numerically, are also conceivable and in fact often
applied, e.g,, for vibrational frequency calculations, as a trade-
off between computational efficiency and development effort.
While various methods have been developed for the analytical
evaluation of first-order properties at the RPA level of
theory,“_71 to the best of our knowledge, no analytical
second-order properties such as NMR shieldings with post-KS
methods based on the ACFDT exist. A first step in this
direction was taken by Glasbrenner et al.*' by introducing a
numerical implementation of RPA shielding tensors for
benchmarkin% the performance of RPA and the closely related
o-functionals.”” It has been found that RPA calculations based
on a HF reference provide NMR shieldings comparable to the
CCSD accuracy. Based on these promising results, we aim to
extend the applicability of RPA NMR by deriving the
expression for the RPA NMR shielding tensor as an analytical
second derivative of the RPA energy. This enables the accurate
prediction of NMR shieldings of large molecules with a low
formal scaling behavior.

We want to note that refs 873—78, which describe RPA
NMR, use RPA synonymously with coupled-perturbed HF as
well as time-dependent HF. However, in our work, RPA stands
for an ACFDT-based post-KS method and gives different
results than coupled-perturbed HF and time-dependent HF.
Therefore, the methods described in these references differ
from the method introduced in this work.

This work is structured as follows: after establishing the
notation used throughout this work in Section 2, we will derive
the analytical mixed second derivative of the total RPA energy
with respect to the nuclear magnetic moment and an external
magnetic field to obtain the NMR shielding tensor in
Section 3. To accomplish this, we will start by reviewing the
expression for the RPA correlation energy within the atomic-
orbital basis in Section 3.1 and subsequently derive its first
derivative with respect to the nuclear magnetic moment in
Section 3.2. In the main part of the theory in Section 3.3, we
will derive the second derivative with respect to the magnetic
field. Due to the close relation of RPA and MP2, we will make
use of several methods used for the Laplace transformed
atomic-orbital MP2 NMR method, as introduced by us earlier.
Finally, after providing the computational details in Section 4,
we will present the validation of our theory and implementa-
tion.

2. NOTATION
Throughout this work, we adopt the following notation:

® 4, U, A, 6: atomic-orbital indices; N: total number of AO-
basis functions

e P, Q: auxiliary function indices; N,,: total number of

auxiliary functions

We use the Mulliken notation for two- and three-center
integrals. Furthermore, Einstein’s sum convention is em-
ployed.” For general intermediates containing both integrals
and densities, the derivative with respect to a general

7543

perturbation & is denoted as O, while intermediate derivatives
containing only the differentiated integrals are denoted as 0.

In all other cases, OF is used as a short-hand notation for ;—50.

3. THEORY

The elements of the NMR shielding tensor ¢ of a nucleus A
can be expressed as the mixed second derivative of the
electronic energy E with respect to a coordinate of the nuclear
magnetic moment mZ and the magnetic field B, evaluated at
zero according to

62

A
O = —E
0B,om®

Vr,se€{x,y z}

m”=0,B=0

(1)

In this work, the focus is on NMR shieldings based on RPA,
which are derived as the analytical second derivatives of the
total RPA energy with respect to B and m. To ensure gauge
origin independence, we employ gauge-including atomic
orbitals (GIAQs)'>'**°™% defined as

68) =68 = 0) exp 11 x (R, - Rk
(2)

where i is the imaginary unit, y,(r, B = 0) denotes the field-
independent atomic-orbital basis function centered at R, and
R, is the gauge origin. Through the utilization of GIAOs, we,
therefore, formally introduce complex quantities.

The remainder of this section is structured as follows: we
will first give a brief review of the RPA total energy in the
atomic-orbital basis formulation and subsequently continue
with the first derivative with respect to the nuclear magnetic
moment m. We derive both in terms of complex-valued
orbitals without any assumptions on the symmetry of functions
in the time and frequency domain. This general formulation of
the RPA energy and first-order properties differs from the
derivation presented by Beuerle and Ochsenfeld®® for
molecular gradients since it was carried out for real-valued
orbitals only. Subsequently, the second derivative of the RPA
energy with respect to the magnetic field B is derived and
evaluated at m = 0 and B = 0. This leads to a simplification of
the expressions, such that no complex-valued matrices enter
the final equations. All matrices are either purely real and
symmetric or purely imaginary and skew-symmetric. Further,
all time- and frequency-dependent quantities are either odd or
even functions in the time or frequency domain.

Please note that in the following sections, we will provide
only a brief summary for RPA energies and gradients, which
serve as a starting point for the second derivative. For a more
detailed account, we refer the reader to previous publications
on RPA energies”* >***™°" and gradients.”***

3.1. AO-RPA Total Energies. Within the adiabatic-
connection formalism,*” the total energy of the electronic
ground state can be expressed as****

E°?[P] = E™F[P] + E[P] 3)

where the total electronic energy E™%, the Hartree—Fock
energy E'F, and the correlation energy E, are evaluated with
the density P obtained from a prior DFT or HF calculation.
Please note that the following derivations will be carried out
for the more general case of a KS-DFT reference calculation.
However, we will note necessary changes for an HF reference
calculation where needed. The correlation energy can be

https://doi.org/10.1021/acs.jctc.3c00542
J. Chem. Theory Comput. 2023, 19, 7542-7554



Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

expressed within the zero-temperature fluctuation—dissipation
theorem and the RPA* as well as the RI approximation®*~>°
after analytical coupling-strength integration as

rea _ 1 +oo & /. NS
B = / doTrIn(1 = XK (i)V) + X, (iw)V]
T —00
4)

Here, the electron—electron interaction operator in the
auxiliary basis is given as

Voo = (Pl 1Q)™ (s)

within the RI approximation with the r;; Coulomb metric,
where 7, is the interelectronic distance. For efficiency reasons,
the noninteracting response function is computed in the
imaginary time domain and transformed into the imaginary
frequency domain using the Fourier transform

N +o0
X,(iw) = [ dr exp(iwt)X,(ir) )

. " . 57,61
The Fourier transform simplifies to a cosine transform’””" or,

equivalently, to a double Laplace transform™”®° if X,(iz) is an
even function in the imaginary time domain. The response
function in the imaginary time domain is given by’

X, (ir) = O(-7)X (ir) + O(7)X; (ir) (7)
X(;PQ(IT) = QO,AD(_iT)[B/IzyGO,ﬂa(iT)B%r (8)
X(-)t—PQ(lT) = QO,/M(_iT)[Biu(_;O,ly(iT)[B%r (9)

where the three-center RI integrals are defined as
[Bﬁy = (ulr;'IP) (10)

and the noninteracting Green’s functions are defined as

G,(ir) = B(—1)G,(ir) + O(7)G,(ir) (11)
Gy(ir) = P exp(—7(H — €&S)P) (12)
Gy(ir) = —Pexp(—7(H — €S)P,;,) (13)

with the Fermi level e, the Heaviside step function O(z),

the occupied density P, and the virtual density P;,. Further,
the Hamiltonian H is defined according to

H =h + G[P] (14)

where h denotes the matrix representation of the one-electron
Hamiltonian, and G[P] is defined as

G[P] = J[P] + V,[P] (1)

with the matrix representation of the Coulomb potential J and
the exchange-correlation potential V,.. Please note that for a
RPA calculation based on a Hartree—Fock reference, V. is
replaced by the Hartree—Fock exchange K.

3.2. First Derivative with Respect to the Nuclear
Magnetic Moment. The first derivative of the RPA total
energy in eq 3 with respect to the nuclear magnetic moment m
reads

OE°?[P] _ oE"[P] N OERA[P]
Om om Om (16)

In the following sections, we will first review the expression for
0E"[P]
om

and subsequently derive an expression for the derivative

of the RPA correlation energy EX™* with respect to m.

3.2.1. First Derivative of the HF Functional with Respect
to the Nuclear Magnetic Moment. The derivative of the HF
energy with respect to the nuclear magnetic moment m, given
by the first term in eq 16, can be written as

dEHF[P] _ m m

om Tr(Ph™) + Tr(HyP™) (17)
with

Tr(HyP™) = Tr(P™h + P™J[P] + P™K[P]) (18)

It is important to note that the HF energy is not stationary
with respect to the KS density. Therefore, the density response,
i.e, the last term in eq 17, has to be evaluated explicitly and
cannot be avoided as in regular HF gradient calculations.*® A
most efficient alternative is to use the Z-vector method, as
outlined later in this work.***

3.2.2. First Derivative of the RPA Correlation Energy with
Respect to the Nuclear Magnetic Moment. The first
derivative of the RPA correlation energy (eq 4) with respect
to a general perturbation ¢ is given by’

OERA OERA OEM* 9B
< = Tr[ < N + Trf < J

3E o o B of

0EF™ 0G,
Tr| —L
0G, 0f

(19)

When considering the derivative with respect to the nuclear
magnetic moment m, the above equation reduces to

OB - /+oo o 0EF (i) 0X (iw) 0G,(ir)
- 6ﬁo(ia)) 0Gy(ir) Om

om

(20)

since both the electron—electron interaction operator in the

auxiliary basis ¥V and the three-center integral tensor B are
independent of m, and thus their derivative is zero.

For a given imaginary frequency, the first term in eq 20
evaluates to

RPA .
dEi (iw) _ —L\Vc(ia))
X, (iw) 4 (21)

where the correlated screened Coulomb interaction, which is
also one of the central quantities in the GW-approxima-

tion,®”?%°! is defined as
W.(iw) = V[(1 - X,(i0)V)™" - 1] (22)

To evaluate the derivative of the RPA correlation energy with
respect to m entirely in the imaginary time domain, eq 6 can
be inserted into eq 20 to yield

aERPA 1 +00 +o0 n
dc— = Tr e / dw f dt W, (iw)
m T J—0o0 —00

exp(ir) 6X0(i1') ()Go(ir) )

()Go(i‘r) Jm (23)
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Next, W (iw) has to be transformed into the imaginary time
domain. Therefore, we consider the expression for its inverse
Fourier transform

1 e
w(ir) = - f_  doW,(i0) exp(—iar) o)
When comparing the right-hand side of eq 24 with eq 23, it
becomes apparent that eq 23 cannot be rewritten directly in
terms of W_(ir). However, W,(ir) can be expressed in terms of
its even and odd part as W_(it) = W=*(ir) + W*(iz), which
allows us to rewrite the first two terms in eq 23 as

- 1 +oo ~
Wi(ie) = [ dwW, (i) exp(ior)
= W (ic) — W) (3)

with

1 pte A
Wo(ir) = — / dw cos(wr)W.(iw)
7 Jo

(26)

. +o0
wedd(ir) = — L / dw sin(w7)W, (iw)
T Jo

(27)

Inserting eq 25 into eq 23 finally yields

OEM™ 1 +oo X, (ir) 0G,(ir)
om 2 _/_oo dr W (ir) G, (i) om ] (28)
L[ e Wi 0X,(it) 0G,(ir)
_ZTr /o drWi( )dGo(ir) om }
oo 0X o (—ir)
+=Tr —/0 drW,_(—ir) 6G0(—ir)] (29)

After the evaluation of Zz"?f; , the following expression is
o(iT
obtained
OEM™ 1 +o0 _
e - —Tr( f &2(i0)G™(—ir) + z(—if)com(if))
om 2 0
(30)

where the correlated self-energy X is introduced, which is
another central quantity in the GW-approximation.”” For
positive and negative imaginary times, X(i7) is defined as

Zwi(ir) =

The last term that remains to be evaluated in eq 30 is the
derivative of the Green’s functions with respect to m. A
detailed derivation can be found in ref 68. In the following,
only the most important steps of the derivation are shown.
Differentiating the Green’s functions given in eqs 12 and 13
yields

_ﬁ[c,PQ(_iT)[Bib GO,;m(iT)[B(ﬂlﬁ (31)

0G,(ir)

=P" exp(—7(H — €:S)P)
Jom

+ P(exp(—7(H — €8)P))™ (32)

dco(ir)

= Py, exp(—7(H — €8)P,,)
om

+ P, (exp(—7(H — €:8)P,;))™ (33)

The occupied and virtual densities are related through the
completeness relation

1=PS+7P,S (34)

virt

By differentiating the above identity with respect to the nuclear
magnetlc moment,”* the following relation is obtained:
Py = —P™, which only requires the evaluation of the occupied
density. The derivative of the matrix exponentials can be
evalusitgggzby differentiating the corresponding series expan-
sion.

The final expression reads

OERPA =Tr( OERA 0% (iw) 9G,(ir) (35)
Jom X (iw) 0Gy(ir) Om
=Tr(VgpaP™ + Pppah™) (36)
where the following intermediates are introduced
Vips = %(M + GlBypy]) -
+o0
Pus= 5 [ dr(PY(-in) - B, ¥(ir)) -
as well as
M=M+M (39)
+oo
M= /O dr(Y(i7)(H - 8)
+ exp(—7(H — €8)P,;, ) X(~ir)) (40)
M= [ ™ 4 (Y (—ir) (H - ,8)
0
+ exp(e(H - ¢S)P)E(ir)) m
and the matrices
Y(ir) = O(—7)X(ir) + O(7)Y (ir) (42)
o k-1
(ir) = Y Y LA (0B (i) A (D)
k=1 im0 k! (43)
X0 = ¥ ¥ L r@sea
Pl o (44)
with A(r) defined as
A(r) = O(-1)A(7) + O()A(r) (45)
A(r) = —7(H — €S)P (46)
A(r) = —t(H — &S)P,, (47)
and B(ir) as
B(ir) = O(-7)B(ir) + O(7)B(ir) (48)
B(ir) = —7X(~ir)P (49)

https://doi.org/10.1021/acs.jctc.3c00542
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B(it) = —7Z(~ir)P,,

(s0)

The Y matrices are most efficiently evaluated using a recursion
: 34,84
scheme according to™"

Y(ir) = ). Y (ir)

k=0 ey
0 k=0
Y (i) = %(ﬂ(f)Yk—l(iT) + B(ir)A_ (1)) k>0
(52)
with
_ L
Az = k!y[ (7) (53)

3.3. Second Derivative with Respect to the Magnetic
Field. The mixed second derivative of the total RPA energy
with respect to m and B reads

02E*H[P)
0BOm m=0,B=0
_ 0’E"F[p) N ’EXA[P)
0Bom m=0,B=0 0Bom me0,5-0 (54)

In the following sections, the mixed second derivative of the
HF energy, given by the first term in eq 54, is reviewed.
Subsequently the second derivative of the RPA correlation
energy, given by the second term in eq 54, is derived, and
finally both components are combined to form the total
shielding tensor.

3.3.1. Second Derivative of the HF Energy with Respect to
the Magnetic Field. The second derivative of the HF energy
with respect to m and B can be obtained by differentiating
eq 17 with respect to B yielding

= Tr(PPh™) + Tr(Ph®™
“Bom (P"n™) (PR™™)

+ Tr(HEP™)
+ Tr(Hy:P®™)

(88)

m=0,B=0

~ HF

= 6" + Tr(HpP™)

+ Tr(Hy:P®™)

(56)

For simplicity in the following, the first two contributions from
the HF functional are summarized in the intermediate "F. We
note here that the contributions from Tr(HEP™) and
Tr(HyeP®™) do not arise in the case of a HF reference, as
explained in detail in Appendix A. The magnetic field
derivative of the HF Hamiltonian HJj; is given by

Hp; = b® + J°[P] + K*[P] + K[P®] (57)
where the term J[P®] is zero, due to the skew symmetry of the
purely imaginary B-field derivative of the density matrix.

3.3.2. Second Derivative of the RPA Correlation Energy
with Respect to the Magnetic Field. The second derivative of
the RPA correlation energy with respect to the magnetic field
B can be obtained by differentiating eq 36
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I’EA[P]
0BOm

= Tr(VapaP™) + Tr(Vepa P™™)
m=0,B=0

+ Tr(PRpph™) + Tr(Pgp,h®™) (58)

The derivative of the density with respect to the nuclear
magnetic moment in the first term of eq 58 can, in principle, be
evaluated by solving the coupled-perturbed KS (CPKS)
equations for all perturbations of the nuclear magnetic
moment. However, the response of the density can be
obtained more efficiently using the Z-vector technique,**®
which requires the evaluation of only one CPKS equation.
Within the AO-based formulation, the density matrix-based
Laplace transformed CPKS method”® developed by our group
is employed.

In the next sections, the derivation of the B-field derivatives
of the Pyp, and the Vip, intermediates is explained in detail.
Figure 1 provides a schematic overview of the necessary steps

Vipa
(79)
P]}%PA
|
YB(ir)
(o)
AP () BP(ir)
(63)-(60)|
B(ir)
(68)’
WB(ir) <I(§—1T) WE(iw)
(73)
XB(ir) —L_; XB i)

(75)

(76)I
GB(ir) G"(ir)

Figure 1. Schematic representation of the derivation of VRp, and
PE,,. ST denotes a sine transform and IST denotes an inverse sine
transform. All arrows are labeled with the corresponding equations
from the text.

to derive an expression for the central intermediates PR, and
Vipa- The next section starts with the evaluation of PRp,, which
will lead to an expression for the magnetic field derivative of
the correlated self-energy XP. As can be seen in Figure 1, this
requires the B-field differentiated correlated screened Cou-
lomb interaction W®, which in turn contains the derivative of
the noninteracting response function Xg. Subsequently, the
evaluation of Vgps will be detailed, and finally, the
contributions from the HF functional and the RPA correlation
energy are combined to formulate the final equation for the
computation of the total RPA NMR shieldings.

https://doi.org/10.1021/acs.jctc.3c00542
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3.3.3. Derivative of Pgp, with Respect to the Magnetic

Field. Differentiation of eq 38 with respect to the magnetic
field yields

-1 f " de(PPY (—ir) + PY®(—ir) — P2 Y(ir)

- P, Y%(ir)) (59)

The direct evaluation of PP, can again be avoided by
differentiation of the completeness relation given in eq 34
with respect to the B-field

I)RPA

P> =P° - §7's%s7! (60)
Here, we note that at this stage the density response PP is
evaluated directly by solving the CPKS equations for all B-field
perturbations without utilizing the Z-vector technique. Since
there are only three perturbations in total, this does not
constitute a considerable overhead.

Apart from PP, the evaluation of eq 59 requires the B-field
derivative of the Y intermediates. Since the derivative of the Y
matrices also arises in the evaluation of Laplace transformed
atomic-orbital MP2 NMR shieldings,33’34’38 the approach
recently introduced by Glasbrenner et al.’>* is adopted for
the evaluation of Y®(iz). Differentiating the recursion formula

for Y(iz) given in eq S1 with respect to the B-field yields

Yi(ir) = ) Yi(ir)
k=0 (61)
¥2(ir) = LAY, i) + ADYE(ir)
+ B%(i0) A, _ (7) + B(ir)AY_ (7))
Vk>0 (62)

At this point the derivatives of A(7) and B(ir) are required.
Differentiation of the respective expressions given in
eqs 46—50 results in

AB(7) = — 7(H® — ¢:$®)P — 7(H — €.5)P® (63)
A1) = —7(H" — &S")B,, — 7(H — &S)PL, (64)
B8(it) = — tZ¥(—ir)P — 7X(—ir)P® (65)
B®(ir) = —r28(~ir)P,, — tX(—ir)P%, (66)

where the B-field derivative of the Hamiltonian (eq 14) is
given by

H® = 1® + GB[P] + G[P®] (67)

Up to this point, the only unknown quantity is the B-field
derivative of the correlated self-energy, which is the focus of
the next section.

3.3.4. Derivative of the Correlated Self-Energy with
Respect to the Magnetic Field. The derivative of the self-
energy, i.e.,

0z, (ir)

JB ( PQ( IT)[B/H/GO ;m(lT)[Bﬂ(f)

B=0

(68)
can be obtained by differentiating eq 31 using the product rule.
Further simplifications can be made by considering the
symmetries of all quantities when evaluating at B = 0. Since

B=0
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the vector potential that describes the magnetic field is purely
imaginary, any associated B-field differentiated Hermitian
matrix will necessarily be purely imaginary and therefore
skew-symmetric in the time domain. Furthermore, both the
magnetic field derivative of the noninteracting response
function X5(ir) and the derivative of the correlated screened
Coulomb interaction W2(ir) are odd functions in the
imaginary time domain. All remaining, nondifferentiated
quantities are purely real, symmetric, and even functions in
the imaginary time domain. A detailed derivation is shown in
Appendix B, while here only the resulting working equations
are presented

. (ir)
Zfl(lr) = ;: [B/wGO /m(lT)[Bﬂ(f
VVC,PQ(iT)iGO ;m(iT)[BZQG
— W (i7)B], 2 BY,
- c,PQ(iT)BinO,Mﬁ(iT)?; (69)
OW, pq (ir)
Zz]/}/l(_if) = +#Biug0,ﬂ(;(_i7)B§0
P
[ PQ(IT) GO /m( IT)B%)'
dG (—ir)
. P “=0uc Q
W, pq (i )[B,WTBM
oBE.
. P . Ao
TA/C,PQ(IT)IBIUIQO,#{S(_IT) 9 (70)

If done stepwise, the computation of the self-energy and its B-
field derivative formally scale as O(NZ, N*) and thus constitute
the steepest scaling steps in the computation of RPA NMR
shieldings.

In the following sections, first the B-field derivative of the
correlated screened Coulomb interaction W.(ir) is evaluated
and subsequently the derivative of the Green’s functions is
evaluated.

Since no simple closed expression for the correlated
screened Coulomb interaction in the imaginary time domain
exists, the B-field derivative is evaluated in the imaginary
frequency domain W2 (iw) and subsequently transformed back
into the imaginary time domain using an inverse sine transform

w%ﬂ:mﬂm@mmmW%@ on

W2(iw) can be obtained by differentiating eq 22 with respect
to the B-field yielding

oW, (1(0)

B wm—

X, (io)V]™" = 1)) (72)
= V([1 — X,(iw)V] ' [Xg (i0)V]

[1 - X,(i0)V]™)

(73)

where the following identity for the derivative of matrix
inverses of a general matrix R is used

AR _
oé

1 dR R—l
i

R
(74)

https://doi.org/10.1021/acs.jctc.3c00542
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As can be seen from eq 73, for the computation of WE(iw), the
B-field derivative of the response function in the imaginary
frequency domain X3(iw) is needed. For efficiency reasons, the
B-field derivative of the response function is computed in the
imaginary time domain and transformed back into the
imaginary frequency domain using the sine transform

N +00
Xy (iw) = 2i fo dr sin(wr)X3(ir) 9)

By differentiating eq 9 using the product rule, an expression for
Xg(it) is obtained according to

an—PQ(if) 0G0 (—it) _
B /3;3 BP GO,/Iy(iT)[Bz%r
dB", _
+ go,pﬁ(_iT>a—];DGO,/1u(iT)BﬂQa
9Gy,;, (ir)
ir)B,, ———B},
0 ;m( ) JB Ao

+ G, ,.(-it)B" G, (ir)a[';'iQ

~0,uc uv 20, v J (76)
Finally, to complete the evaluation of X(ir), the B-field
derivative of the Green’s function is needed. Differentiating
eqs 12 and 13 yields

0G,(i
# = PPexp(—7(H — €S)P)
+ P(exp(—7(H — ¢S)P))" (77)
0G,(i
% = —meexp(—r(H — €S)P,)
P, (exp(—7(H — €FS)Pvirt))B (78)

The B-field derivative of the matrix exponentials in the above
equations can be obtained, as explained in Section 3.2.°°

3.3.5. Derivative of Vg, with Respect to the Magnetic
Field. Differentiating eq 37 yields

1
VB, = E(MB + GP[Pyp,] + G[PEp,]) (79)

The evaluation of PR,, was described in detail in the last
section. An expression for M® = M® + MP can be obtained by
differentiating eqs 40 and 41 using the product rule yielding

w = [ " 4e(¥ () (H — 6,8)

+ Y(ir)(H® — €S®) + [exp(—7(H — €:8)P,,)]°Z

(—ir) + exp(—7(H — €FS)Pvirt)2B(—ir)) (80)
=/ " dr(YP(~ir)(H — €8)

+ Y(—ir)(H® — ¢S®)

+ [exp(z(H — :8)P) P X(ir)

+ exp(z(H — eFS)P)EB(iT)) (81)

The evaluation of all B-field derivatives in the above expression
has been described in the previous section.

3.3.6. Second Derivative of the Total RPA Energy. By
combining eqs 56 and 58, an expression for the total RPA
energy can be obtained according to
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02 Etotal [P]

“Bom = Tr([Vips + HELIP™)

m=0,B=0
+ Tr([Vpps + HyelP®™)

+ Tr(PE,,h™) + Tr(Ppp, b®™) + 6™
(82)

For simplicity, the contribution ™" is treated separately with
the usual techniques used for the computation of HF and DFT
shifts. The contribution of the remaining terms will be
described in detail in the next section.

3.3.7. Final Equation for RPA NMR Shieldings: Nested Z-
Vector Approach for Avoiding PP™. The nested Z-vector
approach provides an efficient way to evaluate PP™ with a
reduced number of CPKS equations. It was first introduced by
Maurer and Ochsenfeld”” for AO-MP2 NMR shieldings and
recently improved by Glasbrenner et al.”* Here, we want to
stress that Gauss had already introduced the respective MO-
based Z-vector equations in the framework of MO-MP2 in
1992."

In the following, the basic idea for the nested Z-vector
method is reviewed, and subsequently the final equations are
presented. A detailed derivation can be found in ref 34.

The objective is to evaluate Tr([Vgpa + Hyp]PP™), i.e., the
second term in eq 82. For this, we first consider the CPKS
equation for the B-field derivative of the density

B

=b® (83)

where A is the KS Hessian matrix and b® is the right-hand side
of the CPKS equation. Next, eq 83 is differentiated with
respect to m and rearranged to obtain an expression for PP™
according to

A_l(me _ Am[PB])

AP

PP = (84)
Using eq 84 together with the Z-vector ansatz allows to rewrite
Tr([Vipa + Hygp] PP™) as

Tr([Vpps + HyplPP™) = Tr(Z(b®™ — A™[P®]))
where Z is computed by solving one CPKS equation AZ =
Vipa + Hygp. Next, all terms in Tr(Z(b®™ — A™[P?])) need to
be reordered, such that only terms of the form Tr[--P™] result,
which renders the expression amenable to another Z-vector
step. The reordering is performed analogously to eqs D12—
D28 in ref 34. It was shown that this, in combination with the
terms Tr[Vpp,P™] from eq 58 and Tr[HEP™] from eq S6,
leads to

(85)

Tr(Z(b®™ — A™[P®])) + Tr([Vips + HpplP™)

= Tr(Oh™) + Tr(Oynh™) + Tr(OP™) (36)

Applying egs 85 and 86 to eq 82 and rearranging terms, yields
the final expression for the RPA NMR shieldings as

6 = Tr([Bypy + Oyn]h®™) + Tr([PRp, + Opm]h™)

+ Tr(Zob™) + 6™F (87)

The introduced quantities Oy, Og», O, and Z are defined in
ref 34. Here, we note that following the notation of ref 34 in
the context of the AO-MP2 NMR shieldings, the intermediates
Prps and (Vgpy + Hyp) correspond to the intermediates F
and P, respectively, and likewise for the differentiated
intermediates. In essence, for an efficient treatment of the

https://doi.org/10.1021/acs.jctc.3c00542
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contributions from the HF Hamiltonian, i.e., Tr(Hyz PP™) and
Tr(HE: P™) from eq 56, Hyp needs to be added to the Vyp,
intermediate, and likewise for the B-field differentiated
quantities, to avoid the solution of two nested Z-vector
equations. Finally, an overview of all necessary steps to
compute NMR chemical shieldings at the RPA level of theory
is provided in the Supporting Information.

4. COMPUTATIONAL DETAILS

Analytical NMR  shifts at the RPA level of theory were
implemented within our quantum chemistry package
FerMIONs++."*"%° As a starting point for the RPA
calculations, DFT with the generalized gradient approximation
of Perdew—Burke—Ernzerhof (PBE),”" as provided by the
Libxc library version 5.1.1,°° as well as the Hartree—Fock
method, are employed. For all PBE reference calculations, an
uncoupled DFT scheme is used.””'°" The frozen core
approximation is not utilized. Further, dense matrix algebra
routines from the Intel Math Kernel Library (version 2022.0.0)
are employed. Dunning’s correlation-consistent basis sets with
core weighted functions (cc-pwCVDZ, cc-pwCVTZ)'"" are
used in combination with the corresponding RI basis sets.'”
For the time and frequency integration””°" as well as the
cosine®”®" and sine transformation’® to switch between two
domains, optimized minimax grids®” are employed. For this,
we use 15 grid points, which is proven to be sufficiently
accurate, as shown in Section 5.2. The derivatives of numerical
integration roots and weights used for the numerical imaginary
time and frequency quadratures are neglected. This is justified
by earlier work on RPA gradients,””*® which employ the same
integration grids and for which it was found that this
approximation yields sufficiently accurate results. Further, the
validity of the gauge origin independence was confirmed by
carrying out calculations after shifting each coordinate of the
gauge origin by S A. The isotropic shieldings showed
deviations that did not exceed 0.05 ppm. Detailed results are
provided in the Supporting Information. As commonly done in
implementations of NMR shieldings, the explicit use of
complex-valued matrices is avoided by treating purely
imaginary matrices using skew-symmetric, real-valued matrices.

To validate our implementation, we further computed
numerical RPA NMR shifts that were recently presented by
our group.”' In this context, the RPA correlation energy is
computed within the RI azpproximation using the method of
Furche and co-workers.”* For the numerical frequency
integration, we employ the Clenshaw—Curtis scheme’'"
with 120 grid points, which was confirmed to provide accurate
results in ref 41.

5. RESULTS AND DISCUSSION

5.1. Validation of the Implementation. For the
validation of our implementation of analytical RPA NMR
shifts, the shifts are compared against the results obtained with
the numerical RPA NMR reference implementation.*' There-
fore, analytical and numerical RPA NMR shifts based on a
preceding PBE reference calculation (RPA@PBE) and based
on a HF reference (RPA@HF) were computed for the
molecules in the test set assembled by Gauss and co-
workers'** as well as the test set of Flaig et al.”’ For the
Gauss benchmark set, the molecules SO, and Oj; are excluded,
as in ref 104, as well as PN, which is a difficult case for
theoretical computations in general.'”®
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The results for the Gauss benchmark set are shown in
Figure 2 and in more detail in Table 1, where the mean

larPA@HF IIRPAQPBE
20
g 15
o
[}
=
~ 10
<
=
5
0 :
1H LSC 15N 170 19F

Figure 2. MADs in 107> ppm of analytical to numerical isotropic
NMR shifts for the 'H, *C, °N, 170, and "F nuclei at the RPA@HF
and RPA@PBE levels of theory for the molecules in the Gauss'®*
benchmark set. All calculations were carried out using the cc-
pwCVTZ basis set with the corresponding RI basis set.

Table 1. Comparison of MADs in 10> ppm of Analytical to
Numerical Isotropic NMR Shifts for the 'H, '*C, N, 70,
and "F Nuclei at the RPA@HF and RPA@PBE Levels of
Theory”

benchmark  reference 'H B¢ SN 70 Vg
Gauss HF 0.05 0.41 0.53 591 4.97
PBE 0.01 0.32 0.31 21.19 6.44

Flaig HF 0.84 2.08 6.01 6.94 1.52
PBE 0.04 3.05 7.73 7.73 2.52

“All Calculations were carried out with the cc-pwCVTZ basis set for
the Gauss benchmark set and with the cc-pwCVDZ basis set for the
Flaig benchmark set.

absolute deviations (MADs) of the analytical istropic NMR
shifts with respect to the numerical results are shown for the
most common nuclei in the test set, i.e, 'H, 13C, N, 0, and
'F, at the RPA@HF and RPA@PBE levels of theory using the
cc-pwCVTZ basis set with the corresponding RI basis set. As
can be seen, the MADs for the different nuclei at the RPA@HF
and RPA@PBE levels of theory are all on the order of
107> ppm, which is well within the error of numerical
differentiation.

The corresponding results for the Flaig benchmark set are
provided in Figure 3 and in more detail in Table 1 for the
nuclei 'H, 1*C, °N, 70, and "F. All calculations were carried
out using the cc-pwCVDZ basis set with the corresponding RI
basis set. Evidently, for this benchmark set, all MADs are also
on the order of 107> ppm and comparable with the results
obtained for the Gauss benchmark set. Since the errors are well
within the error of numerical differentiation, it is safe to
conclude that the presented theory and the implementation
thereof are correct.

5.2. Accuracy: Convergence of the Minimax Grid. To
motivate the choice for the number of numerical integration
points for the minimax grids in the previous section, NMR
shift calculations on the benchmark set by Gauss and co-
workers'® are performed at the RPA@HF level of theory

https://doi.org/10.1021/acs.jctc.3c00542
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Figure 3. MADs in 107> ppm of analytical to numerical isotropic
NMR shifts for the 'H, *C, °N, 170, and "F nuclei at the RPA@HF
and RPA@PBE levels of theory for the molecules in the Flaig®’
benchmark set. All calculations were carried out using the cc-
pwCVDZ basis set with the corresponding RI basis set.

using the cc-pwCVTZ basis set for a varying number of
integration points. The MADs with respect to the results
obtained with the largest available integration grid are
presented in Table 2 for the most represented nuclei in this
benchmark set, ie., 'H, 3C, N, 70, and “F.

Table 2. Analysis of the RPA NMR Shift Convergence for
the 'H, 1°C, ®N, 70, and "F Nuclei with the Number of
Minimax Grid Points N,*

N, I 13c SN 170 19
10 0.01 0.62 175 3.20 0.97
11 0.01 0.50 1.40 2.57 0.77
12 0.01 0.41 1.14 2.07 0.61
13 0.01 0.36 0.91 1.73 0.49
14 0.00 0.26 0.70 131 0.42
15 0.00 0.24 0.54 1.07 0.31
16 0.00 0.15 0.39 0.75 0.23
17 0.00 0.13 0.26 0.53 0.39
18 0.00 0.09 0.14 0.32 0.34
19 0.00 0.04 0.07 0.15 0.08
20 - - - - -

“All values are given as MADs in 1072 ppm with respect to the results
obtained for N, = 20 at the RPA@HEF level of theory. All calculations
were carried out using the cc-pwCVTZ basis set with the
corresponding RI basis set.

The results in Table 2 show that the numerical integration
grids allow to smoothly converge the obtained chemical shifts.
For lighter elements, such as 'H, the errors are almost
independent of the grid size and smaller than 107> ppm. For
heavier elements, such as 7O, a grid size of 15 integration
points allows one to obtain an accuracy on the order of
1072 ppm, compared to the converged result obtained with 20
integration points. In conclusion, based on the obtained
results, the choice of 15 integration points provides a good
compromise between accuracy and computational cost, which
is why this number of grid points was employed in all
presented calculations.
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6. CONCLUSIONS

An analytical expression for NMR chemical shieldings at the
direct RPA level of theory as a post-KS method based on
ACEFEDT is presented for the first time. By taking the mixed
second derivative of the RPA ground-state energy expression
with respect to the nuclear magnetic moment and an external
magnetic field, the NMR shielding tensor is obtained. For this,
a rigorous derivation for the analytical expression is presented,
with which the evaluation of the shielding tensor is possible
with formal O(N*) time complexity, in contrast to the higher-
scaling of other correlation methods such as MP2 or CC. The
derived expressions and the implementation are sensibly
verified by comparing the obtained chemical shifts against
the numerical implementation by Glasbrenner et al.*' For this,
calculations on established NMR benchmark sets were carried
out with both HF and a commonly used representative for
DFT functionals, i.e., PBE, as reference. While the employed
implementation is only preliminarily optimized in terms of
computational efficiency and not yet optimized in terms of
memory requirements, the presented equations represent an
ideal stepping stone toward a low-scaling and efficient
implementation of NMR shieldings at the RPA level of theory
in future work. Similar to the AO-RPA gradients, the
evaluation of the noninteracting response function and the
correlated self-energy in the imaginary time domain represent
the formally highest scaling steps, and the necessity to compute
their magnetic field derivatives adds additional O(N*) scaling
steps. However, efficient techniques, such as the attenuated
Coulomb RI approximation®” and Cholesky molecular orbitals,
to treat the involved integral contractions can be leveraged for
a low-scaling implementation at reduced cost in future work.
The application of these low-scaling techniques therefore
provides a valuable route toward NMR shift calculations on
large molecules with good accuracy and affordable cost.

Furthermore, the derived expression for the analytical
second derivative of the RPA energy can easily be extended
to the related o-functionals’”” to profit from the reduced errors
not only for atomization, reaction, and noncovalent interaction
energies but possibly also for NMR shifts.

B APPENDICES

A. Derivation of the Hartree—Fock Energy Functional
Shielding Contribution

The Hartree—Fock energy functional is given as

HF _ l
EMF[p] = Tr(Ph + 2PG[P]) (58)

To compute the HF contribution to the total NMR shielding
tensor, this expression is first differentiated with respect to the
nuclear magnetic moment m given by

oE™F[P]

= Tr(P™h + Ph™ + P™G[P])
Om

(89)

As the basis functions are independent of m, the contribution
from the differentiated integrals, i.e., G™[P] is zero. The terms
contracted with the response of the density matrix P™ can be
collected in the HF Hamiltonian Hyy to yield

oETF[P]

= Tr(Ph™ + P™H,y;)
om

(90)

https://doi.org/10.1021/acs.jctc.3c00542
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Since the occupied—occupied part of P™ is given by Pgy
—PS™P = 0 and the virtual—virtual part is necessarily zero, the
density response is given by the nonzero occupied—virtual and
virtual—occupied blocks as

P™ = PSP™(1 — SP) + (1 — PS)P™SP (91)

=P, + Py (92)

At the same time the occupied—virtual and virtual—occupied
parts of the HF Hamiltonian, given by the following subspace
projections,

SPH,;(1 — PS) = (1 — SP)H;;PS = 0 (93)

Hyg oo = Hygyo = 0 (94)
vanish for a matching converged HF density. Therefore, the
trace of P™Hy is zero and the HF contribution to the total
shielding tensor, after second differentiation with respect to B,
is given by

2-HF
% — Te(P*H™) + Tr(PHP™)
m

(98)

However, in the case of a KS reference density, the HF energy
functional is nonstationary with respect to the density and thus
the occupied—virtual and virtual—occupied parts of the HF
Hamiltonian are nonzero. Therefore, in this case, the HF
contribution to the total shielding tensor is given by

2-HF
% = Tr(P®h™) + Tr(Ph®™) + Tr(HyP™)

+ Tr(HyP™™) (96)

B. Derivative of the Self-Energy with Respect to the
Magnetic Field

Carrying out the differentiation in eq 68 for the self-energy
X(—ir) in the negative imaginary time domain yields

0%,,(—ir) _ OW, pq (+i) PG (—ir)BL
T = T 5 PwIous\T Ao
B | . B
p

- I/NVC,PQ,(_'-iT) 0;’/ gO,y(f(_iT)B%F

~ ()GO ()‘(_iT)
- W (e8], T gy
N . 0B}
- Wc,PQ(+IT)[B,€y§0,W;(_lT) OB(;

(97)

When evaluating the above expression at B = 0, all quantities
that are not B-field derivatives evaluate to real-valued matrices
(symmetric) and even functions in the imaginary time domain.
All B-field derivatives are purely imaginary quantities (skew-
symmetric) and odd functions in the imaginary time domain.
OW, pq (+i
With this in mind, 2"eealt®)
the definition in eq 25 and the fact that it is an odd function in
the imaginary time domain:

can further be simplified by using
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Wopq (+ir) oW (ir) W (ir)

98
0B 0B 0B (%8)
_ oW ¥ (ir) _ 0w (i) (99)

0B 0B

Inserting the above expression into eq 97 yields the final
expression given in eq 70.

By analogy, the self-energy in the positive time domain can
be written according to

0%, (+ir)
0B

aﬁ/;,PQ(_iT)

OB IBiy GO,;m(iT)BﬂQﬂ

B=0
P

JdB
~ i = i Q
- M{:,PQ(_IT)XGO,”G(IT)IBA(T
Gy (i)
- ipocin, e
IBf,
0B

- VVC,PQ(_iT)[B;}:D Go,,m(if)
(100)

W, pq (—ir)
oB
is an odd function in the imaginary time domain yields

Again, rewriting using eq 25 and considering that it

Wepq(—ir) — aWE(—ir)  oW(—ir)

101
0B 0B 0B (101)
W24 oW (i
_ Iwe (i) _ N (it) (102)

0B 0B

Finally, inserting the above equation into eq 100 yields eq 69.
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1 Implementation

The following algorithm summarizes the necessary steps for computing NMR chemical shield-

ings at the RPA level of theory.

Algorithm 1 Compute RPA NMR chemical shieldings.

compute H, S, P, Py, V, and B > SCF intermediates
compute h™, hB™ SB H®) and BB
solve CPSCF for PB
compute PB
compute HB
if not Hartree-Fock reference then
compute Hyr and HE},
end if
compute Go(ir) > first derivative intermediates
compute Xq(ir)
cosine transform of Xo(ir) to Xy (iw)
compute W, (iw)
inverse cosine transform of W, (iw) to W,(ir)
compute 3(it)
compute Y (i) by recursion with A(7) and B(ir)
integrate Y (i) to form Prpa
integrate Y (i7) and (i) to form M
compute Vgpa
for every B-field component do > second derivative intermediates
compute GB(ir)
compute X (ir)
sine transform of XB(ir) to XB(iw)
compute WB (iw)
inverse sine transform of W8 (iw) to WB(ir)
compute XB(ir)
compute YB(i7) by recursion with A®(7) and B2 (ir)
integrate Y (ir) and YB(ir) to form PE,,
integrate Y (ir), YB(ir), 2(ir), and XB(ir) to form MP®
compute VEpa
end for
solve Z-vector equation Zvy,, = A" (Vgrpa + Hur) > nested Z-vector/final shieldings
compute O, Opm, and Oym
solve Z-vector equation Zg = A~1O
compute @ = Tr([Prpa + Oym|hB™) + Tr([PEp, + Opm|h™) + Tr(Zob™) + HF

The algorithm can roughly be grouped into four stages. First, the computation of all
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intermediates also present in HF NMR shieldings, i.e., the densities, the Hamiltonian, the
integrals, etc., as well as their derivatives. Second, the formation of all intermediates also
occurring in the first derivative of the RPA equations, which are independent of the magnetic
field. Third, B-field derivatives of the intermediates of the first derivative, and lastly the
nested Z-vector step to obtain the final intermediates for the NMR shieldings.

The most involved steps in terms of computational effort are the computation of the
response function Xy (i7) and the self-energy ¥(i7) in the imaginary time domain, as well
as their B-field derivatives. Here, Xq(i7) is most efficiently computed according to, e.g.,
Ref. S1 by premultiplying the Green’s functions with the three-center integrals and then
using a matrix multiplication to multiply both third-order tensors. The same approach can
be used for the B-field derivative of the response function. The self-energy is computed as
explained in Ref. S2 and its SI. For the B-field derivative of the self-energy we use the same
approach. Here, we want to note that for the matrix multiplications we use the high parallel

performance of the MKL library for dense matrix algebra routines.
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2 Gauge Invariance

Table S1: Testing the gauge origin independence at the RPAQHF level of theory using the
def2-SVP and cc-pwCVTZ basis sets with the corresponding RI basis sets for the molecules
in the Gauss benchmark set. For each basis set the NMR shifts are given in ppm for the
initial geometry (reference) and after each atom has been translated by 5 A(transl.) as well

as the resulting absolute deviation (abs. err.).

def2-SVP [ppm]

cc-pwCVTZ [ppm|

molecule element transl. reference abs. err. transl. reference abs. err.
AlF
Al -4.1606 -4.1605 0.0001  -4.8933 -4.8936 0.0002
F 3.7843 3.7823 0.0020 -2.5863 -2.5871 0.0008
C,H,
C 13.5843  13.5850 0.0007 8.0167 8.0169 0.0003
C 13.5843  13.5850 0.0007 8.0172 8.0169 0.0003
H 0.3400 0.3400 0.0000 0.1530 0.1499 0.0031
H 0.3400 0.3400 0.0000 0.1466 0.1499 0.0033
H 0.3400 0.3400 0.0000 0.1531 0.1499 0.0032
H 0.3400 0.3400 0.0000 0.1468 0.1499 0.0031
C;H,
C -0.8958 -0.8959 0.0001  -2.3976 -2.3762 0.0213
C 16.5324  16.5323 0.0001  10.5089  10.5229 0.0140
C 16.5324  16.5323 0.0001 10.5468  10.5229 0.0239
H 0.7695 0.7695 0.0000 0.5412 0.5476 0.0064
H 0.7695 0.7695 0.0000 0.5391 0.5476 0.0085
H 0.1390 0.1390 0.0000 0.0055 0.0054 0.0000
H 0.1390 0.1390 0.0000 0.0001 0.0054 0.0053
CH,0
0] 120.5025 120.5017 0.0008  82.7901  82.7902 0.0000
C 21.1176  21.1176 0.0000 12.2381 12.2387 0.0006
H 0.3273 0.3273 0.0000 0.1245 0.1186 0.0058
H 0.3273 0.3273 0.0000 0.1126 0.1186 0.0060
CH,F
C 0.6198 0.6197 0.0001  -1.3122 -1.3128 0.0007
F -9.1903 -9.1894 0.0009  -7.9269 -7.9254 0.0016
H 0.0139 0.0139 0.0000 -0.1095 -0.1076 0.0019
H 0.0139 0.0139 0.0000 -0.1051 -0.1076 0.0025
H 0.0139 0.0139 0.0000  -0.1083 -0.1076 0.0007
CH,
C 1.1768 1.1747 0.0021 1.3187 1.3182 0.0005
H 0.0179 0.0180 0.0001  -0.0461 -0.0460 0.0001
H 0.0180 0.0180 0.0000  -0.0460 -0.0460 0.0000
H 0.0180 0.0180 0.0000  -0.0460 -0.0460 0.0000
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H 0.0180  0.0180  0.0001 -0.0459  -0.0460  0.0001
Co
C 34.8474  34.8478  0.0004 24.6474  24.6476  0.0002
0 497149  49.7178  0.0028 33.9522  33.9530  0.0008
FCCH
C 45935  4.5934  0.0001  2.0948  2.0918  0.0030
C 27262  2.7263  0.0001 -0.2682  -0.2672  0.0010
H 0.36490  0.3649  0.0000  0.2173  0.2173  0.0000
F 0.1199  -0.1190  0.0009 -3.9647  -3.9823  0.0176
FCN
F 71241 71225 0.0016 -0.2682  -0.2703  0.0021
C 82799 82794  0.0005  5.3903  5.3900  0.0003
N 30.1301  30.1381  0.0010 20.9845  20.9848  0.0003
H,C,0
C 4.3011 4.3010 0.0001 2.2121 2.2113 0.0009
C 151969 151970  0.0001 87411  8.7352  0.0059
0 427184 42.7181  0.0003 26.3746  26.3681  0.0064
H 0.4432 04432 0.0000 0.1693  0.1673  0.0021
i 0.4432  0.4432  0.0000 0.1646  0.1673  0.0026
1,0
0 6.1048  6.1066  0.0018  5.8646  5.8657  0.0011
H 0.5146  0.5146  0.0000  0.4335 04339  0.0004
H 0.5146  0.5146  0.0000  0.4333 04339  0.0006
H,S
S 8.2477 82485  0.0009 87821  8.7865  0.0044
H 05157  0.5157  0.0000 0.2848  0.2857  0.0009
H 0.5157  0.5157  0.0000  0.2845  0.2857  0.0012
H,C,0
O -11.4164 -11.4150 0.0014 -14.9307 -14.8794 0.0513
C 0.2379  0.2380  0.0001 -1.7721  -1.7721  0.0000
C 0.2381  0.2380  0.0000 -1.7677  -1.7721  0.0045
H 0.0084  -0.0084  0.0000 -0.1355  -0.1444  0.0088
H 0.0084  -0.0084  0.0000 -0.1488  -0.1444  0.0044
H 0.0084  -0.0084  0.0000 -0.1346  -0.1444  0.0098
H 0.0084  -0.0084  0.0000 -0.1479  -0.1444  0.0035
HCN
H 0.1919  0.1919  0.0000  0.0776  0.0776  0.0000
C 157958 15.7957  0.0001 11.5072  11.5071  0.0000
N 434703 43.4703  0.0000 32.1927 321927  0.0000
HCP
i 0.0709  -0.0709  0.0000 -0.1727  -0.1727  0.0000
C 26.8004  26.8920  0.0015 18.0367  18.0369  0.0002
P 487256 48.7297  0.0041 32.5252 325260  0.0008
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HF

H 0.8963  0.8964  0.0001  0.8973  0.8972  0.0001

F 34654 34627  0.0027  3.0933  3.0962  0.0029
HFCO

0 59.6156  59.6138  0.0017 37.5707  37.5889  0.0182

C 11.8853  11.8851  0.0002  6.0880  6.0736  0.0144

F 2.8728 28736 0.0008 -7.2110  -7.2375  0.0266

H 0.0653  0.0653  0.0000 -0.1022  -0.0882  0.0140
HOF

0 94.8495  94.8534  0.0039 73.5406  73.5422  0.0017

H 1.9550 19549  0.0001 15882 15875  0.0007

F -66.9284 -66.9253  0.0031 -76.2030 -76.2082  0.0052
LiF

Li -0.8679  -0.8679  0.0000 -0.8239  -0.8239  0.0000

F o -12.5098 -12.5098  0.0001 -1.8842  -1.8845  0.0004
LiH

H 04265 04265  0.0000  0.3036  0.3036  0.0000

Li 0.3786  0.3786  0.0000 -0.1106  -0.1107  0.0001
N,

N 60.9736  60.9742  0.0005 46.4441  46.4434  0.0007

N 60.9736  60.9742  0.0005 46.4441  46.4434  0.0007

N A7.6472  47.6460  0.0011 37.0936  37.0939  0.0003

N 47,6002 47.5990  0.0011 37.8976  37.8977  0.0001

0 347642 347621 0.0021 227467  22.7465  0.0003
NH,

N 3.8785 38787  0.0002  4.0256  4.0258  0.0002

H 0.2181  0.2181  0.0000  0.1343  0.1341  0.0002

H 02181 02181  0.0000 0.1344  0.1341  0.0003

H 02180 02181  0.0000  0.1345  0.1341  0.0004
0CS

0 32.8266 32.8281  0.0015 19.9120 19.9142  0.0022

C 251191 251194  0.0002 17.9478  17.9482  0.0004

S 241941 241940  0.0001  9.8036  9.8036  0.0000
OF,

0 68.5144  68.5128  0.0016 34.5995  34.6088  0.0093

F 33360  3.3362  0.0002 -18.4908 -18.4840  0.0068

F 33412 33362 0.0049 -18.5005 -18.4840  0.0165
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3 Detailed Validation Results

In the following section detailed results for the Gauss® and the FlaigS* benchmark set are
presented. The order of the nuclei corresponds to the order given in the geometry files of
the respective molecules obtained from the SI in the case of the Gauss®® benchmark set
and from the download section of the Ochsenfeld group website™ in the case of the FlaigS?
benchmark set. Shifts of nuclei which are not chemically equivalent are labeled appropriately
for an unambiguous assignment. For smaller molecules the respective functional group, and
if necessary the orientation, is given and for aromatics numbering according to the IUPAC

nomenclature is chosen.

3.1 Detailed Validation Results: Gauss Benchmark Set

Table S2: Detailed results of the RPA NMR shifts for all molecules in the Gauss benchmark
set>3 at the RPAQHF /cc-pwCVTZ level of theory for the numerical reference implementation
(reference) as well as the analytical implementation (result). All shifts and the resulting
deviations are given in ppm.

molecule element result reference abs. err.

AIF
Al 48936  -4.8050  0.0015
F 25871 -2.4875  0.0995
C2H4
C 8.0160 80204  0.0035
C 8.0160 80204  0.0035
H 0.1499  0.1503  0.0004
H 0.1499  0.1503  0.0004
H 0.1499  0.1503  0.0004
H 0.1499  0.1503  0.0004
C3H4
C 23762 -2.3758  0.0005
C 10.5229  10.5281  0.0051
C 10.5229  10.5281  0.0051
H 0.5476  0.5463  0.0013
H 0.5476  0.5463  0.0012
H 0.0054  0.0058  0.0004
H 0.0054  0.0058  0.0004
CH,O0
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O 82.7902 82.6459  0.1443
C 12.2387  12.2425  0.0038
H 0.1186  0.1195  0.0009
H 0.1186  0.1195  0.0008
CH,F
C 13128 -1.3089  0.0039
F 7.9254  -7.9222  0.0032
H 0.1076  -0.1071  0.0005
H 0.1076  -0.1071  0.0005
H 0.1076  -0.1071  0.0005
CH,
C 13182 1.3200  0.0019
H -0.0460  -0.0460  0.0000
H 0.0460  -0.0460  0.0000
H -0.0460  -0.0460  0.0000
H 0.0460  -0.0460  0.0000
Co
C 24.6476  24.6488  0.0011
O  33.9530 33.9399  0.0131
FCCH
C 2.0018  2.0954  0.0036
C 02672 -0.2641  0.0031
H 02173 02161  0.0012
F -3.0823  -3.9386  0.0437
FCN
F 0.2703  -0.2593  0.0110
C 53900  5.3935  0.0034
N 209848  20.9702  0.0146
H,C,0
C 22113 22086  0.0026
C 8.7352 87477  0.0125
O 263681 263467  0.0215
H 0.1673  0.1676  0.0003
H 0.1673  0.1675  0.0002
H,0
0 5.8657  5.8665  0.0008
H 0.4339  0.4339  0.0000
H 0.4339  0.4339  0.0000
H,S
S 8.7865  8.7782  0.0083
H 0.2857  0.2858  0.0001
H 0.2857  0.2858  0.0001
H,C,0
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O  -14.8794 -14.8079  0.0185

C L7721 -L7677  0.0044

C L7721 -L7677  0.0044

H 0.1444  -0.1437  0.0006

H -0.1444  -0.1437  0.0006

H 0.1444  -0.1437  0.0006

H -0.1444  -0.1437  0.0006
HCN

H 0.0776  0.0761  0.0015

C 115071 11.5120  0.0048

N 32.1927  32.1900  0.0027
HCP

H 01727 -0.1741  0.0014

C 18.0369  18.0328  0.0041

p 32.5260 324875  0.0385
HF

H 0.8972  0.8971  0.0001

F 3.0962  3.0949  0.0013
HFCO

0 37.5880  37.5400  0.0489

C 6.0736  6.0813  0.0077

F 72375  -7.2411  0.0036

H -0.0882  -0.0875  0.0007
HOF

0 735422 73.4006  0.1416

H 15875  1.5873  0.0002

F -76.2082 -76.0488  0.1594
LiF

Li -0.8239  -0.8231  0.0008

F -1.8845  -1.8240  0.0605
LiH

H 0.3036  0.3036  0.0000

Li -0.1107  -0.1096  0.0011
N2

N 464434  46.4436  0.0002

N 464434  46.4437  0.0003
N,O

N 37.0930  37.0826  0.0113

N 37.8977  37.8925  0.0052

0 22.7465  22.7367  0.0097
NH,

N 40258  4.0283  0.0025

H 0.1341  0.1341  0.0000
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H 0.1341 01341 0.0000
H 0.1341  0.1341  0.0000
0CS
O  19.9142 19.9108  0.0034
C  17.9482 17.9512  0.0031
S 9.8036  9.7461  0.0575
OF,
O  34.6088 34.4193  0.1895
F -18.4840 -18.4269  0.0571
F -18.4840 -18.4266  0.0574
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Table S3: Detailed results of the RPA NMR shifts for all molecules in the Gauss benchmark
set3 at the RPAQPBE /cc-pwCVTZ level of theory for the numerical reference implementa-
tion (reference) as well as the analytical implementation (result). All shifts and the resulting
deviations are given in ppm.

molecule element result reference abs. err.

AIF
Al 2125395 -12.5407  0.0012
F 258208 -25.8211  0.0003
C,H,
C 20.7298  20.7377  0.0079
C 20.7298  20.7377  0.0079
H 0.3384  0.3386  0.0002
H 0.3384  0.3386  0.0002
H 0.3384  0.3386  0.0002
H 0.3384  0.3386  0.0002
C,H,
C 29284  -2.9238  0.0046
C 21.3020 213117  0.0088
C 21.3020 213117  0.0088
H 09359  0.9361  0.0002
H 09359  0.9361  0.0002
H 0.1389  -0.1389  0.0000
H -0.1389  -0.1389  0.0000
CH,O
O 2204304 219.8347  0.5958
C 31.8027  31.8966  0.0039
H 0.0714  0.0715  0.0001
H 0.0714  0.0715  0.0001
CH,F
C -1.9967  -1.9966  0.0001
F 207658 -20.7645  0.0013
H 04794 -0.4794  0.0000
H 04794 -0.4794  0.0000
H 04794 -0.4794  0.0000
CH,
C 1.8436  1.8456  0.0020
H -0.0590  -0.0590  0.0000
H -0.0590  -0.0590  0.0000
H -0.0590  -0.0590  0.0000
H -0.0590  -0.0590  0.0000
Co
C 52.3831  52.3850  0.0019
0 71.6005 715951  0.0055
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FCCH

C 8.9862 89872  0.0010
C 5.0325  5.0352  0.0027
H 04341 04343 0.0002
F 55674 55578  0.0096
FCN
F 9.4155  -9.4147  0.0008
C 18.3118 183125  0.0006
N 50.2096  50.2937  0.0058
H,C,0
C 3.7803  3.7816  0.0013
C 26.7004  26.7042  0.0038
0 615271  61.4990  0.0281
H 02732 0.2732  0.0001
H 02732 0.2732  0.0001
H,0
0 40511 4.0525  0.0014
H 0.8537  0.8537  0.0000
H 0.8537  0.8537  0.0000
H,S
S 10.5790  10.5488  0.0301
i 0.4957  0.4957  0.0000
H 0.4957  0.4957  0.0000
H,C,0
O  -19.6393 -19.6391  0.0002
C 29245 -2.9235  0.0009
C 20245  -2.9236  0.0009
H 0.5762  -0.5762  0.0000
H 05762 -0.5762  0.0000
H 05762 -0.5762  0.0000
H 05762 -0.5762  0.0000
HCON
H 0.1525  -0.1526  0.0000
C 27.2219 27.2264 0.0045
N 65.8816  65.8822  0.0006
HCP
H 04788 -0.4788  0.0000
C 43.6045  43.6065  0.0019
P 100.7949 100.7578  0.0372
HF
H 17421  1.7421  0.0000
F 0.5872  0.5846  0.0026
HFCO
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O 100.6239 100.5588  0.0651

C 19.8154  19.8164  0.0010

F -29.0573 -29.0556  0.0017

H 03361 -0.3361  0.0000
HOF

O 121.8165 121.2863  0.5303

H 22540  2.2541  0.0001

F -71.9220 -72.1018  0.1798
LiF

Li -2.0030  -2.0031  0.0000

F  -15.1874 -15.1811  0.0063
LiH

H -0.0427  -0.0428  0.0000

Li 1.3533 13550  0.0018
N,

N 80.3644  80.3690  0.0046

N 80.3644  80.3690  0.0046
N,O

N 59.5667  59.5670  0.0003

N 66.8380  66.8419  0.0038

0 38.3326  38.3284  0.0042
NH,

N 3.6714  3.6733  0.0019

H 02822  0.2822  0.0000

H 02822  0.2822  0.0000

H 02822  0.2822  0.0000
0CS

0 38.5240 385158  0.0082

C 415165  41.5165  0.0000

S 13.8466  13.8308  0.0158
OF,

0 55.7934 549134 0.8800

F -28.0742 -28.2049  0.2206

F -28.0742 -28.2049  0.2206
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3.2 Detailed Validation Results: Flaig Benchmark Set

Table S4: Detailed results of the RPA NMR shifts for all molecules in the Flaig benchmark
set* at the RPAQHF /cc-pwCVDZ level of theory for the numerical reference implementation
(reference) as well as the analytical implementation (result). All shifts and the resulting
deviations are given in ppm.

molecule element result reference abs. err.

Acetylene (C,H,)

H 0.0861 0.0859 0.0002
C 8.4582 8.4780 0.0198
C 8.4582 8.4781 0.0198
H 0.0861 0.0859 0.0002
Ethylene (C,H,)
H 0.3076 0.3084 0.0009
H 0.3076 0.3084 0.0009
C 13.4627  13.4998 0.0371
H 0.3076 0.3084 0.0009
C 13.4626  13.4998 0.0372
H 0.3076 0.3084 0.0009
Ethane (C,Hy)
H -0.0524  -0.0522 0.0001
H -0.0524  -0.0522 0.0001
H -0.0524  -0.0522 0.0001
C 1.4695 1.4784 0.0089
H -0.0524  -0.0522 0.0001
H -0.0524  -0.0523 0.0001
C 1.4694 1.4784 0.0090
H -0.0524  -0.0523 0.0001
Benzene (CgqHg)
H 0.2580 0.2591 0.0011
H 0.2580 0.2591 0.0011
C 11.9683  12.0091 0.0409
H 0.2580 0.2591 0.0011
C 11.9683  12.0092 0.0410
H 0.2580 0.2591 0.0011
C 11.9683  12.0092 0.0410
H 0.2580 0.2591 0.0011
C 11.9683  12.0092 0.0410
C 11.9683  12.0092 0.0410
C 11.9683  12.0091 0.0409
H 0.2580 0.2591 0.0011
Tetrachloromethane (CCl,)
C -0.9163  -0.9147 0.0016
Cl -10.1405 -10.1198 0.0207
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Cl -10.1405 -10.1198  0.0207
Cl -10.1405 -10.1198 0.0207
Cl -10.1405 -10.1198  0.0207
Tetrafluoromethane (CF,)
F 1.3975 1.4164 0.0188
F 1.3975 1.4166 0.0191
F 1.3975 1.4166 0.0191
C -5.6193  -5.6128  0.0064
F 1.3975 1.4165 0.0189
Propadiene (CH,CCH,)
H 0.1796 0.1802  0.0006
H 0.1796 0.1802 0.0006
CH, 6.2350 6.2590  0.0239
C=C=C 20.6112  20.6644 0.0532
H 0.1796 0.1802  0.0006
CH, 6.2351 6.2589 0.0239
H 0.1796 0.1802  0.0006
Acetaldehyde (CH;CHO)
O 77.9944  78.1373 0.1429
CHO 0.1444 0.1452 0.0008
CHO 20.9302  20.9626 0.0324
CH,, out of CCO plane 0.0217 0.0219 0.0002
CH,, out of CCO plane 0.0217 0.0219 0.0002
CH, 2.4229 2.4315  0.0086
CH,, in CCO plane 0.2397 0.2399 0.0002
Chloroform (CH,Cl)
C 2.9458 2.9462 0.0003
Cl -21.6412  -21.6328 0.0084
H 0.1091 0.1091  0.0000
H 0.1091 0.1091 0.0000
H 0.1091 0.1091  0.0000
Acetonitrile (CH;CN)
N 424969  42.5614 0.0645
CN 14.4076  14.4328 0.0252
H 0.0640 0.0641 0.0001
H 0.0655 0.0655  0.0001
CH, 0.9050 0.9119 0.0069
H 0.0653 0.0654  0.0001
Acetone (CH;COCH,)
H, in CCC plane 02100  0.2101  0.0002
H, out of CCC plane -0.0359  -0.0357 0.0002
H, out of CCC plane -0.0359  -0.0354 0.0005
CH, 2.2390 2.2466  0.0075
@) 59.2885  59.4418 0.1533
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cO 21.0772  21.1097 0.0325
H, out of CCC plane -0.0359 0.2102 0.2461
H, out of CCC plane -0.0359  -0.0357 0.0002
CH, 2.2390 2.2468 0.0078
H, in CCC plane 0.2100  -0.0360 0.2460
Fluoromethane (CH,F)
F -9.8763  -9.8764 0.0001
H -0.0009  -0.0009 0.0001
H -0.0009  -0.0009 0.0001
C 1.0363 1.0428 0.0065
H -0.0009  -0.0008 0.0001
Methylamine (CH;NH,)
NH, 0.0521 0.0521 0.0001
NH, 0.0521 0.0521 0.0001
N 2.1892 2.2004 0.0112
CH, antiperiplanar to lone pair  -0.1745  -0.0625 0.1120
CH, gauche to lone pair -0.0626  -0.0625 0.0001
C 0.7933 0.8019 0.0086
CH ,, gauche to lone pair -0.0626  -0.1744 0.1118
Dimethyl ether (CH;OCH,)
H, in COC plane -0.0900  -0.0898 0.0001
H, out of COC plane -0.1058  -0.1057 0.0001
H, out of COC plane -0.1058  -0.1057 0.0001
C 0.2035 0.2118 0.0083
O -6.7843  -6.7804 0.0039
H, out of COC plane -0.1058  -0.1057 0.0001
H, out of COC plane -0.1058  -0.1057 0.0001
C 0.2035 0.2118 0.0082
H, in COC plane -0.0900  -0.0898 0.0001
Methanol (CH;OH)
OH 0.3536 0.3535 0.0001
@) -0.8619  -0.8536 0.0082
CH, gauche to OH -0.1264  -0.0263 0.1001
CH,, gauche to OH -0.1264  -0.1263 0.0001
C 0.4881 0.4958 0.0077
CH, antiperiplanar to OH -0.0264  -0.1263 0.0999
Methylphosphine (CH;PH,)
C 1.6790 1.6800 0.0011
P 6.7592 6.7706 0.0114
PH, 0.1609 0.1609 0.0001
PH, 0.1609 0.1609 0.0001
CH ,, gauche to lone pair -0.0006  -0.0006 0.0000
CH, gauche to lone pair -0.0006  -0.0006 0.0000
CH ,, antiperiplanar to lone pair ~ -0.0018  -0.0017 0.0000
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Methanethiol (CH;SH)

C 1.3876 1.3884  0.0008
S 4.3638 4.3698 0.0060
SH 0.3022 0.3022  0.0000
CH, antiperiplanar to SH 0.0278 0.0278 0.0000
CHj, gauche to SH 0.0002 0.0003 0.0000
CH,, gauche to SH 0.0002 0.0003 0.0000
Methane (CH,)
H 0.0182 0.0184  0.0002
H 0.0182 0.0184 0.0002
H 0.0182 0.0184  0.0002
C 1.9054 1.9133 0.0079
H 0.0182 0.0184  0.0002
Carbon dioxide (CO,)
O 19.3097  19.3454 0.0357
C 13.4738  13.4891  0.0152
O 19.3097  19.3453 0.0356
Carbon monoxide (CO)
O 47.7924  47.8807  0.0883
C 35.0061  35.0445 0.0384
Furan (C,H,0)
3-H 0.2051 0.2057 0.0005
2-H 0.2082 0.2087 0.0005
3C 9.5302 9.5488  0.0185
4-H 0.2051 0.2057 0.0005
2C 12.4641  12.4850 0.0209
4C 9.5302 9.5488 0.0186
10 10.3533  10.4096  0.0562
5C 12.4642  12.4851 0.0209
5-H 0.2082 0.2087  0.0005
Glycine (NH,CH,COOH)
NH, 0.0221 0.0222 0.0001
NH, 0.0592 0.0593  0.0001
N 1.5762 1.5853 0.0091
CH, 0.0746 0.0747  0.0001
CH, 0.0224 0.0224 0.0000
CH, 1.2177 1.2256  0.0079
C=0 37.2847  37.3778 0.0931
COOH 14.9177  14.9401 0.0224
OH 9.7918 9.8330 0.0412
OH 0.3915 0.3921  0.0006
Formaldehyde (H,CO)
@) 111.0888 111.1752 0.0864
H 0.2826 0.2836  0.0009
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C 21.1961  21.2295 0.0333
H 0.2826 0.2836 0.0010
Hydrogen cyanide (HCN)
H 0.0601 0.0598  0.0003
C 16.3948  16.4221 0.0273
N 421806  42.2535  0.0729
Formamide (HCONH,)
NH, 0.3538 0.3543 0.0005
NH, 0.3662 0.3667 0.0005
N 7.2581 7.2796 0.0215
CHO 0.0740 0.0743  0.0003
C 16.7315  16.7528 0.0213
O 34.4261  34.5238  0.0976
Formic acid (HCOOH)
OH 0.5611 0.5616 0.0005
OH 9.1381 9.1754 0.0373
CH 0.1191 0.1194 0.0003
C 14.8579  14.8790 0.0211
C=0 41.7052  41.7970 0.0918
Imidazole (C3H,N,)
3-H 0.1194 0.1202 0.0008
2-H 0.4273 0.4280 0.0007
3N 10.7744  10.8151 0.0406
4-H 0.3158 0.3165 0.0007
2C 17.1388  17.1675 0.0287
4C 10.9611  10.9867 0.0256
1N 35.5496  35.6308  0.0813
5C 122712 12.2994 0.0282
5-H 0.3522 0.3530  0.0008
Pyridine (C;H;N)
2-H 0.3683 0.3695 0.0012
1N 422988  42.4102 0.1114
6-H 0.3683 0.3695 0.0012
2C 15.5825  15.6170  0.0345
3-H 0.1291 0.1297 0.0006
6C 15.5825  15.6170  0.0345
5-H 0.1291 0.1297 0.0006
3C 7.3790 7.4037  0.0248
5C 7.3790 7.4037 0.0248
4C 15.7400  15.7658  0.0259
4-H 0.3905 0.3912 0.0007
Pyrimidine (C,H,N,)
6-H 0.3878 0.3888  0.0010
1N 24.1426  24.2371 0.0944
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2-H 0.2580 0.2592 0.0012
6C 18.0969  18.1322 0.0353
5-H 0.0596 0.0604 0.0008
1C 16.0559  16.0916 0.0357
5C 4.4116 4.4397 0.0281
3N 24.1424  24.2367 0.0943
4C 18.0960  18.1311 0.0351
4-H 0.3875 0.3885 0.0010
Tetramethylsilane (Si(CHj),)
H -0.0658  -0.0658 0.0000
H -0.0658  -0.0658 0.0000
H -0.0658  -0.0658 0.0000
H -0.0658  -0.0658 0.0000
H -0.0658  -0.0658 0.0000
H -0.0658  -0.0658 0.0000
H -0.0658  -0.0658 0.0000
H -0.0658  -0.0658 0.0000
H -0.0658  -0.0658 0.0000
C 2.0029 2.0043 0.0014
C 2.0029 2.0043 0.0014
C 2.0029 2.0043 0.0014
Si -11.3421  -11.3278 0.0144
H -0.0658  -0.0658 0.0000
H -0.0658  -0.0658 0.0000
C 2.0029 2.0043 0.0014
H -0.0658  -0.0658 0.0000
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Table S5: Detailed results of the RPA NMR shifts for all molecules in the Flaig benchmark
set®* at the RPAQPBE /cc-pwCVDZ level of theory for the numerical reference implementa-
tion (reference) as well as the analytical implementation (result). All shifts and the resulting
deviations are given in ppm.

molecule element result reference abs. err.

Acetylene (C,H,)

H 0.0787 0.0784 0.0003
C 19.1544  19.1837 0.0292
C 19.1544  19.1837 0.0292
H 0.0787 0.0784 0.0003
Ethylene (C,H,)
H 0.5381 0.5391 0.0010
H 0.5381 0.5391 0.0010
C 27.1906  27.2432 0.0526
H 0.5451 0.5461 0.0010
C 27.2817  27.3347 0.0530
H 0.5451 0.5461 0.0010
Ethane (C,Hy)
H -0.1615  -0.1614 0.0001
H -0.1615 -0.1614 0.0001
H -0.1615  -0.1614 0.0001
C 1.6414 1.6559 0.0145
H -0.1618  -0.1616 0.0001
H -0.1618  -0.1616 0.0001
C 1.6159 1.6304 0.0146
H -0.1618  -0.1616 0.0001
Benzene (CgHy)
H 0.4910 0.4922 0.0012
H 0.4910 0.4922 0.0013
C 24.1266  24.1809 0.0542
H 0.4910 0.4922 0.0013
C 24.1267  24.1809 0.0543
H 0.4910 0.4922 0.0013
C 24.1267  24.1809 0.0543
H 0.4910 0.4922 0.0013
C 24.1267  24.1809 0.0543
C 24.1267  24.1809 0.0543
C 24.1266  24.1809 0.0542
H 0.4910 0.4922 0.0013
Tetrachloromethane (CCl,)
C 7.7902 7.7945 0.0043
Cl -36.5447  -36.5615 0.0168
Cl -36.5447  -36.5615 0.0168
Cl -36.5447  -36.5615 0.0168
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Cl -36.5447  -36.5615  0.0168
Tetrafluoromethane (CF,)
F -6.0114  -5.9824 0.0290
F -6.0116 ~ -5.9817  0.0299
F -6.0116  -5.9817 0.0299
C -4.0609  -4.0475  0.0134
F -6.0117  -5.9821 0.0296
Propadiene (CH,CCH,)
H 0.2550 0.2557 0.0007
H 0.2765 0.2772 0.0007
CH, 14.4060  14.4407 0.0347
C=C=C 41.5436  41.6158 0.0722
H 0.2658 0.2664  0.0007
CH, 14.4060  14.4399 0.0339
H 0.2658 0.2664  0.0007
Acetaldehyde (CH;CHO)
O 205.4081 205.4133 0.0052
CHO 0.0321 0.0334  0.0013
CHO 41.5548  41.6041 0.0494
CH, out of CCO plane -0.0362  -0.0359 0.0003
CH,, out of CCO plane -0.0362  -0.0359 0.0003
CH, 4.5204 4.5366  0.0162
CH,, in CCO plane 0.4048 0.4052 0.0003
Chloroform (CH,Cl)
C 4.2965 4.2981 0.0016
Cl -41.3884  -41.3727 0.0157
H -0.0046  -0.0045  0.0000
H -0.0046  -0.0045 0.0000
H -0.0046  -0.0045  0.0000
Acetonitrile (CH;CN)
N 71.8026  71.8871 0.0845
CN 30.2404  30.2746 0.0342
H -0.0142  -0.0141 0.0001
H -0.0118  -0.0117  0.0001
CH, 0.5402 0.5514 0.0112
H -0.0120  -0.0119  0.0001
Acetone (CH;COCH,;)
H, in CCC plane 0.3530 0.3532 0.0002
H, out of CCC plane -0.2379  -0.2377 0.0003
H, out of CCC plane -0.2379  -0.2377 0.0003
CH, 4.5256 4.5392  0.0136
O 174.4594 174.5093 0.0499
cO 41.1737  41.2223 0.0486
H, out of CCC plane -0.2479  -0.2476 0.0004
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H, out of CCC plane -0.2479  -0.2476 0.0004
CH, 4.4580 4.4728 0.0148
H, in CCC plane 0.3383 0.3386 0.0003
Fluoromethane (CH,F)
F -26.8766  -26.8692 0.0074
H -0.3595  -0.3594 0.0001
H -0.3595  -0.3594 0.0001
C 0.9788 0.9902 0.0114
H -0.3595  -0.3594 0.0001
Methylamine (CH;NH,)
NH, -0.0521  -0.0521 0.0000
NH, -0.0521  -0.0521 0.0000
N 0.4456 0.4641 0.0186
CH, antiperiplanar to lone pair  -0.7037  -0.7036 0.0001
CH, gauche to lone pair -0.2410  -0.2408 0.0001
C 0.6955 0.7109 0.0154
CH, gauche to lone pair -0.2410  -0.2408 0.0001
Dimethyl ether (CH;OCH,)
H, in COC plane -0.3361  -0.3360 0.0002
H, out of COC plane -0.4440  -0.4439 0.0001
H, out of COC plane -0.4440  -0.4439 0.0001
C 0.6376 0.6523 0.0147
O -14.9422  -14.9251 0.0171
H, out of COC plane -0.4440  -0.4439 0.0001
H, out of COC plane -0.4440  -0.4439 0.0001
C 0.6373 0.6523 0.0149
H, in COC plane -0.3361  -0.3360 0.0002
Methanol (CH;OH)
OH 0.3781 0.3777 0.0003
@) -7.8372  -7.8206 0.0165
CH, gauche to OH -0.6123  -0.6121 0.0001
CH, gauche to OH -0.6123  -0.6121  0.0001
C 0.1934 0.2073 0.0139
CH, antiperiplanar to OH -0.2089  -0.2088 0.0001
Methylphosphine (CH;PH,)
C 1.0495 1.0519 0.0024
P 14.2332 14.2472 0.0140
PH, 0.0468 0.0468 0.0001
PH, 0.0468 0.0468 0.0001
CH, gauche to lone pair -0.1364  -0.1363 0.0000
CH, gauche to lone pair -0.1364  -0.1363 0.0000
CH,, antiperiplanar to lone pair  -0.1528  -0.1528 0.0001
Methanethiol (CH;SH)
C 0.9706 0.9728 0.0022

S-23



S 4.3320 4.3284  0.0036
SH 0.3438 0.3439 0.0001
CH, antiperiplanar to SH -0.0761 -0.0761 0.0000
CH,, gauche to SH -0.1995 -0.1995 0.0000
CH, gauche to SH -0.1995  -0.1995 0.0000
Methane (CH,)
H 0.0014 0.0016 0.0002
H 0.0014 0.0016  0.0002
H 0.0014 0.0016 0.0002
C 2.2800 2.2920 0.0120
H 0.0014 0.0016 0.0002
Carbon dioxide (CO,)
O 29.8121  29.8546 0.0425
C 27.1710  27.1911 0.0201
O 29.8121  29.8546 0.0425
Carbon monoxide (CO)
O 87.4544  87.5640 0.1096
C 63.0853  63.1363  0.0509
Furan (C,H,0)
3-H 0.4369 0.4375  0.0006
2-H 0.4133 0.4139 0.0006
3C 20.4635  20.4898 0.0263
4-H 0.4369 0.4375 0.0006
2C 25.2926  25.3221 0.0296
4C 20.4633  20.4898 0.0265
10 41.2453  41.3227 0.0774
5C 25.2923  25.3221 0.0299
5-H 0.4133 0.4139 0.0006
Glycine (NH,CH,COOH)
NH, -0.3357  -0.3356 0.0001
NH, -0.1692 -0.1691 0.0001
N -2.9521 -2.9364 0.0158
CH, -0.1440  -0.1439 0.0001
CH, -0.1341 -0.1341 0.0000
CH, 3.1432 3.1575 0.0143
C=0 107.4834 107.5693  0.0859
COOH 32.4836  32.5163 0.0328
OH 13.1910  13.2577  0.0666
OH 0.3283 0.3291 0.0008
Formaldehyde (H,CO)
O 270.1876  269.8305  0.3571
H 0.4016 0.4033 0.0017
C 43.2373  43.2921  0.0548
H 0.4018 0.4035 0.0017
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Hydrogen cyanide (HCN)

H -0.1398  -0.1402 0.0004
C 32.4556  32.4908 0.0352
N 707749 77.8627 0.0878
Formamide (HCONH,)
NH, 0.5833 0.5839 0.0006
NH, 0.4932 0.4939 0.0006
N 13.5060  13.5393 0.0334
CHO 0.0313 0.0317 0.0005
C 37.0433  37.0737 0.0304
O 106.7358  106.8051 0.0692
Formic acid (HCOOH)
OH 0.7453 0.7460 0.0007
OH 8.1066 8.1726 0.0660
CH 0.1891 0.1895 0.0004
C 34.6067  34.6384 0.0317
C=0 112.0754 112.1526 0.0772
Imidazole (C3H,N,)
3-H 0.4304 0.4314 0.0010
2-H 0.6165 0.6173 0.0008
3N 29.9086  29.9642 0.0556
4-H 0.4904 0.4912 0.0008
2C 28.2279  28.2661 0.0382
4C 23.6096  23.6444 0.0349
1N 73.2228  73.3188 0.0960
5C 24.7178  24.7582 0.0404
5-H 0.6076 0.6085 0.0010
Pyridine (C;H;N)
2-H 0.4742 0.4757 0.0015
1N 85.5818  85.7092 0.1273
6-H 0.4742 0.4757 0.0015
2C 271182  27.1686 0.0504
3-H 0.4988 0.4998 0.0010
6C 271182  27.1687 0.0505
5-H 0.4988 0.4998 0.0010
3C 20.3647  20.4059 0.0412
5C 20.3647  20.4059 0.0412
4C 26.3408  26.3839 0.0431
4-H 0.5778 0.5787 0.0010
Pyrimidine (C,H,N,)
6-H 0.5046 0.5060 0.0014
1IN 70.4828  70.6091 0.1263
2-H 0.2864 0.2881 0.0017
6C 29.3256  29.3789 0.0533
5-H 0.5507 0.5516 0.0009
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1C 27.3475  27.4033 0.0558
5C 17.7443  17.7867 0.0424
3N 70.4820  70.6095 0.1275
4C 29.3232  29.3762 0.0530
4-H 0.5041 0.5055 0.0013
Tetramethylsilane (Si(CH;),)
H -0.2583  -0.2582 0.0001
H -0.2583  -0.2582 0.0000
H -0.2583  -0.2582 0.0000
H -0.2583  -0.2582 0.0000
H -0.2583  -0.2582 0.0001
H -0.2583  -0.2582 0.0000
H -0.2582  -0.2582 0.0000
H -0.2582  -0.2582 0.0000
H -0.2582  -0.2582 0.0000
C 1.6427 1.6451 0.0024
C 1.6426 1.6452 0.0026
C 1.6420 1.6452 0.0032
Si -13.0176  -12.9900 0.0275
H -0.2583  -0.2582 0.0000
H -0.2583  -0.2582 0.0001
C 1.6426 1.6452 0.0026
H -0.2583  -0.2582 0.0001
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3.3 Detailed Validation Results: Summary For All Nuclei

Table S6: Comparison of MADs in ppm of the analytical to the numerical isotropic
NMR shifts for all nuclei in the Gauss benchmark set>® at the RPAQHF /cc-pwCVTZ and
RPAQPBE/cc-pwCVTZ level of theory. Additionally, the number of occurrences Nt of a
given element within the benchmark set is given.

reference 'H Li BC BN o) YE 2TAl Sp 3

Ntest 37 2 20 8 15 10 1 2 3
HF 0.0005 0.0009 0.0041 0.0053 0.0591 0.0497 0.0015 0.0385 0.0329
PBE 0.0001 0.0009 0.0032 0.0031 0.2119 0.0644 0.0012 0.0372 0.0230

Table S7: Comparison of MADs in ppm of the analytical to the numerical isotropic
NMR shifts for all nuclei in the Flaig benchmark set®* at the RPAQHF /cc-pwCVDZ and
RPAQ@QPBE/cc-pwCVDZ level of theory. Additionally, the number of occurrences Nt of a
given element within the benchmark set is given.

reference 'H B3c 15N 170 g 2gi 3ip 338 3501

Npest 111 61 10 14 5 1 1 1 5
HF 0.0084 0.0208 0.0601 0.0694 0.0152 0.0144 0.0114 0.0060 0.0183
PBE 0.0004 0.0305 0.0773 0.0773 0.0252 0.0275 0.0140 0.0036 0.0166
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4 Detailed Results for the Convergence of the Minimax
Grid

Table S8: Detailed results of the RPA NMR shift convergence for all nuclei in the Gauss
benchmark set with the number of minimax integration points N,. All values are given as
MADs in ppm in comparison to the results obtained with N, = 20 at the RPAQHF level of
theory using the cc-pwCVTZ/cc-pwCVTZ-RI basis sets.

Ng 1H 7Ll 13C 15N 17O 19F 27A1 31P 33S

10 0.0001 0.0003 0.0062 0.0175 0.0320 0.0097 0.0108 0.0366 0.0166
11~ 0.0001 0.0002 0.0050 0.0140 0.0257 0.0077 0.0075 0.0297 0.0130
12 0.0001 0.0002 0.0041 0.0114 0.0207 0.0061 0.0059 0.0244 0.0103
13 0.0001 0.0001 0.0036 0.0091 0.0173 0.0049 0.0049 0.0190 0.0084
14 0.0000 0.0001 0.0026 0.0070 0.0131 0.0042 0.0040 0.0156 0.0066
15 0.0000 0.0000 0.0024 0.0054 0.0107 0.0031 0.0029 0.0114 0.0053
16~ 0.0000 0.0000 0.0015 0.0039 0.0075 0.0023 0.0021 0.0088 0.0039
17 0.0000 0.0000 0.0013 0.0026 0.0053 0.0039 0.0015 0.0058 0.0027
18 0.0000 0.0000 0.0009 0.0014 0.0032 0.0034 0.0010 0.0039 0.0015
19 0.0000 0.0000 0.0004 0.0007 0.0015 0.0008 0.0005 0.0022 0.0006
20 - - - - - - - - -
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1. INTRODUCTION approximation (RPA). In a recent benchmark study it was

shown that RPA based on a HF reference calculation is able to
provide NMR shielding tensors comparable in accuracy to
CCSD.”” Due to these promising results, we successfully
derived and implemented a method for the computation of
analytical RPA NMR shielding tensors.*®

RPA is usually implemented as a post-Kohn—Sham (KS)*’
method. It stands on the fifth rung on Jacob’s ladder® of
density functional approximations, and does not contain any
empirical parameters. The RPA ground state energy can be
obtained within the framework of DFT*”*' by applying the
adiabatic-connection fluctuation—dissipation theorem
(ACEDT).”~* The ACDFT provides an exact expression
for the electron correlation energy in terms of the KS response
function and the response function of the system of fully
interacting electrons. However, the latter quantity contains the
exchange-correlation kernel, the functional derivative of the
exchange-correlation potential with respect to the density,
which is not known. The simplest approximation is to neglect

The accurate and eflicient prediction of nuclear magnetic
resonance (NMR) shielding tensors from quantum chemical
calculations has emerged as an important technique to assist
experimental NMR spectroscopy in structure determina-
tion.'~” Methods for the computation of NMR shielding
tensors providing reasonable accuracy at moderate computa-
tional cost include Hartree—Fock (HF)*~'* theory and density
functional theory (DFT)."*~"° Here, the development of low-
scaling methods allowed the computation of systems with over
1000 atoms.'”'” In general a higher level of accuracy can be
achieved by wave function based post HF-methods such as
Moller—Plesset perturbation theory (MP2),'®'” multiconfi-
gurational self-consistent field (MCSCF) methods,” and
coupled cluster (CC) variants.”'~>* MP2 has been shown to
be more accurate than HF and DFT,'”**** while coupled
cluster singles and doubles (CCSD) as well as CCSD with
additional perturbative triples (CCSD(T)) are among the
most accurate methods.”® However, the increased accuracy
comes at an increased computational cost, which makes the
development of efficient and low-scaling techniques an Received:  April 28, 2024 e
important task in the development of wave function based Revised:  August 12, 2024
NMR methods. Specifically, much progress has been made in Accepted: August 19, 2024
this regard for MP2 and its related methods.”” > Published: September 6, 2024
A method that has recently been shown to combine both
accuracy and low computational cost is the random phase
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this contribution, which leads to the (direct) random phase

approximation. From its formal derivation, RPA is able to

seamlessly incorporate the description of mid- to long-range

dispersion interactions, eliminating the need for empirical

corrections, and, furthermore, it can also be employed for
. 45—48 L .

metallic systems. However, in its original form, the

computation of RPA energies scales as O(M®) with the system
size M, limiting its applicability to small systems. Furche and
co-workers extended the applicability of RPA by utilizing the
resolution-of-the-identity (RI)* approximation achieving an

oM™ scaling, which makes RPA one of the formally lowest
scaling correlation methods. Further, by reformulating the RPA
ground state energy expression in the atomic orbital (AO)
basis’’ and using an attenuated Coulomb RI metric,”'
Cholesky decomposed ground state densities,”” and sparse
matrix algebra we were able to obtain asymptotically linear
scaling with the system size. These techniques were also
applied to the computation of first-order properties within
RPA, specifically analytical nuclear gradients, thereby achieving
an O(M?) scaling.*

In ref 38 we introduced a method for the calculation of
analytical RPA NMR shielding tensors for the first time. We
used an atomic orbital formalism as well as the RI
approximation with the Coulomb RI metric. This provides
an optimal starting point to improve the computational
efficiency as well as scaling behavior. In this work we switch
to the attenuated Coulomb RI metric, thereby introducing
sparsity in the three-center integral tensors, and use Cholesky
decomposition (CD) of ground state densities as well as CD of
the Green’s function in the positive imaginary time domain.
The introduced sparsity is efficiently exploited using sparse
matrix algebra.

While these techniques are able to improve the computa-
tional efficiency of the method, another challenge has to be
addressed. For the computation of NMR shielding tensors, the
three-center RI tensors as well as their B-field derivatives have
to be stored in memory. Together with the memory
requirements of intermediates arising during the calculation,
the memory required for the method easily exceeds the
available random access memory (RAM), which limits the
tractable system sizes. For the computation of RPA energies,
we solved this problem in ref 54 by developing an optimized
batching scheme for the computation of the response function
by batching over auxiliary function indices, atomic orbital
indices, as well as time quadrature points. The three-center
integral tensor was recomputed for each batch (integral-direct)
and transformed on the fly. The optimal number of batches
was computed by minimizing the number of integral
calculations, under the constraint of not exceeding the system
memory using a Lagrange formalism. This constitutes the best
trade off between program runtime and memory demand.
However, the optimized batching was so far implemented only
for dense matrices and, thus, the sparsity of matrices was not
exploited when computing the number of batches. When
utilizing sparse matrices, the challenge lies in approximating
their memory demand, which is not known beforehand and
only determined at program runtime. In this context, we want
to note that the most common batching approach within
electron correlation methods in literature is batching over one
index only, such as the auxiliary function index,>>’*~"% AO
index,””*" or molecular orbital index®"** (virtual or occupied).
The number of batches is chosen to be as low as possible
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without exceeding the available memory. Since dense matrices
are employed, the memory demand can be easily approxi-
mated.

In this work, we introduce a sparse batching method by
approximating the memory demand of sparse matrices by
sampling the auxiliary function space and precomputing a
number of intermediates. As will be demonstrated, the
overhead for the precomputations is practically insignificant.
Since there is a considerable number of intermediates within
RPA NMR that have to be computed by batching, we opted
for a simple batching scheme over auxiliary function indices.
The three-center integrals and their magnetic field derivatives
are stored on disk and read into memory for each batch and
transformed on the fly. While this batching scheme is not
optimal yet, it constitutes a starting point for the development
of sparse batching methods. In a next step, our sparse sample
batching method could be combined with optimal batching,
however, we leave this for future work.

The present work is structured as follows: We start with a
brief review of the atomic orbital RI-RPA-NMR method in
Section 2.2 and continue in Section 2.3 with the description of
our new ®-CDD-RI-RPA-NMR method. The theory is
concluded in Section 2.4 with the description of our new
batching method to achieve a memory efficient implementa-
tion. Next, after establishing the computational details in
Section 3, we start the results section by considering the
accuracy of the introduced approximations in Section 4.1. The
scaling is analyzed in Section 4.2. In Section 4.3 the
performance of our method is examined, by considering the
timings for the most computationally demanding steps within
®-CDD-RI-RPA-NMR (Section 4.3.1) and analyzing the
batching in detail for sparse systems in Section 4.3.2 and in
Section 4.3.3 for dense systems that are more representative of
potential applications. Finally, the conclusion is given in
Section S.

2. THEORY

The NMR shielding tensor 6* of a nucleus A is given by the
mixed second derivative of the electronic Energy E with
respect to the components of the nuclear magnetic moment
m” and the magnetic field B evaluated at zero

al

A
= —FE
" oBom® |,
m

Vrs€{xy,z}
(1)

In this work, we will compute the NMR shielding tensor at the
RPA level of theory: we start by introducing the notation used
throughout this work and subsequently, in Section 2.2, we give
a short summary of the RPA NMR method introduced in ref
38. The theory for the low-scaling RPA NMR method is
detailed in Section 2.3 and memory efficient batching
implementation is provided in Section 2.4.

2.1. Notation. The following notation is used in this work:

=0,B=0

® 4, U, A, 6: Atomic orbitals (total number: N).

e P, Q R, S: Auxiliary functions (total number: N, ).

e i, j: Occupied Cholesky orbitals (total number: N,..).
e g, b: Virtual Cholesky orbitals (total number: N, (i7)).

Mulliken notation is used for two- and three-center integrals.
Einstein’s sum convention is employed.” The derivative of a

quantity O with respect to a perturbation ¢, ie., ;—50, is
abbreviated as O°.

https://doi.org/10.1021/acs.jpca.4c02773
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2.2. Atomic Orbital RI-RPA Nuclear Magnetic Reso-
nance Shieldings. 2.2.7. AO-RI-RPA Total Energy. The total
energy of the electronic ground state can be expressed within

. . . .43 4244
the adiabatic-connection formalism™ as™”

E[P] = E"[P] + E[P] @)

where the Hartree—Fock energy E"F and the correlation
energy E. are evaluated with the density matrix P from a
preceding KS-DFT or HF calculation. Further, by applying the
zero-temperature fluctuation—dissipation theorem, the random
phase approximation,® as well as the RI approximation,®” >’
the correlation energy can be expressed as

ERPA—I/+°°<1T1 Xo(i0)V) + Xo(i0)V
< =) oTr[In(1 — X,(iw)V) + X, (iw)V]
(3)

The RI approximation employed in the above equation allows
to factorize four-center-two-electron integrals within an
arbitrary metric m, as

(uvhr;116) = (uvlm,|P)(Plm,IR) " (Rlr;IS) (4)
(S|m12|Q)_l (lelzua)
= [Bl;u WPQ[B%J (5)

leaving behind three-center integral tensors Bib as well as two-

center integral tensors summarized in the electron—electron
interaction operator Vpq, both defined as

Biu = (uvlmy,|P) (6)

Voo = (Plmy,IR)™ (RIr;1S) (Slm,lQ) ™ )

Please note that matrix operations are to be taken before
indexing in this work. The noninteracting response function in
the imaginary frequency domain X,(iw) in eq 3 is obtained by
the Fourier transform

+0o0
X, (i) = / dr exp(ior)X,(iv)
—oo (8)
which simplifies to a cosine transform,’>*® or, equivalently to a
double Laplace transform®>' in case X,(ir) is an even
function in the imaginary time domain. The response function
in the imaginary time domain is given by®'

X,(it) = O(—-1)X;(ir) + O(7)X;(ir)

V1€ (—o0, +o0) (9)
XO_,PQ(IT) = QO,M/(_iT)IB/I:yGO,M(i(iT)B%f (10)
X(_)',—PQ(iT) = Qo,uo‘(_iT)IB;ijGO,/lu(iT)B/lQﬂ (11)

with the noninteracting Green’s function defined as

Go(it) = O(=1)G(ir) + O(7)Gy(ir)

Ve (—o0, +0) (12)
(_;O(ir) = Pexp(—7(H — €S)P) (13)
G(ir) = Py exp(—7(H — €S)P,,) (14)

here e denotes the Fermi level,”"°> ®(7) the Heaviside step
function, and § is the overlap matrix. The occupied and virtual

density matrix is given by P and P, respectively. The
Hamiltonian H is defined according to

H=h + G[P] (15)
G[P] = J[P] + V_[P] (16)

with the matrix representation of the one-electron Hamiltonian
h, the Coulomb potential J, and exchange-correlation potential
V... Computing the response function in the imaginary time
domain and Fourier transforming into the imaginary frequency
domain (rather than direct computation in the (iw)-domain)
allows for an atomic orbital formulation opening the way for
linear scaling RPA implementations.”’ >

2.2.2. First Derivative with Respect to the Nuclear
Magnetic Moment. The first derivative of the total RPA
energy, i.e,, eq 2, with respect to the nuclear magnetic moment
m is given by’ ">’

OE[P] _ oE™"[P] N OEFPA[P]
om  oOm om (17)

The derivative of the HF energy with respect to m can be
expressed as

oE"[P] _ m m
o Tr(Ph™) + Tr(HyP™) (18)
Tr(HyP™) = Tr(P™h + P™J[P] + P™K[P]) (19)

with the matrix representation of the Hartree—Fock exchange
K. Since the HF energy is not stationary with respect to the KS
density matrix, the response P™ has to be evaluated, which
differs from regular HF gradient calculations where it can be
avoided.”’

Next, differentiating the RPA correlation energy given in eq

3 with respect to m results in*"*
OEX™
= Tr(V,p,P™ + P,,,,h™
om (Vrea xpah™) (20)

m

It is important to note that the density matrix response P,

could be avoided in this expression using the relation P,
_pm 3853,64

The central intermediates Vyp, and Pgp, are defined as

Vg = %(M + GlPyy])

(21)
1 +00 —
B = 5 /0 de(PY(—ir) — P, Y(ir)) (22)
Further, M is given by
M=M+M (23)

M= fo " de(Y (i) (H — ¢,8) + exp(—(H — &,S)P,..)

E(—ir)) (24)

M= fo " de (Y (—it) (H — ,8) + exp(s(H — ¢,8)P)

x(ir)) (25)
and Y(ir) is expressed according to
Y(ir) = O(—1)X(ir) + O(7)Y(ir) (26)

https://doi.org/10.1021/acs.jpca.4c02773
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Ref. [38] Ref. [38] . Ret. [38] o B Ref. [38] . Ref. [38] . . Ref. [38] .
VEPA < eq. 79 PEPA < eq. 9 YB(H—) eq. 61 A (T)7B (17-) qu. 63-66 EB(IT) <eq. 68 W?(IT) X XOB(IT) eq. 76 GB(IT)
Ref. [38] Ref. [38]
IST ST
eq. 71 eq. 77
. Ref. [38] o
W (iw) <~ X (iw)

Figure 1. Schematic representation of the derivation of the intermediates Vi, and Phps. ST denotes a sine transform and IST an inverse sine
transform. All arrows are labeled with the corresponding equations from ref 38. (Reproduced from ref 38. Copyright 2023 American Chemical

Society).

oo k-1 2 ptotal
— — — — J0°E P
Y(ir) = Z Z L'ﬂk_l_l(f)B(ir)ﬂl(r) 6= JEIP
k=1 =0 k! (27) dBdm m=0,B=0
o k-1 = Tr([VEpp + HELIP™) + Tr([Vips + HyeIPP™)
1 - RPA HF RPA HF.
Y(ir) = )} ) — A () B(ie)Ax) B um Bmy . ~HF
el 3 (28) + Tr(Prpsh™) + Tr(Pp,h™) + 6 (39)
with A(r) defined as s 5 B 5 5
_ Hy=h + P] + K°[P] + K[P
Ax) = O(~1)A() + O()A() (29) ur JPL =+ ICiR]+ KP] (40)
A7) = —2(H — €,8)P (30) It should be noted that the term J[P®] in the above equation is
- ) zero, due to the skew-symmetry of the purely imaginary
A(r) = —7(H — 8)P,, (31) density matrix derivative and the contribution ' = Tr(P®h™)

) + Tr(Ph®™) is treated separately with the usual techniques
and B(ic) as used for the computation of HF and DFT shifts for simplicity.

B(ir) = O(—1)B(ir) + 0(7)B(ir) (32) The perturbed density matrix P™, given in the first term of eq
39, can, in principle, be computed by solving the coupled
perturbed KS (CPKS) equations for all perturbations of the

B(iT) — —TE(—iT)Pvm (3 4) nuclear magnetlc moment. Hox::ever, a more eflicient route is

B(ir) = —tX(—ir)P (33)

to use the Z-vector technique,””®* which requires the solution
of only one CPKS equation. We employ the density matrix-
based Laplace-transformed CPKS method®® developed by our
group within our AO formulation.

At this point, the challenging terms from eq 39 that remain
to be evaluated are the B-field derivatives of the RPA
2 6r) = - ~c,PQ(_iT)[B,I:yGo,W(iT)[BAQa intermediates Vyp, and Pyp, as well as the second derivative
of the density matrix PP™. In this context the second derivative

The Y matrices are most efficiently evaluated using a recursion
scheme. The detailed procedure and corresponding equations
can be found in refs 34 and 64.

Furthermore, the correlated self-energy X(ir), which is of
central importance in this work, is defined as

V7€ (-, +) (35) of the density matrix, PP™, can be computed using a nested Z-

with the intermediate vector approach®>** which was introduced in the framework of

o 1+ . Laplace-transformed MP2 NMR. Employing the efficient

W (ir) = Z /0 do(cos(wr)W, (iw) approach of ref 34 allows to derive the final equations for

o . the computation the NMR shielding tensor within RPA (in

+ isin(@7)W, (i) (36) terms of Viy, and PRp,) as detailed in ref 38. The central task

defined in terms of the correlated screened Coulomb in RPA NMR is, however, the evaluation of Vi, and Phyy,
interaction which is the subject of the next section.

A o 0 1 2.2.4. Computation of RPA NMR Intermediates: V8,, and
Weiw) = VI(1L = X)) — 1] (37) P8, The detailed evaluation of the intermediates V&, and
2.2.3. Second Derivative with Respect to the Magnetic PRy has been presented in ref 38 and we refer to this reference

Field: NMR Shielding Tensor. The NMR shielding tensor, i.e., for a complete derivation and the corresponding equations.

the second mixed derivative of the total RPA energy with

: 38 Figure 1 provides an overview over the important inter-
respect to m and B, is defined as’

mediates that have to be differentiated in order to obtain Vip,

O*E° [P] and PRp,. The equation numbers from ref 38 corresponding to
= " OBom the specific steps are provided and we intend to only review
m=0,B=0 the detailed equations for the two most demanding steps,
0*EF[P] 0*ERA[P) specifically, the computation of £®(ir) and Xg(iz).

= " oBom " OBom The B-field derivative of the self-energy can be obtained by
m=0,B=0 m=0,B=0 (38) either directly differentiating eq 35 using the product rule, as
Evaluating the above equation by forming the second has been done in ref 38, or by taking the partial derivatives of
derivative of the HF energy and of the RPA correlation energy X(ir) with respect to W,(i7), B, and Go(ir) multiplied by the

with respect to m and B results in** respective B-field derivative of each quantity. This results in
7953 https://doi.org/10.1021/acs.jpca.4c02773
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0X(ir)  0%(ir) IWopo(—ir)  9%(ir) 0G(ir)
0B OW, po (—it) 0B 0G,(ir) 0B
0X(ir) oB”
— € (—o0, +
oB" 0B 7 € (-0, +o0) (41)

For the B-field derivative of the self-energy in the positive
imaginary time domain it follows for the partial derivatives of
eq 41 (for 7 > 0)

[ 0X(ir) W po(— n)]
oW, PQ(—iT) 0B B
_ c,PQ(lT) . Q
- B O,ﬂa(lT)Bia (42)
0(ir) 9Gy(ir)| _ _ (ie)B" Gy, (it) B2
0G(ir) OB ) oPQUT T g
(43)
0% (iz) oBY Q= . OBh
( a‘BP a—B 3 = _VVC,PQ(H-)[B/ADGO,,M(T(U-) JB + ct
(44)

In eq 44 the abbreviation “ct” denotes the conjugate transpose
of the first term on the right-hand site, a notation that will be
employed from now on. The terms W_(iz) and W2(ir) are
given by the cosine and sine transforms, respectively, as

W (i) = i fo ™ dwoW, (i)cos(wr) »
Wh(ic) = 2i /0 ™ doW" (i0)sin(wr) »

The partial derivatives for the self-energy in the negative
imaginary time domain are given for 7 > 0 by

02(—1‘5) oW, pQ(lT)
C,PQ(IT) 0B o
_ Meral® e 6 Cope
- OB uv=-20,uc 1 Ao (47)
0Z(—ir) 0G,(~ir)
0Gy(—ir) JB B
0G, ,.(—ir)
=W ir)B? LBQ
c,PQ(lT) uv OB Ao (48)
0X(—ir) oB” , 0B},
[W% = - c,PQ(lT)B;%/gO,yﬂ(_IT) 0; + ct
VA
(49)

The B-field derivative of the response function, ie., eq 11,
can be obtained using the same strategy yielding

oXy(ir)  0Xg(it) 0Gy(—ir) = 0X(ir) 0Gy(ir)
0B 0G,(—ir) 0B 0G,(ir) 0B
0X+ : P
+ 0(;7) B veso
dB” 0B (50)
with the partial derivatives
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OX3(ir) 0Go(=in) ) _ 9ol Dpq o oy
0Gy(~ir) 0B ) 0B pEOART e
(51)
X} (ir) 0G,(i v
j_(_”)ﬂ = Gy o (~iT)BS 9o (i7 )[BM
0G(ir) 0B ), B
(52)
X (ir) oB” Q= e OB
( 5 o8 ; = Gy ,0(—i7)B,, Gy, (i7) B ct
(53)

The self-energy and response function as well as their B-field
derivatives can be computed with a formal scaling of
O(N2 N>  M*) and thus are the steepest scaling steps in
the computation of RPA NMR shieldings. Further, since these
steps require the three-center integrals as well as their B-field
derivatives, they are also the most demanding steps in terms of
memory requirements. Thus, for an efficient implementation of
RPA NMR it is necessary to optimize these steps in terms of
computational effort as well as memory requirements. The
former is described in the next section, where we employ a
local RI metric and Cholesky decomposition together with
sparse matrix algebra to reduce the computational effort as well
as lower the scaling. Then, in Section 2.4, those computational
optimizations are combined with a batching scheme to achieve
a memory efficient implementation.

2.3. Low-Scaling RPA NMR Method: w-CDD-RI-RPA-
NMR. 2.3.1. Strategies for Low-Scaling: Local Rl Metric and
Cholesky Decomposition of Density Type Matrices. The
computation of the response function and self-energy as well as
their respective B-field derivatives constitute the most
computationally demanding steps in the calculation of RPA
NMR shieldings. In this section we describe several methods to
optimize these steps and lower their scaling.

As mentioned in Section 2.2.1 we employ the RI
approximation which allows to avoid the four-center-two-
electron integrals and instead work with lower rank tensors,
specifically three-center and two-center integral tensors (see
eqs 4 and S). The crucial factor to decrease computational
effort and lower the scaling in extended molecular systems is

the choice of the RI metric m,,. The Coulomb metric m;, = —
12

has proven to be optimal for modeling density type
repulsions.”” However, due to the very slow decay, it couples
the charge distributions (yv) with the auxiliary functions P in
the three-center integral tensor (uulm,lP) over effectively
infinite distances. Thus, no sparsity can be gained in their
matrix representation. In contrast to that, the overlap metric
myy = 8(ry,) is very local since it decays as exp(—r3,) for
Gaussian basis sets. The mtroduced sparsity comes, however,
at the cost of decreased accuracy.”” A metric that combines
both, accuracy and sparsity, is the Coulomb metric attenuated
by the complementary error function (erfc)’"** expressed as

(54)

The attenuation parameter w,, determines the attenuation
strength. By varying this parameter the sparsity and loss in
accuracy can be controlled. In the limiting cases of w,, — 0
and w,, — oo the Coulomb metric and overlap metric are

https://doi.org/10.1021/acs.jpca.4c02773
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retrieved, respectively. It has been shown in ref 51 that the
attenuation parameter w,, = 0.1 au gives very good results for
RPA energy calculations by balancing accuracy and sparsity.
Further, ref 53 reports the same for RPA nuclear gradients. In
this work we will further investigate if these findings can be
extended to second order properties, specifically RPA NMR
shieldings.

Another strategy we will employ, is pivoted Cholesky
decomposition (CD)*°~>*"°~7* of density type matrices. In
this context the pivoted Cholesky decomposition of a positive
semidefinite (Ny X Ng) matrix R is given by

R=LL" (88)

where L is a lower triangular matrix with dimensions
(Ng X rank(R)). Thus, if the rank of a matrix is significantly
less than its dimensions then substantial savings in computa-
tional effort and memory requirements can be achieved. In
order to make use of that, we start by considering that the
Green’s function in the negative imaginary time domain is
invariant to projection onto the occupied space, which gives
rise to the Cholesky decomposition of the occupied ground
state density matrix P = LL" resulting in>*

G,(—ir) = PSG,(—ir)SP (56)

= LL'SG,(—ir)SLL' (57)
where the Cholesky matrix L has dimensions (N X N,.). It
should be noted that the CD of the virtual density matrix is of
not much use since its rank corresponds to the number of
virtual orbitals N, which is not significantly less than the
number of basis functions. Next, the CD of the Green’s
function in the positive imaginary time domain is considered
according to

_GO(iT) = Lvin(iT)L:l;irt(iT) (58)
Since Go(ir) is a negative semidefinite matrix it is made
positive semidefinite by multiplication with —1. The rank of
G,(it), which corresponds to the columns of L,,(it), is time
dependent and decreases with increasing time, that is
rank(G,(i7)) < Ny

It is important to note that CD of the B-field derivative of
the Green’s function and density matrix is not possible since
both matrices are not positive semidefinite.

2.3.2. Calculation of the Self-Energy and Its B-Field
Derivative. For the calculation of the self-energy given by eq
3S we can insert eq 58 for the computation of X(ir) and eq 57
for the computation of X(—iz) leading to

%,,(17) = Wypo(~00BL, (2)BL(T) V20  (s9)

zm‘(_i’f) = _M@,PQ(iT)Bfigoyij(_iT)B% V720
(60)

where we have used the fact that the unperturbed correlated
screened Coulomb interaction is an even function in the (iz)-
space. Further, the following notation for transformed
quantities has been introduced

Qo,_i_j(—ir) = (LTSGO(—ir)SL)_il. )

By, = (B'L),, (62)
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BY, (i) = (B Lyy(ir)),, (63)

Next, for the B-field derivative of the self-energy we start by
considering the partial derivatives of the self-energy in the
positive imaginary time domain. For the partial derivative with
respect to W, (i7), i.e,, eq 42, and for the partial derivative with
respect to the three-center integrals, i.e., eq 44, we can employ
eq 5SS leading to

0X(it) 0VVC,PQ(_iT)
OW, pqo(—ir) 0B y
()VVC,PQ(iT) aP /. \BQ /:
= TBDE(IT)B@(”') (64)
0X(ir) oB? Ca=p . . oB”
( O[BP E] = c,PQ(lT)[BL}/)g(lT)(LIirt(IT)E + ct
vA Aa
(65)

For the term containing the derivative of the Green’s function,
that is eq 43, CD cannot be used since G§ is not positive
semidefinite.

Similarly, for the self-energy in the negative imaginary time
domain eq 56 can be inserted into the partial derivative term
containing W3(ir), ie, eq 47, and the term containing BB, ie,
eq 49, resulting in

]vﬂ

0% (—ir) OW,pq(ir)
01/% PQ(iT) 0B

_ aWc,PQ(iT) p

_ir)BL
= op P70 (66)
( 0% (—ir) oB? ]
P
8" 0B )
dBP
== c,PQ(iT)[BleO ij(_i’-') LTE + ct
h 4 (67)

Again, the term containing the derivative of the Green’s
function eq 48 cannot be transformed using CD.

2.3.3. Calculation of the Response Function and its B-
Field Derivative. The evaluation of the response function can
be restricted to positive imaginary times, that is eq 11, since
the unperturbed response function is an even function in the
(ir)-domain. Using eqs 56 and 58 allows to express the
response function according to

Xopq(it) = (LB Ly (i) ,(L'SGy(—ir)SL) ;;  (68)
(L (i0)BOL),,
=B,,(i0)G, , (~in)Bg (ir) (69)
where
BY,(ir) = (LB, (7)), (70)

For the B-field derivative of the response function eq 50 its
partial derivatives given by eqs 51—53 can be considered.
Inserting eq 56 into eq 52 and into eq 53; furthermore
inserting eq 58 into eq 51 and into eq 53 yields

https://doi.org/10.1021/acs.jpca.4c02773
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2.3.4. Scaling. When discussing the scaling in this section,
we refer to the asymptotic scaling in the limit of very large
system sizes. In this context a distinction is made for the
theoretical scaling of the @-CDD-RI-RPA method employing
dense matrix algebra, which is generally denoted as “formal
scaling” and the method is referred to as “dense method”, and
the same method employing sparse matrix algebra which is
discussed in the context of computing sparse systems, which is
denoted as “sparse method”.

As noted earlier, our AO-RI-RPA-NMR implementation of
ref 38 has a formal scaling of O(N2, N*) and scales as O(M*)
with the system size. In this section we investigate the
asymptotic scaling of the dense and sparse implementation for
the computation of the self-energy and response function as
well as their B-field derivatives using our new w-CDD-RI-RPA-
NMR formulation as introduced in the previous sections. The
results are shown in Table 1. The asymptotic scaling of the
sparse method for the response function and its B-field
derivative can be reduced to linear provided that the matrices
Gy(ir) and B as well as their B-field derivatives are sparse. The
asymptotic scaling for the self-energy and its B-field derivative
can be reduced only to quadratic at this stage, since the
correlated screened Coulomb interaction is in general a dense

4j

. . . 1 s3
matrix as it contains the — term.” Thus, for sparse systems
"2

generally a quadratic scaling with the system size would be
expected for the @-CDD-RI-RPA-NMR method.

2.4. Memory Efficient Implementation. As a starting
point for the implementation of our new @w-CDD-RI-RPA-
NMR method, we used the framework of our AO-RI-RPA-
NMR method.®® An overview containing all steps of the
calculation is provided in the Supporting Information of ref 38.
However, the steps involving the computation of the response
function and self-energy as well as their B-field derivatives will
be replaced by the memory efficient method introduced below.
We employ the following directives for a memory eflicient
implementation:

o X(ir), Xy(ir), LB(ir), and Xg(ir) are computed for one 7
quadrature point at a time.

e Each partial derivative term corresponding to XP(ir),
and Xg(ir) is computed within a separate batching
scheme.

e The partial derivative terms for the magnetic field
derivative of the self-energy are computed for the
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Table 1. Asymptotic Scaling for the Computation of the
Self-Energy and Response Function As Well As Their B-
Field Derivatives within the @-CDD-RI-RPA-NMR Method
Utilizing Dense Matrix Algebra (Dense) and Using Sparse
Matrix Algebra (Sparse) Assuming Sparse Systems”

scaling
quantity equation nr. dense sparse
(ir) 59 O(N;,NN,;,(i7)) o)
=8(ir)

0X(ir) OW.(—ir) .

W (—it) OB 64 O(NazuxNNvirt(lr)) O(MZ)
0X(ir) 0Go(ir) 2 A2 2
0Gy(ir) oB 43 O(NauxN ) O(M )
0X(ir) dB .

()V(B )5 65 O(N«\ZUXNNvlrt(IT)) O(Mz)
2(~ir) 60 O(N;,NN,.) om?)
=P(—ir)

0% (—it) AW, (i7)

oW (i) 0B 66 O(Nazulevocc) O(MZ)
0X(—ir) 0Go(—ir) y N
0Go(—ir) 0B 48 O(NauxN ) O(M )
0X(—ir) dB 2 2
SR 67 O(N, NN,.) om?)
X, (i) 69 O(N,,NN,.) o(m)
Xg(ir)

dX(it) 0Gy(—ir) .
r)(ju(z—ir) 5 71 O(N;, NN, (i7)) o(M)
dX (i) 0Gg(it) 2
9Go(ir) 0B 72 O(N,,NN,.) o(m)
dX(it) o .

o 73 ONZN(T)N,)  O(M)

“For the B-field derivatives, the scaling for all partial derivative terms
is provided. Further, the equation numbers for each term are noted.

positive and negative imaginary time domain within the
same batching scheme.

The three-center integrals and their B-field derivatives
are stored on disk in a compact matrix format, where
only elements (with a significant contribution) from the
upper triangular matrix are stored for each auxiliary
function. When the integrals and their derivatives are
needed within the calculation they are copied back into a
regular matrix format for one auxiliary function at a time
and the lower triangular matrix is filled by considering
the symmetry of the three-center integrals and the skew-
symmetry of its B-field derivative.

Intermediates that are stored on disk are read into
memory for one aux-batch for efficient read perform-
ance.

Integrals are transformed for one auxiliary function at a
time.

For efficiency, common intermediates are precomputed
and stored on disk to be reused.

o The loops over auxiliary function indices are parallelized.

With these guidelines in mind, a memory efficient
implementation for the computation of X(ir) and X,(ir) as
well as their magnetic field derivatives is possible. The detailed
algorithms and technical details of the implementations are
provided in the Supporting Information.

2.4.1. Computation of Batches: Accounting for Sparsity.
In the previous section, batching schemes were described for
the computation of the self-energy and response function as
well as their B-field derivatives. The task ahead is to develop a
method for the computation of the number of batches by

https://doi.org/10.1021/acs.jpca.4c02773
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Figure 2. Sparsity patterns of the self-energy and the response function as well as their B-field derivatives (for one direction of the magnetic field)
for the first time grid point (7,) and the last one (zy) for the linear alkane CgH ¢, using the cc-pwCVDZ basis set with the corresponding RI basis

set.

accounting for the sparsity of all matrices within a step of the
calculation. In this context a general framework for the
computation of batches will be presented.

First, the dependence of the sparsity on the time quadrature
point 7 is investigated for the self-energy, response function,
and their B-field derivatives. In Figure 2 the sparsity patterns
for all of the mentioned quantities are shown for the linear
alkane CgyH ¢, in a cc-pwCVDZ basis set. As can be seen, the
sparsity shows a strong dependence on the 7 quadrature point
for all quantities, increasing with the value of 7. Presumably,
this can be traced back to the exponential functions within the
Green’s functions eqs 13 and14 which decay with increasing 7.
This indicates that the sparsity associated with this exponential
decay is present in both, sparse and dense systems. Due to this
observation, the number of batches is recomputed for each 7
quadrature point.

Next, an approximation for the memory demands of sparse
matrices is necessary, since they are not previously known and
only determined at program runtime. In our implementation
sparse matrices are implemented in a block-sparse format,
where the matrices are divided into blocks of constant size.
Upon allocation of the sparse matrix, the blocks are screened.
Each block with an L2-norm lower than a threshold value 9, is
removed. A second screening threshold 9, is used for the
matrix—matrix multiplication. If the product of the L2-norms
of two matrix-blocks is below 3, the matrix—matrix multi-
plication of those blocks is not preformed. More information
about block-sparse matrices, their matrix—matrix multiplication
routine, as well as the memory allocation technique is given in
the Supporting Information of ref 75.

For the computation of batches the relevant memory
demands that need to be approximated are those of third-
order tensors R} with dimension (N, X N; X N,,). In our
implementation third-order tensors are generally represented
by a vector containing a number of N,, sparse matrices of size
(N X N)). Thus, the total memory demand of the tensor is
given by the sum of the memory demands of the respective
sparse matrix associated with each m. Specifically in this work
the third index m refers to the auxiliary function index. To
approximate the total memory demand of these tensors, we
sample the auxiliary function space by precomputing
intermediate quantities for a number of auxiliary functions to
determine their memory demands. Subsequently, the average
memory demand for one auxiliary function is computed from
the sampling and multiplied by the total number of auxiliary
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functions to approximate the memory demands of the tensor.
Further, for B-field derivatives of third order tensors, we carry
out the sampling for all B-field directions, compute the
approximate memory demands, and determine the maximum
memory out of all B-field directions. The maximum memory is
then used for the computation of batches. In this work, we
sample the auxiliary function space in steps of 100, which
provides reliable results while not significantly increasing the
computational effort of the method. Thus, together with the
available system memory, the number of batches can be easily
determined. By recomputing the batches for each 7 quadrature
point and approximating the sparsity of all matrices as
described, we are able to account for sparsity in the
computation of the number of batches for each batching
scheme.

3. COMPUTATIONAL DETAILS

Our new method was implemented in the FERMIONSs++
program package.”*”** The RPA NMR shieldings computed in
this work are based on preceding Hartree—Fock calculations.
In ref 37 this setup was shown to provide accurate NMR
shieldings of about CCSD quality. Optimized minimax grids*’
for the time and frequency integration®>®" as well as the cosine
and sine®® transformation are employed with 15 grid points,
which has been shown in ref 38 to yield accurate results. For
our new method, in the following denoted as w-CDD-RI-RPA-
NMR, we employ sparse matrix algebra (9, = 1077, 9,, = 107%,
block size (96 X 96)) and the attenuated Coulomb metric with
the attenuation parameter @, = 0.1 au. The truncation
tolerance used for the pivoted Cholesky decomposition is
107", The implementation introduced in ref 38 is denoted as
AO-RI-RPA-NMR and utilizes the Coulomb metric as well as
dense matrix algebra routines as provided by the Math Kernel
Library (version 2022.0.0). The frozen core approximation is
not applied. The atomic orbital basis sets cc-pwCVDZ®’ and
cc-%wévCVTZ87 were used with their corresponding RI basis
set.

4. RESULTS AND DISCUSSION

4.1. Accuracy. Several techniques have been employed to
improve the efficiency and the scaling of our RPA NMR
method.”® To test the accuracy of our @-CDD-RI-RPA-NMR
method, calculations have been performed for the molecules in
the test set assembled by Gauss and co-workers,” excluding
the molecules SO, and Oj; as has been done in ref 89 as well as

https://doi.org/10.1021/acs.jpca.4c02773
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PN as done in ref 38. Further, the test set of Flaig et al.** was
used. To analyze the deviations for more extended systems the
monomers in the L7 test set”" (excluding C3GC monomer B
and C2PD monomer A due to the high computing demands of
the AO-RI-RPA-NMR method) as well as a set of three linear
alkanes with 10—30 carbon atoms have been computed. NMR
shieldings computed using the new w@-CDD-RI-RPA-NMR
method are compared to the results obtained with the AO-RI-
RPA-NMR method,*® which employs the Coulomb RI metric
and dense matrix algebra. By this comparison, the error
introduced through the local RI metric, the utilization of sparse
matrix algebra, as well as Cholesky decomposition can be
assessed for the w-CDD-RI-RPA-NMR method. The cc-
pwCVDZ and cc-pwCVTZ basis sets were used with the
corresponding RI basis sets for the Gauss and Flaig test set. For
the L7 test set and the set of linear alkanes the cc-pwCVDZ
basis set was used due to the high computing demands of the
AO-RI-RPA-NMR method that is used as the reference. The
results are shown in Table 2, where the mean absolute errors

Table 2. MAEs (ppm) and SDs (ppm) of Isotropic NMR
Shielding Constants Obtained Using the w-CDD-RI-RPA-
NMR Method with Respect to the AO-RI-RPA-NMR
Results for the Molecules in the Gauss Benchmark Set, the
Flaig Benchmark Set, the L7 Test Set, and a Set of Linear
Alkanes”

benchmark set basis set MAE [107° ppm]  SD [107° ppm]

Gauss cc-pwCVDZ 2.40 4.9
cc-pwCVTZ 0.90 1.54

Flaig cc-pwCVDZ 1.42 3.04
cc-pwCVTZ 1.04 2.98

L7 cc-pwCVDZ 1.34 2.6

linear alkanes cc-pwCVDZ 0.59 0.91

“The cc-pwCVDZ and cc-pwCVTZ basis sets were used with the
corresponding RI basis set.

(MAEs) and the standard deviations (SDs) of the w-CDD-RI-
RPA-NMR method compared to the AO-RI-RPA-NMR
method are displayed for different test sets. As can be seen,
the MAEs and SDs are on the order of 107 ppm for all
considered test sets. Therefore, we can conclude that the
introduced techniques do not compromise the accuracy of the
method.

Given that the w-CDD-RI-RPA-NMR method does not
introduce any significant error, it is preferred over the AO-RI-
RPA-NMR method due to its superior computational
efficiency. In this context dense matrix algebra may be
employed for smaller systems, while sparse matrix algebra is
more efficient for larger systems and especially sparse systems.
As shown in the Supporting Information for linear alkanes, an
early crossover for C,yH,, with the dense method is observed.

4.2. Scaling Behavior with the System Size. To analyze
the effective scaling of our method with the system size, we
carried out calculations on linear alkanes of increasing length
using the cc-pwCVDZ basis set with the corresponding RI
basis set. This system was chosen as an optimal test case due to
its local electronic structure and the ability to systematically
increase the system size. The calculations were performed on a
compute node with AMD EPYC 9334 processors with 128
threads, 1.5 TB of RAM, and 4.7 TB of disk space. No
batching was employed for the calculations.
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The computation of the B-field derivative of the response
function and the self-energy are the computationally most
demanding steps and are among the formally steepest scaling
steps of the calculation. Thus, to analyze the effective scaling
behavior with the system size of both steps, we measure the
number of floating point operations (FLOPs) that are required
for their computation. The results are given in Figure 3. As can

nXB(ir) —Fit: 2.12
o 2B (ir) — Fit: 2.68

1016

AN

FLOPs
°

1015

L L L L L
103.1 103,2 103.3 103.4 103.5
Nbasis

Figure 3. Log—log plot of the FLOPs for the calculation of Xg(ir)
(blue) and ZP(ir) (red) against the number of atomic orbital basis
functions for linear alkanes of increasing size employing the @-CDD-
RI-RPA-NMR method.

be seen, a quadratic scaling is obtained for the computation of
X§ (i), which is higher than the expected asymptotic linear
scaling that was discussed in Section 2.3.4. In comparison, in
ref 52 an effective scaling of M'* was determined for the (non
differentiated) response function by computing linear alkanes
with 2170—7210 atomic orbital basis functions. Presumably,
similar behavior could be obtained for the B-field derivative of
the response function for larger systems. This would indicate a
later onset of linear scaling behavior for larger systems.
However, without batching the computation of w-CDD-RI-
RPA-NMR is limited to linear alkanes with up to 3090 atomic
orbital basis functions on a compute node with 1.5 TB of
RAM. A similar discussion can be applied to the computation
of the B-field derivative of the self-energy. The observed
scaling is also higher than the expected asymptotic quadratic
scaling, which was discussed in Section 2.3.4. For the (non
differentiated) self-energy an effective scaling of M>* was
obtained in ref 53 using linear alkanes with 1930—4810 atomic
orbital basis functions. Thus, we would expect to converge to
the expected quadratic scaling for the B-field derivative of the
self-energy for larger systems as well.

4.3. Performance. 4.3.1. Timings. In the following, the
timings for the most time-consuming steps within the
calculation of w-CDD-RI-RPA-NMR shieldings are inves-
tigated. Please note that the total timings refer to the time for
the RPA NMR correlation contribution only, that is, excluding
the time for the preceding HF NMR calculation. We computed
a DNA fragment with two adenine-thymine base pairs (128
atoms; 580 electrons) using the cc-pwCVDZ basis set (N =
1646) with the corresponding RI basis set. Further, as an
example of sparse systems, we computed the linear alkane
CeoHyzy (182 atoms; 482 electrons) using the same basis set
(N = 1690). No batching was employed for the calculations,

https://doi.org/10.1021/acs.jpca.4c02773
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which were carried out on a compute node with AMD EPYC
7452 processors with 128 threads, 1 TB of RAM, and 4.7 TB
of disk space. The results are shown in Figure 4. For both

12 18 CooHizo 11 (DNA), |

10

Time [h]
(=2}

total GB(iq—) XOB(jT) gB(iT) YB(iq—) nested Z-vec.
Figure 4. Timings for the computationally most demanding steps
within the @-CDD-RI-RPA-NMR calculation for the DNA fragment
(DNA), computed using dense matrix algebra and a linear alkane
which was computed using sparse matrix algebra. The cc-pwCVDZ
basis set with the corresponding RI basis set was used. Note that the
timings for the B-field derivative of the self-energy in the positive and
negative imaginary time domain are summarized in EB(iT).
Calculations were performed on a compute node with 1 TB of

RAM without employing batching.

systems the computation of the B-field derivative of the self-
energy is the most compute intensive step, followed by the
computation of Xg(ir) as well as Y°(ir). However, for the
sparse system, i.e., C4Hi,,, the timings for all three steps are
on the same order while for the dense system, i.e., (DNA),, the
computation of £B(iz) is still dominating. This demonstrates
that for the linear alkane the sparsity of X®(iz) is efficiently
exploited using sparse matrix algebra.

Next, detailed timings for the partial derivatives within the
calculation of XB(ir) (Vr € (—o0, +c0)) and XB(ir) are
investigated. The results are shown in Figure 5. Starting with

the timings for X®(+ir) given on the left-hand side of Figure S,
it can be observed that the dominating step is the partial
derivative term containing the derivative of the Green’s
function. Since CD cannot be applied to this term, it is the
most demanding step in terms of computational resources as
well as memory requirements. However, for the linear alkane
the sparsity introduced through the local metric in the three-
center integral tensor is exploited using sparse algebra, which
lowers its contribution to the total time compared to the dense
DNA fragment. Further, it is evident that the computation of
the B-field derivative of the self-energy is more efficient for the
negative imaginary time domain than for the positive imaginary
time domain. This is due to the very efficient CD of the ground
state density matrix within the calculation of X®(—ir), while
the CD of the Green’s function in the positive imaginary time
domain within the calculation of XB(ir) is less effective. For
the computation of X§(iz), shown on the right-hand side of
Figure 5, the partial derivative term containing Gf(—ir)
requires over 50% of the total time for both systems. For this
term only the CD of Gy(ir) can be used, while the more
efficient CD of the ground state density matrix can only be
used for the remaining terms.

4.3.2. Batching: Linear Alkanes. As described in Section
2.4.1, the introduced batching method was designed to
account for the sparsity of intermediates when computing
the number of batches. To test this aspect of our batching
method, we performed calculations on linear alkanes of
increasing length using the cc-pwCVDZ atomic orbital basis
set with the corresponding RI basis set. All calculations were
performed on a compute note with AMD EPYC 7302
processors using 64 threads, 250 GB of RAM, and 1.7 TB of
disk space.

As has been shown in Section 2.4.1, the sparsity of
intermediates has a dependence on the 7 quadrature point,
typically increasing with the 7 quadrature points. To account
for this, we recompute the number of batches for each 7
quadrature point. Since the number of batches is dependent on
the memory demands of intermediates it would be expected
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(a) Calculation of 3B (ir)
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Figure 5. Contribution of the partial derivative terms (a) for the computation of X®(iz) (nonshaded bars) and XB(—ir) (shaded bars) as well as
(b) for the computation of Xg(iz) to the total time required for the computation of X®(+ir) and Xg(it), respectively.
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that the number of batches also decreases with the 7
quadrature point. Thus, we start our investigation by
considering the number of batches for all intermediates for
each 7 quadrature point using the linear alkane C,y,H,g,. The
results are displayed in Figure 6. It can be observed that the

7 J || e Xo(ir)
a_ 9Xo(it) ~B/:
6l | S G (i7)
8 @x‘,(iT)—B(iT)
5 - 9Go(ir) 0
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Figure 6. Number of aux-batches for the calculation of the most
memory demanding steps per 7 quadrature point for the linear alkane
C00H,0,. Note that 7; denotes the ith 7 quadrature point. Calculations
were carried out on a compute node using 250 GB of RAM.

X, (it) .
36, G0 i7)

requires the highest number of batches, which was expected
since this term has the highest memory demand given that CD
of the ground state density matrix is not possible for that term.
However, the number of batches does decrease significantly
with increasing 7 points due to the increasing sparsity for
which our batching is able to accommodate for. The decrease
in batches can be observed for all terms except for
:;((IQ)W?(H), 32283 (_;OB(ir), and %ﬁ;)[BB. For the first term
it is due to the fact that W2(iz) is in general a dense matrix,
while for the second term the memory demand is dominated
by the memory required for the batched three-center integrals
in the AO basis as well as the three-center integrals
transformed with L, which are independent of 7. For the last
term the batched B-field derivatives of the three-center
integrals are loaded into memory for all three magnetic field
directions, whose memory is also independent of 7. To
summarize, in general the sparsity of intermediates increases
with the 7 quadrature points, which our batching is able to
account for. As demonstrated, the number of computed
batches decreases with increasing 7.

Next, we investigate the total number of batches (for the
first 7 quadrature point) for each intermediate with increasing
system sizes. The results are given in Figure 7. Since the
number of batches overlap for some intermediates, the results
are also summarized in the Supporting Information for clarity.
It can be observed again, that the partial derivative term
X, (it)
0Gy(it)
increases the strongest with the system size. Further, for the
partial derivative terms within the calculation of X®(ir) the
number of batches is lower compared to the partial derivative
terms for Xg(iz). For the calculation of XB(iz) the batching
over auxiliary functions is very beneficial, since various memory
demanding intermediates can be computed for one auxiliary
function at a time.

For the computation of batches we approximated the
memory demands of sparse matrices by sampling the auxiliary

computation of the partial derivative term

GJ(ir) requires the highest number of batches and
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Figure 7. Number of auxiliary function batches for the computation
of the partial derivative terms within the calculation of £3(ir) (Vz €
(—00, +00)) and X§(iz) for linear alkanes of increasing size. Note that
only the partial derivative terms are displayed, for which the number
of batches is larger than 1. Calculations were performed on a compute
node with 250 GB of RAM.

function space and precomputing a number of intermediates,
which introduces an overhead. To investigate the extend of the
overhead, we examine the total time for the computation of
batches for increasing system sizes and consider the
contribution to the total computation time for the correlation
part of the RPA NMR calculation. The results are displayed in
Figure 8. The computation time for the sample batching of the
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Figure 8. Wall time (s) for the computation of batches using the
sample batching method for systems of increasing size with their
contribution to the total time for the correlation part of the @-CDD-
RI-RPA-NMR calculation.

largest system size is still under 5 min and the total
contribution does not exceed 1% of the total computation
time. Therefore, it can be concluded, that the overhead that
comes with the sample batching method is practically
insignificant.

Another overhead that comes with the batching method is
associated with disk input/output (I/O) operations. When
using the batching method certain quantities, such as the three-

https://doi.org/10.1021/acs.jpca.4c02773
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Figure 9. Wall time (h) required for disk I/O operations for increasing system sizes with the contribution to the total time for the correlation part
of the ®-CDD-RI-RPA-NMR calculation (left). Further, disk space requirements (GB) for increasing system sizes with the contribution to the total

disk space are displayed on the right-hand side.
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Figure 10. Number of aux-batches for the calculation of intermediates per 7 quadrature point for (a) the tweezer complex and (b) (DNA),. Note
that 7; denotes the ith 7 quadrature point. Calculations were carried out on a compute node using 1 TB of RAM.

center integrals and their B-field derivatives, are stored on disk
and read into memory within the respective batching scheme.
On the left-hand side of Figure 9 the total time for disk I/O
operations as well as the contribution to the total time for the
correlation part of the w-CDD-RI-RPA-NMR calculation is
shown for increasing system sizes. As can be seen, the
contribution does increase with the system size, due to the
increasing number of batches. For the largest system the disk
1/O contribution is less than 15% of the total time, which is
still acceptable. However, for efficiency reasons an integral
direct computation of the three-center integrals and their B-
field derivatives would certainly be beneficial, but we leave this
to future work on this topic.
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Lastly, we investigate the maximum disk space requirements
of the method for increasing system sizes. The results are
summarized on the right-hand side of Figure 9. As can be seen,
the disk space demands are low compared to the total disk
space, due to the compact storage format we adopted for the
three-center integrals and their derivatives as explained in
Section 2.4. Therefore, it can be concluded that currently the
disk space does not yet constitute a bottleneck in the
computation of large system sizes.

In summary, we can conclude this section with the following
points:

o The sparsity of intermediates increases with the number
of 7 quadrature points, which our sparse sample batching
is able to account for.

https://doi.org/10.1021/acs.jpca.4c02773
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o The time for the computation of batches within the
sample batching method is practically insignificant (<1%
of the total time).

The disk space demands are relatively low and currently
do not hinder the calculation of large systems.

Disk I/O operations have a significant contribution to
the total time for larger systems, thus, an integral-direct
scheme for the three-center integrals and their B-field
derivatives would be beneficial to explore in future work.

4.3.3. Batching: lllustrative Applications. We further test
our batching method on chemically relevant systems
representative for potential applications. All calculations were
performed on a compute node with AMD EPYC 7452
processors using 128 threads, 1 TB of RAM, and 4.7 TB of disk
space.

First, we test the performance of our method for a tweezer
host—guest complex (92 atoms; 374 electrons) which has been
investigated in literature from an application point of view”" as
well as for performance analysis within NMR calculations.>*°
The structure was taken from refs 35,36. The calculation was
carried out using a cc-pwCVTZ AO basis set (N = 2912) with
the corresponding RI basis set. The correlation part of the RPA
NMR calculation took 4 days. Here, disk I/O operations
accounted for 6.1% of that time and the computation of
batches for 0.2%. While disk I/O operations have a significant
contribution to the total time, the time for the computation of
batches is practically insignificant. The calculation required
541.0 GB of disk space, which is clearly under the available 4.7
TB. Further, on the left-hand side of Figure 10 the number of
batches per 7 quadrature point is given for all intermediates
with a batch number larger than 1. It is interesting to note that
for the dense system the number of batches for the

ax"(%f)(_}g(if) is also dependent on the 7
9G(ir)

quadrature point and decreases significantly with increasing
7, which was also observed for sparse systems in the previous
section. This shows that our sample batching method is also
beneficial for dense systems.

Next, we performed calculations on a DNA strand with four
adenine-thymine base pairs, denoted as (DNA), (260 atoms;
1220 electrons), using a cc-pwCVDZ AO basis set (N = 3408)
with the corresponding RI basis set. The correlation part of the
RPA NMR calculation required 7.5 days in total. Out of that
time 5.3% was spend on disk I/O operations, while the sample
batching only took 0.2% of the total time. Thus, the time
needed for the sample batching method is practically
insignificant in this case as well. The time spend on disk I/O
operations is not the dominating part, but has still a significant
contribution to the total time. The required disk space was
687.3 GB which amount to 14.6% of the available disk space.
Next, the number of batches is investigated for all 7 quadrature
points. The results are given on the right-hand side of Figure
10. Here, only terms are displayed for which the batch count
exceeds 1. It can be observed again that the number of batches
0X (i)
0G,(ir)
on the 7 quadrature point, making our sample batching
relevant for dense systems as well.

intermediate

G5 (ir) shows a strong dependence

for the intermediate

5. CONCLUSIONS

An eflicient and low-scaling method for the computation of
RPA NMR shielding tensors has been presented that is based
on our AO-RI-RPA-NMR method introduced in ref 38. We
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utilize Cholesky decomposed ground state densities as well as
Cholesky decomposed Green’s functions in the positive
imaginary time domain. Further, the attenuated Coulomb RI
metric was employed to introduce sparsity in the three-center
integral tensors, which was efficiently exploited using sparse
matrix algebra. Specifically, these techniques were employed
for the computation of the response function, self-energy and
their B-field derivatives which constitute the steepest scaling
and most demanding steps in terms of computational effort
and memory requirements. It was shown that the introduced
approximations do not deteriorate the accuracy of the method.
The scaling with the system size was analyzed using linear
alkanes, which revealed close to a quadratic scaling.

To lower the memory demand of the method and, thus,
extend its applicability to even larger systems, we introduced a
batching method for memory demanding intermediates. Here,
the memory demand of sparse matrices was approximated by
sampling the auxiliary function space and used to compute the
number of batches for each 7 quadrature point. It was shown
that the overhead related to the sampling method has only a
small contribution to the total time (<1%) and, thus, is
practically insignificant. Further, we analyzed the number of
batches for each 7 quadrature point for, both, sparse systems
and dense systems. We found, that there is a decrease in
batches with increasing 7 quadrature points for sparse and
dense systems. This shows, that our batching method is
beneficial for both sparse and dense systems. Further, within
the batching method, the three-center integrals and their B-
field derivatives were stored on disk and read into memory
within the respective batching scheme and transformed on the
fly. As has been shown, the contribution from disk I/O
operations is not the dominating step but it does have a
significant contribution to the total time.

In future work, the efficiency of our method could be further
improved by utilizing an integral-direct scheme for the
integrals and their derivatives and combining the sparse
sample batching method with an optimized batching scheme as
introduced in ref 54.

The importance of our new NMR method is further
highlighted by the possibility to use it as a basis for the
implementation of NMR shieldings based on a method that is
closely related to RPA, that is o-functionals.”>”® Due to the
close relation of o-functionals and RPA, it should be possible
to implement analytical o-functional NMR shieldings using our
efficient RPA NMR implementation. This would provide
another accurate and efficient method for the computation of
NMR shieldings. Since o-functionals’”® and extensions
thereof”**° are being developed it would be interesting to
explore these possibilities in future work.
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1 Memory Efficient Implementation

1.1 Batching Scheme: X(ir)

The computation of the self-energy is shown in Algorithm 1. First the intermediate W is
computed (lines 1-12) and written on disk. For efficiency, lines 5-9 are implemented as a
matrix multiplication. Then, within a separate batching scheme, W and the three-center
integrals are read into memory for one auxiliary function batch (aux-batch) (lines 14 and
15, respectively). It should be noted that quantities are read into memory for one aux-batch
at a time, rather than one auxiliary function, in order to optimize reading performance,
since processing larger data in fewer instances is more efficient than repeatedly processing
smaller amounts of data. Then, in lines 17-21, the self-energy in the negative imaginary
time domain is computed for one auxiliary function at a time. In lines 23-27 the self-energy
in the positive imaginary time domain is computed, again, for one auxiliary function at a
time. To increase computational efficiency, we parallelize over the auxiliary function indices
(lines 17-21 and 23-27). It should be noted that 3(ir) and 3(—ir) are computed within
the same batching scheme, since the memory demanding third order tensors are computed
for one auxiliary function at a time and, thus, do not show high memory requirements.
The memory requirements for the batching method are rather determined by the memory

demands of W and B, which are loaded into memory for one aux-batch.
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Algorithm 1 X(+ir) per 7 > 0

1: > Calculate W¥ (i7)(¥P) and write on disk
2: for aux-batchl do

for aux-batch2 do
read B¢ VQ € aux-batch2
for P € aux-batchl do
for @ € aux-batch2 do
WP, (1) += We po(iT)BS, Vu,v
end for
end for
end for
write on disk W}, (ir) Vpu,v, P € aux-batchl

: end for
: for aux-batchl do

read WP (ir) VP € aux-batchl

15: read B” VP € aux-batchl
16: > Calculate X(—ir)
17: for P € aux-batchl do
18: W2 (ir) = WE,(ir) Ly Yy, i
19: B, =B\Ly Yv,j
20: 2y (—ir) += wﬁi(ﬁ)gw(—v)gfl Y, v
21: end for
22: > Calculate 3(iT)
23: for P € aux-batchl do
—P . .
24: WHQ(IT) = WEU(IT)LVirty,,g(lT) Yu,a
25: B, (ir) = BY, Ly ra(it) Vv,
26: Y () += Wi;(iT)Efg(iT) Y, v
27: end for
28: end for

> parallel

> parallel

1.2 Batching Scheme: X;(ir)

For the computation of the response function in Algorithm 2, the three-center integrals are
read into memory for one aux-batch (line 2) and subsequently transformed with the Cholesky
matrix L (line 4) and used for the computation of the intermediate BZ(iT) (line 5). In a
second aux-batch loop, the three-center integrals are read into memory for the respective
aux-batch (line 8) and used to compute the intermediate Eﬁ(w) Finally, in line 14 the
response function is computed by multiplying both intermediates. It should be noted that
the symmetry of the response function is exploited for the second aux-batch loop (lines 7-
17). Further, lines 12-16 are implemented as a matrix multiplication. The loops over the

auxiliary function indices are parallelized (lines 3-6 and 9-11).
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Algorithm 2 Xg(ir) per 7 > 0

1: for aux-batchl do

2 read ny VYu, v, P € aux-batchl

3 for P € aux-batchl do > parallel
L B —BLL Vi

5 BL(ir) = gw(—iT)BﬁiLviwg(iT) Vi,a

6: end for -

7 for aux-batch2 > aux-batchl do

8 read IB%EV Yu, v, Q € aux-batch2

9 for @Q € aux-batch2 do > parallel
10: B (i7) = Ly pa(iT)BS, Lyi Visa

11: end for

12: for P € aux-batchl do

13: for @ € aux-batch2 do

14: Xo.po(it) = BE(iT) B (ir)

15: end for o o

16: end for

17: end for

18: end for

1.3 Batching Scheme: XP(ir)

A general outline for the computation of X2 (ir) is provided in Algorithm 3. First, the partial

derivative with respect to We(—ir) is computed (line 2). Next, the intermediate W(ir) is

computed and written on disk as shown in Algorithm 1 lines 1-13. This intermediate is read

into memory for the computation of the remaining partial derivatives, that is, the partial

derivative with respect to the Green’s function (line 4) and three-center integrals (line 5). All

partial derivative terms (lines 2-4) are computed for the B-field derivative of the self-energy

in the positive and negative imaginary time domain within the same batching scheme.

Algorithm 3 XB(ir) Vr € (—o00, +0)

Algorithm 4 XB(ir) Vr >0

1: for all 7 do

2: calc.
3: calc.
4: calc.
5: calc.
6: end for

AT (i)  OW.(—ir)
AW (—iT) oB
batched W¥ (i) (VP); write on disk
00X (i) 0Go(iT)

9Go(ir) OB
O3 (it P
e 2 (VP)

1:f0ra117d0() Cin

0Xo(it) 0Go(—itT

2 cle 5E e

3: calc. batched EZ(%T)(VP, 1, 1); write on disk
X (it) 0Go(iT)

4: calc. 5G () 0B
il 2

5. calc. dé%QT)%LB(VP)

6: end for
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0% (£ir) 9B

1.3.1 Partial Derivative Term: 25— OB

The computation of the partial derivative with respect to the three-center integrals is shown
Algorithm 5. Here, first, W(ir) is read into memory for one aux-batch. Next, the B-field
derivatives of the three-center integrals are read into memory for one aux-batch and all mag-
netic field directions. Next, the contribution to $®(—ir) is computed for one aux-function
at a time (lines 7-13). Here, the intermediate W (i) is computed first and subsequently used
to compute the contribution to 3®(—ir) for one magnetic field direction at a time. The
contribution to EB(iT) is computed in lines 15-21. A similar loop structure is used, starting
with a loop over auxiliary functions, where W(iT) is computed and used to compute the
contribution to (i) (lines 18 and 19) for one B-field direction at a time. The loops over
the auxiliary function indices (lines 7-13 and 15-21) are parallelized. Since the contribution
to the derivative of the self-energy in the positive and negative imaginary time domain is
computed for one auxiliary function at a time, the memory demand of this algorithm is de-
termined by W(ir) and the derivatives of the three-center integrals. Therefore, it is sensible
to combine the computation of the partial derivatives of the self-energy in the positive and

negative imaginary time domain in one batching scheme.
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Algorithm 5 %g—g per7 >0

1: for aux-batchl do

2 read WP (ir) VP € aux-batchl
3 for Be B ={B,,B,,B.} do
4 read (ny)B VA, v, P € aux-batchl
5: end for
6: > Calculate contribution to XB(—ir)
7 for P € aux-batchl do > parallel
8 wfjl, (ir) = qu(iT)L@QOQ(—iT) Vi, j
9: for Be B ={B,, By, B.} do
. P ;. B
10: EEV(—M') += Wug’(”—) (ny) Lyj Vp,v
11: v5,(—ir) == %8 (—ir) Vu,v
12: end for
13: end for
14: > Calculate contribution to X8 (ir)
15: for P € aux-batchl do > parallel
5 /. . .
16: W, (iT) = WEV(IT)LVirt7VQ(IT) Yu,a
17: for Be B ={B,,By,B.} do
. =P /. B .
18: Egl,(n') += ng(n) (ny) Lyive na(i1) Y, v
19: ¥,.0r) —=%7,(Gr) Vv
20: end for
21: end for
22: end for
23:

OB(%ir) OWe(Fir)

1.3.2 Partial Derivative Term: W.(ri) OB

Algorithm 6 displays the detailed procedure for the computation of the partial derivative

O3 (£ir) OW(Fir)
W (Fir) 0B

. The contributions to £®(—ir) and X®(ir) are computed within the same

batching scheme. Lines 5-9 are implemented as a matrix multiplication.
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. AT (£it) IW(Fi
Algorithm 6 av”\sz(:p;)) Wag ™) per >0

1: for aux-batchl do

2 for aux-batch2 do

3 read BY VQ € aux-batch2

4 for B B={B,,B,,B.} do

5: for P € aux-batchl do

6 for QQ € aux-batch2 do

7 (WE )7 (ir) = WByo (ir)BS, Vv
8

9

pv

end for
: end for
10: end for
11: end for
12: read BY VP € aux-batchl
13: > Calculate contribution to B (—ir)
14: for P € aux-batchl do
15: B, =B, L. VYvj
16: B, (—ir) = G, (-iTB; i
17: for Be B ={B,,B,,B.} do
18: (WENP (ir) = (WE) (i) Ly Vi, v,i
. ~ 5 \B,. AP, .
19: 3B (—ir) += (W5) " (ir)B,,(—iT) Vu,v
20: end for
21: end for
22: > Calculate contribution to B (ir)
23: for P € aux-batchl do
7P .
24: B, = IB%EVLVHL,@(W) Yu,a
25: for Be B ={B,,B,,B.} do
26: (WE,) " (i7) = (WE )" (i7) Leirt va(i7)  it,a
. ~ B, =P .
27 ZEU(H') += (Wﬁg) (ir)B,, (i) Vv
28: end for
29: end for
30: end for

> parallel

> parallel

0% (+ir) 0Go(£ir)

1.3.3 DPartial Derivative Term: 9Go(Er) OB

Algorithm 7 shows the computation of the partial derivative

03 (+ir) 0Go(£ir)

9Go(Lir) 0B

. The contribu-

tions to B (—ir) and XPB(ir) are computed within the same batching scheme.
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Algorithm 7 78850((?;)) 78G%§Ei7)per >0

1: for aux-batchl do

2 read B VP € aux-batchl

3 read WP (ir) VP € aux-batchl

4: > Calculate contribution to B (—ir)

5: for P € aux-batchl do > parallel
6

7

8

9

for Be B={B,,By,B.} do
Zﬁu(iiT) = WEAQ(?AU(iiT)B(}:V v:“? v

end for

: end for
10: > Calculate contribution to %8B (ir)
11: for P € aux-batchl do > parallel
12: for Be B ={B,,By,B.} do
13: x5, (ir) —= WfAéi)\a(iT)ny Y, v
14: end for
15: end for
16: end for

1.4 Batching Scheme: X (ir)
A general outline for the computation of X (i) is provided in Algorithm 4.

P, . .
EM(—IT) = gog(—n)ﬁz (1)
is precomputed and written on disk (line 3) by batching over the auxiliary function index.

This intermediate is then read into memory for the computation of the partial derivative

with respect to Go(it) (line 4) as well as B (line 5).

0Xo(iT) OB

1.4.1 Partial Derivative Term: B B

The detailed computation of the partial derivative with respect to the three-center integrals
is shown in Algorithm 8. First, the intermediate B(—ir) is read into memory for one aux-
batch (line 2) and transformed with Ly (i7) (line 4). In a second aux-batch loop, the B-field
derivatives of the three-center integrals are read into memory for one B-field direction and
one aux-batch and subsequently transformed in line 10. Finally, in lines 12-17 the derivative
of the response function is computed per B-field direction. Lines 12-17 are implemented as a

matrix multiplication. Further, the loops over the auxiliary function indices are parallelized
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(lines 3-5 and 9-11).

Algorithm 8 axaoléh) g—g per 7 >0

1: for aux-batchl do

2 read B,Z(—h') Vi, u, P € aux-batchl

3 for P € aux-batchl do > parallel
4 BE(ir) = By, (—i7) Ly pai7)  Visa

5: end for
6
7
8
9

for aux-batch2 do
for Be B ={B,,B,,B.} do
read (]B%SV)B Yu, v, Q € aux-batch2

: for @ € aux-batch2 do > parallel
10: B (17) = Lo pair) (B2) *Lyi Visa
11: end for
12: for P € aux-batchl do
13: for @ € aux-batch2 do
14: XBpol(ir) += BE(ir) (BL) " (i7)

15: X$op(it) == XPpe(i1)
16: end for

17: end for

18: end for

19: end for

20: end for

9Xo (i) 0G(—ir)
0G(—iT) OB

1.4.2 Partial Derivative Term:

822(2(_12) ag%(B_iT) is given in Algorithm 9. Lines 15-

The computation of the partial derivative

19 are implemented as a matrix multiplication.
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9Xo(it) 0G,(—ir)

Algorithm 9 WT per T Z 0
AS)

1: for aux-batchl do

2: read B VP € aux-batchl

3: for P € aux-batchl do

" B, = BY, Luwtva(it) Vi,a

5: end for

6: for aux-batch2 > aux-batchl do

7 read BY VQ € aux-batch2

8: for @) € aux-batch2 do

9: Egg(h') = BgyLvirt,m(iT) Yu,a
10: end for

11: for Be B={B,,By,B.} do

12: for () € aux-batch2 do

13: (B,)” (i) = BruG¥,,(~ir) Vi.a
14: end for

15: for P € aux-batchl do

16: for @ € aux-batch2 do

17: XBpylir) += B, (B2,)"
18: end for

19: end for
20: end for
21: end for
22: end for

> parallel

> parallel

> parallel

1.4.3 Partial Derivative Term:

The computation of the partial derivative

9Go (i)

are implemented as a matrix multiplication.

0B

S-11

X, (ir) G (i)

0Xo(it) 0Go(ir)
dGo (iT)

0B

is shown in Algorithm 4. Lines 12-16



Algorithm 10 gégg:; 866?];”) per 7 >0

1: for aux-batchl do

2 read BY VP € aux-batchl

3 for P € aux-batchl do > parallel
1 B, =B, L, Vui

5: end for

6 for aux-batch2 > aux-batchl do

7 read BZ(%T) Vi, u, Q € aux-batch2

8 for Be B={B,,By,B.} do

9: for P € aux-batchl do > parallel
10: (BE) P (ir) = BL, Gy, (ir) Vui
11: end for
12: for P € aux-batchl do
13: for @ € aux-batch2 do
14 XBpg(ir) += (BD)” (ir) B (—ir)
15: end for
16: end for
17: end for
18: end for

19: end for

2 Batching-Results: Linear Alkanes

Tab. S1 provides the number of batches corresponding to Fig. 7.

Table S1: Number of auxiliary function batches for various intermediates for linear alkanes
of increasing size. Calculations were carried out on a compute node with 250 GB of RAM.

Quantity Number of aux-batches

N =1690 N =1970 N =2250 N =2530 N = 2810
Xo(ir) 1 1 1 1 3
XB(ir)
?gf;;f_ijj? 2 1 3 1 5 7
e 1 1 3 3
8%o(r) o8 1 1 1 3 5
> (ir) 1 1 1 1 2
»B(ir) )
B T S
B L L S S
azggﬂ 98 1 1 1 2 2
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3 Timings: Dense vs. Sparse Implementation

NMR shieldings were computed at the RPAQHF level of theory using the cc-pwCVDZ basis
set with the corresponding RI basis set for linear alkanes. The computations were carried out
using the w-CDD-RI-RPA-NMR method, that is, the atomic-orbital RPA NMR formulation
with an attenuated Coulomb RI metric and Cholesky decomposed density type matrices.
Tab. S2 compares the timings for the computations using dense matrix algebra, denoted
as ‘Dense’, and using sparse matrix algebra, denoted as ‘Sparse’. The computations were
carried out on a compute node with AMD EPYC 7302 processors using 64 threads, 250 GB
of RAM, and 1.7 TB of disk space. For dense matrix algebra routines the Intel Math Kernel

Library (version 2022.0.0) was employed.

Table S2: Timings for the computation of the RPA correlation part within the computation
of NMR shieldings at the RPAQHF /cc-pwCVDZ level of theory for the w-CDD-RI-RPA-
NMR method using dense and sparse matrix algebra for linear alkanes.

System  Wall Time |[s]
Dense  Sparse

CsHio 61.34 72.38

CioHae  312.81  309.13
CooHyo 177570 1418.08
CsoHg2  5689.82  3415.05

4 Isotropic NMR shielding constants for (DNA),/cc-pwCVDZ

Table S3: Isotropic NMR shielding constants for (DNA),; computed using RPAQHF (RPA
based on a preceding HF calculation) and the cc-pwCVDZ basis set with the corresponding
RI basis set.

Nucleus Shieldings [ppm]|

H 1.57833

H 1.390977
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Table S3: (continued)

H 0.74982

39.625412

1.525101

18.766431

4.234651

8.601825

1.334232

0.214792

17.11874

0.619695

17.137739

13.991661

0.76482

0.011777

-0.037214

3.382744

0.71742

-0.030678

-4.852926

0.164014

-1.494732

0.8372

T =Z O ©m O O D Z = =& O o a = O zZ = o =ZDZ o a O

0.626706
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Table S3: (continued)

C -0.995834

0.181645

0.264816

1.446535

1.880048

1.201433

22.899628

0.90182

-0.18823

1.699186

17.939165

4.876313

5.865786

-0.517268

3.17016

8.729024

1.672155

9.706986

18.694527

-5.558484

17.851583

15.038718

O o o w o Z =E o O O O =@ o o o =B O =2 =z ZD = Q@

-1.16659
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Table S3: (continued)

H 0.551018

0.292424

3.527311

1.234812

-0.122849

-4.047136

0.476733

-1.016173

1.023262

0.81029

-1.005319

0.469242

0.401737

0.972414

1.431564

1.057215

28.595151

0.713146

0.058148

1.184723

17.507499

9.095655

O =z o o o # O @D =2 £ ZD O aQ ZD =2 Q =T O a =m Z =

5.81443
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Table S3: (continued)

O -1.839941

5.196133

8.006601

1.577159

11.366697

19.340224

-6.552366

18.108446

15.040221

-0.071245

0.736576

0.389637

3.613857

1.191251

0.015605

-3.912513

0.634324

-1.013577

0.765568

0.746337

-0.87146

0.277107

0T QO QO @©m =Z O =B O O =B Z2 =D =E O o a w o zZ = oo O

0.422746
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Table S3: (continued)

H

" O O O O

Q © =2 O o o B zZ O T o =2 O @m == O m

S-18

0.708284

0.121936

6.030582

-1.702112

7.620857

-6.168668

0.550693

-0.527313

0.730181

0.358968

0.543564

0.208021

0.101372

0.601108

-0.243286

0.405819

0.393301

-0.907799

0.163644

-3.917446

0.707194

15.168253

-1.382187



Table S3: (continued)

C

zZz Z o o o =2 Z Z =B D =2 Q - =2 Q0 a o o zZ = Z =@

S-19

13.889823

2.942117

3.281975

1.113149

12.03376

29.206439

17.825503

15.360425

6.329633

0.608848

0.514207

0.423383

0.392887

2.627137

-1.669095

23.600778

14.486347

1.437691

-12.18866

19.393901

10.615719

10.929766

35.457777



Table S3: (continued)

H 0.541916

16.505611

14.777031

0.531465

4.828071

0.67236

0.971618

-0.012738

-0.085093

0.723445

3.634883

-1.569247

0.549683

0.996448

-0.036606

-4.625606

0.132045

3.035753

8.401628

3.482241

0.35842

-1.211749

T Q Q @& Z Z =-Z O O & =B Q & =2 T =D O =E Z =2 Q Q@

0.295052
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Table S3: (continued)

C

T Q T & = = © @m =2 w o o OO O o o =mD oZ2 9 Z2 o o = Q@

S-21

17.904118

22.012332

0.649918

0.083592

7.155296

14.804725

38.438202

2.121572

5.909475

-1.372144

8.308139

18.475192

17.977088

-5.856548

6.676367

1.644376

-0.548599

0.368341

0.672384

6.422013

6.702008

-0.441486

1.286438



Table S3: (continued)

H

Qo o © o o =B Z Z o o =2 o o =@ o o =B Z2 Z2 = O A

1.551719

0.094695

-3.279313

0.656462

20.344932

17.348439

4.026186

0.978224

-0.8653

0.619598

22.681794

22.697891

0.765969

0.563298

10.044622

13.580254

41.966413
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5.971144
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20.655167

18.88493
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-1.47565

9.690395
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-6.347167
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Table S3: (continued)
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-0.088877
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-0.609891

-0.434058
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-0.582964

-3.537079

-0.133302

-2.177435

-0.451347

4.87628

14.281054

8.532255

2.11225

14.638668

34.43981

21.046854
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N

= Z = Q

S-25
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ABSTRACT: In recent years, density-functional methods relying on a new type
of fifth-rung correlation functionals called o-functionals have been introduced. o-
Functionals are technically closely related to the random phase approximation and
require the same computational effort but yield distinctively higher accuracies for
reaction and transition state energies of main group chemistry and even
outperform double-hybrid functionals for these energies. In this work, we
systematically investigate how accurate o-functionals can describe nuclear
magnetic resonance (NMR) shieldings. It turns out that o-functionals yield very
accurate NMR shieldings, even though in their optimization, exclusively, energies
are employed as reference data and response properties such as NMR shieldings
are not involved at all. This shows that o-functionals combine universal
applicability with accuracy. Indeed, the NMR shieldings from a o-functional
using input orbitals and eigenvalues from Kohn—Sham calculations with the
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exchange-correlation functional of Perdew, Burke and Ernzerhof (PBE) turned out to be the most accurate ones among the NMR
shieldings calculated with various density-functional methods including methods using double-hybrid functionals. That o-functionals
can be used for calculating both reliable energies and response properties like NMR shieldings characterizes them as all-purpose
functionals, which is appealing from an application point of view.

1. INTRODUCTION

In recent years, a new class of density-functional theory (DFT)
methods, o-functional methods, have been introduced."”
Within these methods, all parts of the electronic energy,
including the exchange energy, are calculated exactly, with the
exception of the correlation energy. The latter is obtained by
the o-functional, which is a fifth-rung functional in the
common classification of density functionals® and therefore
depends on occupied as well as unoccupied Kohn—Sham (KS)
orbitals and their eigenvalues. Technically, o-functionals are
closely related to the random phase approximation (RPA),*””
and like the RPA, they emerge from the adiabatic-connection
fluctuation—dissipation (ACFD) theorem.”” The formal
foundation of o-functionals is many-body perturbation theory
along the adiabatic connection.'”"'

Both within the RPA and with o-functionals, the correlation
energy is evaluated from the eigenvalues —c,(w) of the
dynamic, ie., frequency-dependent, KS response function by
integrating functions H o (6(w)) of (w) along the complex-
valued frequency i®. The difference between the RPA and o-
functionals lies in the function H?. Within o-functionals, the
HY equals the RPA function
H"(6,(w)) = ~In(1 + g(w)) + 6,(w) supplemented by a
correction function H to obtain a modified function

H? = H*™ 4+ H'? This means the RPA can be considered
as a o-functional with the correction term H being zero. The
correction function H(g(w)) to the RPA function

function

© 2024 The Authors. Published by
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\ 4 ACS Publications

6028

H"™(5,(w)) is obtained by optimizing atomization, reaction,
and transition state energies as well as noncovalent interaction
energies from various established reference sets."”'”"” Like
the RPA, o-functionals are usually employed in a post-self-
consistent-field (post-SCF) manner by evaluating the total
electronic energy with orbitals and eigenvalues from a previous
self-consistent KS calculation using exchange-correlation
functionals of a lower rung. o-Functionals were optimized"”
for orbitals and eigenvalues from KS calculations with the
generalized gradient approximation (GGA) functional PBE,"*
the meta-GGA functional TPSS,"> as well as the hybrid
functionals PBE0'®'” and B3LYP."®

In main group chemistry, o-functionals yield reaction and
transition state energies that are distinctively more accurate
than those of the RPA.>"* Compared to lower rung functionals
of the GGA, meta-GGA, or hybrid type, the gain in accuracy is
even higher. Even double-hybrid functionals, which are also
fifth-rung functionals, are outperformed in accuracy by o-
functionals in main group chemistry."” Indeed, o-functionals
reach chemical accuracy of 1 kcal/mol in main group
chemistry.z’13 Furthermore, o-functionals, like the RPA, can
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describe noncovalent interactions highly accurately in a
seamless way. Molecular geometries and vibrational frequen-
cies,"” as well as singlet—triplet gaps,”® can also be obtained
very accurately with o-functionals. Using orbitals and
eigenvalues from the hybrid functionals PBEO and B3LYP
within o-functionals leads to the most accurate results;
however, orbitals and eigenvalues from the GGA functional
PBE still yield results with accuracies that are much higher
than that of GGA, meta-GGA, or hybrid functionals. Besides
the original o-functionals of refs 1 and 2, other versions of o-
functionals have been introduced recently.'”*"** In this work,
however, we will focus on the original o-functionals of refs 1
and 2.

o-Functionals exhibit an excellent ratio of accuracy to
computational effort. The evaluation of the total energy with o-
functionals or the RPA requires for medium-size molecules of
about 100 to 200 atoms less computational effort than a
preceding KS calculation with a hybrid functional for the input
orbitals and eigenvalues (within the program package Molpro,
using a canonical implementation)."” Recently, efficient setups
with basis sets of different quality were introduced both for
Gaussian-type and Slater-type basis sets.'” o-Functionals have
been implemented in a number of established quantum
chemistry packages, e.g., Mol ro,"? Turbomole,"”” ADF,'>?*°
PySCF, and FermiONs++.>">

While o-functional methods have been shown to be valuable
approaches for calculating energetic data, like reaction or
transition state energies, and molecular properties that are
directly related to energies such as molecular geometries or
vibrational frequencies, it is still largely unknown whether they
are also able to accurately predict other molecular properties.
NMR shieldings are such a property and, indeed, represent a
quantity of great practical relevance. Recently, NMR shieldings
were calculated for the first time within the RPA using
numerical second derivatives and an extensive benchmark
study was carried out.”” Due to the good results of the RPA,
analytical RPA NMR shieldings were also introduced
recently’” to extend the applicability of RPA NMR to larger
systems. Among the RPA setups tested in ref 23, the one
employing orbitals and eigenvalues from a preceding Hartree—
Fock (HF) calculation turned out to provide the most accurate
NMR shieldings. This setup, however, is not well suited for the
calculation of energies within the RPA. For the latter, orbitals
and eigenvalues from hybrid KS methods, e.g., using the PBEO
functional, lead to the best RPA results. This means, there
seems to be no all-purpose RPA setup suitable for both
energies and response properties like NMR shieldings. In ref
23, a first test of the performance of o-functionals in the
calculation of NMR shieldings was presented for one setup
using PBE input orbitals and eigenvalues. The results were
encouraging with NMR shieldings that were more accurate
than those from the RPA with the same input data but less
accurate than the results from the RPA based on HF orbitals
and eigenvalues.

In this work, we present a systematic investigation of the
performance of o-functionals within the calculation of NMR
shielding parameters. We consider the influence of the
exchange-correlation functional used in the KS calculation to
generate the input orbitals and eigenvalues. In particular, we
study the effect of varying the amount of nonlocal exchange in
hybrid functionals. Besides the PBE and PBEO functionals,
with 0% and 25% nonlocal exchange, respectively, we test the
PBEh33, PBEhS0, and PBEh100 functionals with 33%, 50%,

and 100% nonlocal exchange, respectively. Additionally, input
data from HF calculations are tested (HF is equal to PBEh100
except for the missing PBE correlation). Furthermore, we
consider how strong NMR shieldings depend on the choice of
the optimization of o-functionals. Finally, the effect of the basis
set size is investigated.

2. THEORY

2.1. RPA and o-Functionals. The ACFD theorem
provides an exact expression for the KS correlation energy.
Its application, however, requires approximations for the not
exactly known Hartree-exchange-correlation kernel, the
frequency-dependent functional derivative of the sum of the
Hartree and the exchange-correlation potential with respect to
the electron density. The RPA can be obtained via the ACFD
theorem by invoking a single but drastic approximation, that is
to completely neglect the exchange-correlation kernel and to
account only for the known Hartree kernel.

An RPA calculation requires to construct the KS response
matrix X (), represented in an RI (resolution of identity)
auxiliary basis set {fﬂ }. Its matrix elements are given by

OCC unocc

Xoulw) = X 2 GRSy (@)

g) +

+ (@, ) ————— (1)

(Ei - ga)

with the three-index integrals

BB, )
o) = [ [arar———

lr — r'l ()

and with ¢, and ¢, denoting occupied and unoccupied orbitals,
respectively, and ¢, and €, the corresponding eigenvalues. For
real-valued orbitals, eq 1 simplifies to

SNOEDID) (mm)%(mw

i

(1)

0OCC unocc

(©)
For closed-shell systems, it is possible to sum over spatial
instead of spin orbitals and to take into account spin by an
additional factor of 2.
Diagonalization of X, (or more precisely, of its negative)
yields the eigenvalues ¢ (w)*

X, (@) = V(w)o(w)V' (@) (4)

with the matrix V containing the eigenvectors and the diagonal
matrix 6(w) containing the eigenvalues o, (w). Since X, is
negative definite, all ¢,(w) are positive. The RPA correlation
energy can then be written exclusively in terms of the ¢, (w)

ERPA _ZL /mdw Tr{-In[1 + 6(®)] + 6(w)}
z Jo

‘ ()
_ 1 r= RPA
= fo do Tr{H (6(00))} ©
_ 1 r= RPA
==/, dw ; H (o;l(a))) -
with
H¥(6) = -In[1 + 6] + o (8)
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Table 1. Overview of Parametrizations for 6-Functionals and their Differences in Number and Position of Spline Abscissae
Values as well as the Reference Sets and Weights Used in the Optimization of the Respective Parametrization”

name description input #param. ref
P1, P2, P3  first parametrization based only on few reference sets and abscissae points PBE 11 (P1,P2) 1
17 (P3)
W1 parametrization using more reference sets and abscissae points PBE, TPSS, 19 2
PBEO, B3LYP 18
S1, S2 parametrizations with systematically reworked reference sets and abscissae points; S2 is identical to S1, PBE 18 12
except that it additionally contains total energies with a small weight PBEO 17
Slre reparametrization with same sets and weights as S1 for the use with small basis sets PBE 18 13
PBEO 17
Al, A2 alternative parametrization with the same abscissae points as W1 but different reference sets, uses frozen ~ PBE 19 22
core approximation for generating input data PBEO 18

“The exact setup for each parametrization can be found in the cited references, respectively. The column “input” relates the parametrizations
indicated in the first column with the functionals that can be used to generate input orbitals and eigenvalues. For each of the functionals in the
column “Input,” a parametrization indicated in the first column exists. The column “#param.” indicates how many parameters are involved in the
respective parametrization, which depends on the number of abscissae points selected for the spline function.

The frequency integration has to be performed numerically.
The total energy for RPA (and equivalently for o-functionals,
see below) is given by

= (QIHID) + EX™ )

i.e,, the sum of the Hartree—Fock energy expression evaluated

with KS orbitals and the RPA correlation energy.
o-Functionals can be considered a generalization of the RPA,

meaning that they replace the function H*"™ by a different one,

H?. This function H? is optimized with the help of

0

1 1
Co, (o —x,) + 551,2(‘7 - xz)z + gcz,z(a -

H(o) =

1
+ = (o —

1
2 3
S x,)" + gCZ,Vn(G —-x,) +

M-

i=
with Ax; = x;,,, — x; and with the intervals

-

The abscissae points x,, are selected before the optimization.
Note that in the optimization process the coefficients ¢, ,, of eq

[, x,,1] forl <m<M—1
[%,, ] form =M

(12)

11 are not optimized directly, but instead piecewise cubic
Hermite interpolating polynomials (PCHIPs)*® are used.
PCHIPs are monotonous within each interval and are
described by one parameter per interval. The PCHIP
parameters for the first two and the last two intervals are set
to zero, ie. the number of parameters involved in the
optimization equals M — 4. For more details on the
optimization process, see refs 2 and 12. The parametrizations
presented in Table 1 differ in the selection of abscissae values
and in which reference sets are included in the optimization
process and the weights assigned to them.

It is important to emphasize that the construction of o-
functionals is not just an optimization of empirical parameters,

x2)3

1
—¢y, (0 —
4 3,

; 1 1 1
[ Ax, + I-Axi2 + —czl-Axi3 + —c4 l-Axf]
- 1, 32 4
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(energetic) reference data in order to correct the error
introduced in RPA by neglecting the exchange-correlation
kernel.

The approach of refs 1 and 2 decomposes H? as the sum of
H®P and a correction function H represented by cubic splines
H"f(a) = H"(¢) + H(o) (10)
but there are also other possible ways to represent H7, for
example, by a power series approximation. H(o) is defined as”

foroc €]
+

1
Zcm(a —x,)t foroel,

Z [cotAx + — Ax + gcztAx + anle } + oo = x,,) forcel,with3 <m<M-—-2

x,)*

foro € Iy_y, Iy

(11)

but that it is was developed on the basis of an expansion of the
exact exchange-correlation kernel with respect to the coupling
strength of the electrons'”'' and follows the strategy
underlying 7-functionals, which model the effect of the
correlation kernel by a function of eigenvalues 7 of a
combination of the exact Hartree-exchange kernel with the
KS response function.'”'"”* Because of their physically
motivated form, o-functionals have shown a high degree of
transferability to describe properties not included in their
optimization. How far this transferability extends to the
description of NMR shieldings is investigated in this work.
2.2. NMR with RPA-Based Methods. The nuclear

magnetic resonance shielding tensor &t
given by the mixed second derivative of the electronic energy E

with respect to the nuclear magnetic moment m*

(m m mA)T and the magnetic field B = (B,, B, B,)",

both evaluated at zero according to

of a nucleus A is

https://doi.org/10.1021/acs.jctc.4c00512
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In this work, we employ numerical second derivatives for the

computation of the NMR shielding tensor within the RPA and
o-functionals as introduced in ref 23. This requires the

=0,B=0

computation of the energy E(B, m*) for different values of the
magnetic field strength and size of the nuclear magnetic
moment to compute a component of the NMR shielding

~A 23
tensor, e.g,, 6, as

- 1
5~ — BB, 0 0)", (0, m;', 0)")
Y x
- E(<Bxl 0, O)T; (0; - mﬁ; O)T] (14)
As done in ref 23, both B, and mf are set to a constant value &
yielding
a4, 1 T T
6., ~ —[E((5,0,0), (0,6, 0
o~ S lE > ( )
—~ E((5,0,0)", (0, = 5, 0)'] (15)

In the implementation, a value of 6 = 0.1 a.u. is used, which
proved to provide accurate results in ref 23. The remaining
components can be computed accordingly.

In this work, all errors are given for the isotropic NMR
shielding constants

~A

GiSO

1,4
= E(Uxx

+ 64

Ay L4
W+6)-;Tr(0’)

2z (16)
in ppm.

Furthermore, gauge-including atomic orbitals (GIAQs)>"
denoted by { X, (r, B)} are utilized to ensure gauge origin

independence

55 B) = 7,0 B = 0) exp( - [B X (R, — Ry)lr)
(17)

where i is the imaginary unit, p denotes a GIAO index,
%, (r, B=0) is a field-independent atomic orbital basis

function centered at R, and Ry is the gauge origin. Thus, by
employing GIAOs, complex-valued quantities are introduced.

Using eq 15, the components of the NMR shielding tensor
based on the RPA or o-functionals can be computed by
evaluating the total RPA or o-functional energy resulting from
eq 9 for different perturbations given by magnetic fields and
nuclear magnetic moments in different directions. Specifically,
the computation of the perturbed energy encompasses the
following steps: first, a HF or KS-DFT calculation is carried
out in the presence of a perturbation to obtain the orbitals and
orbital energies. Due to the use of complex-valued orbitals, i.e.,
GIAOs, the SCF has to be carried out using complex matrix
algebra. The detailed procedure is described in ref 23. The
complex-valued orbitals and the orbital energies are then used
to compute the perturbed total RPA or o-functional energy (eq
9).

3. COMPUTATIONAL DETAILS

The optimizations of the new parametrizations for o-
functionals based on PBEh33, PBEhS0, PBEh100, and HF
input data were performed as described in ref 12 using the

6031

basis sets and the reference sets and weights of parametrization
S1, i.e., parametrizations S1 for PBEh33, PBEh50, PBEh100,
and HF input data were made (most reference data were taken
from the GMTKNSS database,”’ see Supporting Information).
The selection of abscissae points is identical to ¢(S1)@PBEO
of ref 12. The required molecular calculations of those
reference sets included in the parametrization SI1 of ref 12,
see Table 2 of ref 12 for details, were carried out with Molpro
2023.1.*> For the SCF calculations, the keyword “old” was
specified in order to use an older version of the SCF algorithm
since the newer version turned out to cause convergence
problems in some cases.

Nuclear magnetic resonance shielding tensors were
computed for the RPA and o-functionals using the finite-field
method™ implemented in a development version of the
FermiONs++ program.”> ™ In this context, the perturbed
RPA and o-functional energies were computed using the RI
approximation as introduced by Furche and coworkers®
employing GIAOs.””~** The numerical frequency integration
was carried out using the Clenshaw—Curtis scheme®° with
120 grid points, which has been shown to yield accurate
results.”” The frozen core approximation was not employed.
The SCF convergence criteria, DFT settings, and finite-field
parameters were set as in ref 23. A range of different DFT
functionals were used as a starting point for the RPA and o-
functional calculations, such as PBE,"* B3LYP,*” PBEO,'®"” as
well as hybrid PBE functionals with various amounts of
nonlocal exchange, that is PBEh33, PBEhS0, and PBEh100.
Further, NMR shielding tensors based on the meta-GGA
functionals SCAN™® and revTPSS™ were also computed using
the finite-field method within the FermiONs++ program using
the same SCF, DFT, and finite-field settings as ref 23.

NMR shielding tensors based on double-hybrid DFT,*
specifically employing the functionals B2PLYP"' and DSD-
PBEP86,"” have been computed using the ORCA program
(version 5.0.1).*>* For the computation of the MP2 part, the
RI approximation was employed and the frozen core
approximation was not used.

The correlation consistent basis sets of the _tyges cc-pVXZ
(X€D, T, Q),"* ccpwCVXZ (X € T, Q),*," and aug-cc-
pwCVXZ (X € T, Q)" have been used together with their
corresponding RI basis sets.***

All calculations were carried out for the molecules in the test
set assembled by Gauss and coworkers® (excluding O; and
SO, like in refs 23 and 50). This comprises a total of 26
molecules with 68 nuclei, specifically 18 hydrogen nuclei, 17
carbon nuclei, 10 oxygen nuclei, 9 fluoride nuclei, 7 nitrogen
nuclei, and 2 sulfur, phosphor, and lithium nuclei, as well as
one aluminum nucleus. The complete list of molecules can be
found in the Supporting Information. For calculations using
basis sets with core-weighted functions, the molecules LiF and
LiH were removed from the test set.

As reference serves data from the coupled cluster singles
doubles with perturbative triples (CCSD(T)) method. The
CCSD(T)/cc-pVXZ (X € D, T, Q) data has been obtained
from ref 23, while CCSD(T)/cc-pwCVXZ (X € T, Q)
reference values have been computed using the CFOUR
program.”’ Further, basis set extrapolated CCSD(T) data,
denoted as aug-cc-pCV[TQJZ, have been obtained from ref
49.

As an error measurement in this work, we employ mean
average errors of isotropic NMR shielding constants taken over
all nuclei of the molecules in the benchmark set. While the

https://doi.org/10.1021/acs.jctc.4c00512
J. Chem. Theory Comput. 2024, 20, 6028—6036
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Figure 1. MAEs (ppm) of isotropic NMR shielding constants for different methods, including RPA and o-functionals using the cc-pVQZ basis set
(and corresponding RI basis set) compared to CCSD(T)/aug-cc-pCV[TQ]Z shieldings (blue) and CCSD(T)/cc-pVQZ shieldings (green). The
data for RHF, PBE, KT2, CAM-B3LYP, and CCSD were obtained from ref 50, while data for CCSD(T), MP2, RPA@HF, and RPA@PBE were
taken from ref 23. The shieldings based on the functionals SCAN®® and revTPSS®” were computed using the finite field method of ref 23. The

individual shielding constants can be found in the Supporting Information.

absolute values of isotropic shielding constants vary signifi-
cantly between nuclei and studying each type separately would
certainly be beneficial, the key trends in methodological
accuracy are also reflected in the combined error analysis of all
nuclei. A detailed account of the absolute isotropic NMR
shielding constants for each nucleus in the molecules from the
Gauss benchmark set is provided in the Supporting
Information.

4. RESULTS

4.1. RPA and o-Functional Calculations with Different
Input Orbitals and Eigenvalues and Comparison to
Other Methods. Figure 1 shows mean average errors (MAEs)
of NMR shieldings computed with several methods with
respect to CCSD(T) using the cc-pVQZ basis set as well as
CCSD(T) with the basis set extrapolation aug-cc-pCV[TQ]Z.
The basis set extrapolated reference data is expected to be the
most accurate. In Figure 1, the MAE of 4.3 ppm of the
CCSD(T)/cc-pVQZ shieldings with respect to the corre-
sponding basis set extrapolated CCSD(T) data shows the basis
set incompleteness error of CCSD(T) at the QZ level (for
RPA and o-functionals, this error is much lower, see Section
43).

Figure 1 shows that the o-functional setup o(S1) @PBE, i.e,,
the o-functional resulting from parametrization S1 of ref 12 for
PBE input orbitals and eigenvalues, yields the lowest MAE of
all considered methods. The NMR shieldings from CCSD and
the double-hybrid DSD-PBEP86 exhibit MAEs that are only
slightly higher and represent the next accurate results. The
comparison with double-hybrid functionals is especially
interesting because these functionals are fifth-rung functionals
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like o-functionals. While the double-hybrid functional DSD-
PBEP86 performs very well, the double hybrid functional
B2PLYP is considerably less accurate. The DFT methods PBE,
B3LYP, and CAM-B3LYP*?* of GGA, hybrid, and range-
separated hybrid type, respectively, exhibit MAEs that are a
factor of 5 to 10 larger than the MAE of the o-functional
approach ¢(S1) @PBE. The DFT method KT2°* shows MAEs
about half as large as the DFT methods PBE, B3LYP, and
CAM-B3LYP but still more than twice as large as those of
6(S1)@PBE. The meta-GGA functional SCAN has a similar
accuracy as B2PLYP, while the revIPSS functional is less
accurate.

The NMR shieldings from the RPA based on HF or
PBEh100 input data, ie, RPA@HF or RPA@PBEL100, are
quite accurate and show only somewhat larger MAEs than
those of 6(S1)@PBE. The admixture of exact nonlocal
exchange in the functional used for generating the input data
has a different effect for o-functionals compared to the RPA.
While 6(S1)@PBE has clearly the lowest MAE, the o-
functionals based on HF or hybrid DFT methods with the
amount of exact exchange ranging from 25% to 100% yield all
similar MAEs (with 6(S1)@PBEhSO being a slight outlier) of
about 8 ppm. For RPA, on the other hand, the MAEs of NMR
shieldings strongly and continuously become smaller from
RPA@PBE over RPA@PBEO (=RPA@PBE25) and RPA@
PBEh33 to RPA@PBEKSO0, and the lowest MAEs are obtained
for RPA with HF or PBEh100 input data, RPA@HF or RPA@
PBEh100, respectively. The RPA NMR shieldings depend
much stronger on the amount of admixture of exact exchange
in the KS calculations generating the input orbitals and
eigenvalues than the NMR shieldings from o-functionals. The

https://doi.org/10.1021/acs.jctc.4c00512
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MAEs of NMR shieldings of o-functionals in contrast to those
of RPA setups never become very large. A similar behavior is
seen for the weighted deviation of relative energies that were
used in the optimization process of o-functionals, see Table S1.
The energies for o-functionals are much less dependent on the
amount of exact exchange than for RPA. In particular, RPA@
HF and RPA@PBE100 yield very high errors for energies.

The MAEs of RPA as well as of o-functional shieldings
calculated with the cc-pVQZ basis set compared to CCSD(T)
reference data for the same basis set are much smaller
(typically by about 3—4 ppm) than the MAEs compared to the
CCSD(T) reference data obtained with the basis set
extrapolation aug-cc-pCV[TQ]JZ. This difference is similar to
the corresponding difference of 4.3 ppm of the CCSD(T)
reference data when going from the cc-pVQZ basis sets to the
extrapolation aug-cc-pCV[TQ]JZ. The reason is that the
CCSD(T)/cc-pVQZ shieldings are systematically too large
compared to the extrapolated values, see Figure S1 for the
results evaluated on mean signed error (MSE). While it is
known that conventional DFT methods usually yield system-
atically too low shieldings,”” it is found that RPA and o-
functionals (which are converged at the QZ level, see Section
4.3) have positive MSE, see Figure SI. Calculated NMR
shieldings can be combined with vibrational corrections,*®
which are mostly negative, and thus typically worsen
conventional DFT methods but improve CCSD(T) results.
The findings of this work suggest that also RPA and o-
functionals should benefit from vibrational corrections.

4.2. Influence of the Parametrization. Figure 2 displays
the effect of different parametrizations for the o-functional with

IURef: CCSD(T)/aug-ce-pCV[TQ)Z
BERef: CCSD(T)/cc-pVQZ

]
=N

10

9.1
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Figure 2. MAEs (ppm) of 6@PBE isotropic NMR shielding constants
for different parametrizations using the cc-pVQZ basis set (and
corresponding RI basis set) compared to CCSD(T)/aug-cc-pCV-
[TQ]Z shieldings (blue) and CCSD(T)/cc-pVQZ shieldings (green).
The individual shielding constants can be found in the Supporting

Information.

PBE input data, see Table 1 for an overview of available
parametrizations. Figure 2 illustrates that the parametrization
has a significant influence. The latest and arguably best
balanced parametrizations, S1 and S2, clearly demonstrate
superior performance. The dependence of the accuracy of
NMR shieldings on the parametrization is distinctively larger
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than that on the accuracy of energies, see refs 1, 2, and 12. This
indicates that response properties like NMR shieldings are
more sensitive to the setup than energies. To keep things in
perspective, we note that even the MAEs of the least good
performing parametrization P3 of o-functionals are still about a
factor of 2 smaller than the MAEs of the DFT methods PBE,
B3LYP, and CAM-B3LYP.

4.3. Influence of Basis Sets. Figure 3 shows the MAEs of
NMR shieldings for calculations employing the cc-pVTZ

IERef: CCSD(T)/aug-cc-pCV[TQ|Z
BERef: CCSD(T)/ce-pVQZ
BERef: CCSD(T)/cc-pVTZ
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Figure 3. MAEs (ppm) of isotropic NMR shielding constants using
the cc-pVTZ basis set (and corresponding RI basis set) compared to
CCSD(T)/aug-cc-pCV[TQJZ shieldings (blue), CCSD(T)/cc-
pVQZ shieldings (green), and CCSD(T)/cc-pVTZ shieldings
(orange). The individual shielding constants can be found in the
Supporting Information.

atomic orbital (AO) basis set. Again 6(S1) @PBE yields clearly
the best results, followed by o(S1)@PBEO. In ref 13, the
parametrization Slre was presented as a reoptimization of S1
(with identical weights as S1) specifically for small basis sets. It
was shown to clearly reduce the error of reaction energies
when using triple-{ basis sets for reference data included in the
optimization and for reference data that was not included.
Applying optimization Slre to NMR shieldings, 6(Slre)@
PBEO has a lower error than 6(S1)@PBEO compared to the
extrapolated CCSD(T) results. 6(S1re) @PBE yields results of
a similar quality as 6(S1)@PBE when compared with the
extrapolated reference but clearly higher errors when compared
to CCSD(T) data of the same basis set (cc-pVITZ). The
explanation for this behavior is that the reparametrization Slre
corrects the basis set error to some extent.

Figure 4 shows the basis set dependence of NMR shieldings
obtained with the most accurate o-functional approach ¢(S1)
@PBE. Compared to the basis set-extrapolated CCSD(T)/
aug-cc-pCV[TQ]JZ reference data, an inclusion of core
polarization functions leads to a moderate improvement of
the MAE from 4.6 to 3.8 ppm, see entries cc-pVQZ and cc-
pwCVQZ in Figure 4. The quality of the shieldings with the
smaller cc-pVTZ basis set benefits somewhat stronger from the

https://doi.org/10.1021/acs.jctc.4c00512
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Figure 4. MAEs (ppm) of isotropic NMR shielding constants for
o(S1)@PBE computed with different basis sets compared to
CCSD(T)/aug-cc-pCV[TQ]Z (blue) and CCSD(T) with the same
basis set (green). Further, cc-pwCV[TQJ]Z denotes basis set
extrapolated o(S1)@PBE results. The individual shielding constants
can be found in the Supporting Information.
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inclusion of core polarization functions, with a reduction of the
MAE from 6.3 to 4.5 ppm. A basis set extrapolation from the
cc-pwCVTZ to the cc-pwCVQZ basis set, see entry cc-
pwCV[TQ]Z in Figure 4, does not lead to changes in the MAE
compared to the shieldings obtained with the cc-pwCVQZ
basis set; in both cases, an MAE of 3.8 ppm is found. This
indicates that the 6(S1)@PBE shieldings are well converged
with the cc-pwCVQZ basis set, and a basis set extrapolation is
not necessary. We also considered the effect of augmentations
of the cc-pwCVTZ and cc-pwCVQZ to aug-cc-pwCVTZ and
aug-cc-pwCVTZ basis sets. The comparison of the basis set-
extrapolated cc-pwCV[TQJZ and aug-cc-pwCV[TQ]Z shield-
ings suggests that augmentation functions are not required (see
Figure S2 and discussion in the Supporting Information).

In summary, the setup 6(S1)@PBE with the cc-pwCVQZ
basis set yields the most accurate NMR shieldings, while the
setup 6(S1)@PBE with the cc-pVQZ basis set is only slightly
less accurate.

In ref 13, it was furthermore reported that the RI auxiliary
basis can be chosen one cardinal number smaller than the AO
basis without significantly affecting the accuracy for reaction
energies. Table 2 shows that this finding can also be applied to
NMR shieldings. This is an important result because a smaller
auxiliary basis greatly reduces the required computational
effort, see ref 13.

5. CONCLUSION

The comparison of NMR shieldings calculated from o-
functionals with CCSD(T) reference values and with other
DFT methods shows that o-functionals using PBE input
orbitals and eigenvalues, ie, 6(S1)@PBE, yield the most
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Table 2. Comparison of MAEs in ppm (Relative to
CCSD(T) with the Respective AO Basis Set) for 6(S1)@
PBE and 6(S1)@PBEO Using Different Combinations of
AO Basis Sets and RI Basis Sets

MAE [ppm]
AO basis RI basis o(S1)@PBE 6(S1)@PBEO
cc-pvVQZ cc-pVQZ/mp2fit 2.32 3.97
cc-pVTZ/mp2fit 2.40 4.02
cc-pVTZ cc-pVTZ/mp2fit 1.86 3.54
cc-pVDZ/mp2fit 1.97 3.07

accurate NMR shieldings. Compared to the GGA and hybrid
DFT functionals PBE, B3LYP, or CAM-B3LYP, the difference
in accuracy is large, with MAEs of 6(S1)@PBE compared to
the CCSD(T) reference data being up to an order of
magnitude smaller. Compared to NMR shieldings from the
RPA, the gain in accuracy is not as distinct but still clearly
noticeable, and even compared to the best performing double-
hybrid functional DSD-PBEPS86, the o-functional setup ¢(S1)
@PBE shows a slightly better performance. NMR shieldings
from a o-functional based on PBEO input orbitals and
eigenvalues, ie, 6(S1)@PBEO, exhibit MAEs that are a bit
larger than those of the setup o(S1)@PBE but still highly
accurate. Thus, both o-functional setups, ¢(S1)@PBE and
o6(S1)@PBEQ, are well-suited for the calculation of NMR
shieldings.

Both setups, 6(S1)@PBE and o(S1)@PBEO, have been
shown previously'”"* to yield very good reaction, transition
state, and noncovalent interaction energies. Thus, both setups
are generally applicable setups for investigating both energies
and NMR shieldings. The setup ¢(S1)@PBE is computation-
ally somewhat more efficient than the setup o(S1)@PBEO
because instead of a hybrid KS calculation, PBEO, a GGA KS
calculation, PBE, is carried out for generating the input data.
Moreover, the setup 6(S1) @PBE vyields slightly more accurate
NMR shieldings but somewhat less accurate energetic data
than 6(S1) @PBEQ. Therefore, the choice of which of the two
setups to use depends on the computational effort that shall be
invested and the main quantity of interest.

Due to the high accuracy obtained by o-functionals for
NMR shielding constants, an analytical implementation for
second-order properties based on o-functionals would be
desirable, which we intend to explore in future work. In this
context, the implementation can be built on an existing RPA
NMR implementation with moderate programming effort. The
computation of analytical NMR shielding constants would
extend the applicability of o-functionals to even larger systems
and provide a very accurate method for potential computa-
tional applications.

The finding that o-functionals yield highly accurate NMR
shieldings is remarkable not only from an application point of
view but also because the optimization of o-functionals is
carried out exclusively using energetic reference data. Response
properties like NMR shieldings are not involved at all in the
optimization of o-functionals. That o-functionals nevertheless
yield accurate NMR shieldings shows a high transferability of
the constructed o-functionals out of the realm they were
optimized in. This is important from the perspective of the
goal of constructing all-purpose correlation functionals of
universal validity.

https://doi.org/10.1021/acs.jctc.4c00512
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Data Availability Statement

Additional data are provided at the data repository Zenodo at
https://doi.org/10.5281/zenodo.10974893. These contain the
coefficients for the new parametrizations ¢(S1)@PBEh33,
6(S1)@PBEhS0, o(S1)@PBEh100, and 6(S1) @HF.

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00512.

The mean absolute errors (MAEs) of all reference sets
that were involved in the optimization of o-functionals
with parametrization S1, an evaluation of NMR
shieldings based on mean signed errors instead of
mean absolute errors, and information on the effect of
augmented basis sets in the calculation of NMR
shieldings with the setup o(S1)@PBE. Furthermore,
the individual shielding constants underlying the
presented results are provided (PDF)
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1 Content

This supporting information contains, (i) the mean absolute errors (MAESs) of all reference sets
that were involved in the optimization of o-functionals with parametrization S1 (Sec. 2), (ii) the
mean signed errors (as opposed to the mean absolut errors discussed in the main text) of the con-
sidered isotropic NMR shielding constants (Sec. 3), (iii) a discussion of the effect of augmented
basis sets in the calculation of NMR shieldings with the o-functional setup ¢(S1)@PBE (Sec. 4),
and (iv) tables with all calculated absolute isotropic NMR shieldings (Sec. 5).

Additionally, in separate files, we provide the coefficients for the new parametrizations
0(S1)@PBEL33, ¢(S1)@PBEL50, ¢(S1)@PBEK100, and o(S1)@QHF. These data are available on
Zenodo (https://doi.org/10.5281/zenodo.10974893).



2 MAEs of reference sets for new parametrizations
0(S1)@PBEQ33, ¢(S1)@QPBE50, ¢(S1)@PBEAh100, and
c(S1)@QHF

Table S1: MAEs in kcal/mol of RPA and o(S1) calculations of those reference sets that enter
the optimization for the parametrization S1 for o-functionals using input data from PBE, PBEOQ,
PBEhW33, PBEh50, PBEh100, and HF. (The entries for o-functionals based on PBE and PBEQ
input data have already been published in Ref. [1] but are included here for completeness).
Additionally the weighted deviation is shown using the weights of parametrization S1 according
to Table 2 in Ref. [1]. Basis sets were used according to ’Setup 0’ of Ref. [2] (see Table 2 there).
For the nature of the reference sets see Table 1 of Ref. [2]. Reference sets were taken from the
GMTKNS55 database [3] unless noted otherwise.

Testset RPA | 0(S1) | RPA | 0(S1) | RPA | 5(S1) | RPA | o(S1) | RPA | 0(S1) | RPA | o(S1)
QPBE @PBEO @QPBEhL33 @PBEh50 @PBEL100 QHF

W4-17%b 26.35 | 6.48 | 21.91 | 585 | 23.03 | 649 | 26.07 | 6.78 | 37.89 | 6.59 | 37.49 | 7.15
YBDEIS 334 | 154 | 325 | 115 | 338 | 1.16 | 3.75 | 114 | 577 | 157 | 5.68 | 1.94
MORA1-3d9:4 1.96 | 1.8 | 1.59 | 1.85 | 155 | 167 | 1.38 | 1.59 | 283 | 3.65 | 3.66 | 4.2
MOBH35-3d9BH®® | 1.72 | 1.68 | 1.22 | 137 | 121 | 1.24 | 1.28 | 099 | 31 | 1.36 | 328 | 1.71
MOBH35-3d9RE® | 1.96 | 225 | 21 | 211 | 215 | 204 | 215 | 1.81 | 446 | 251 | 4.74 | 3.8
W4-17RE®>f 296 | 138 | 1.9 | 099 | 209 | 1.01 | 272 | 117 | 492 | 27 | 522 | 37
PA26 367 | 152 | 4.04 | 1.05 | 415 | 097 | 434 | 095 | 46 | 094 | 436 | 091
1S034 078 | 05 | 064 | 032 | 063 | 031 | 061 | 042 | 08 | 074 | 0.87 | 0.78
BHT76 166 | 121 | 1.02 | 1.22 | 1.1 | 123 | 1.76 | 1.23 | 4.87 | 273 | 562 | 3.73

PX13 056 | 043 | 098 | 054 | 123 | 057 | 1.96 | 046 | 457 | 019 | 47 | 02
WCPT18 1.06 | 054 | 086 | 0.55 | 1.32 | 056 | 2.23 | 057 | 515 | 043 | 515 | 0.57
BHPERI 071 | 092 | 1.81 | 1.1 | 222 | 1.14 | 301 | 082 | 517 | 06 | 464 | 1.1
PCONF21 041 | 054 | 021 | 043 | 014 | 042 | 0.08 | 026 | 039 | 022 | 053 | 0.21
MCONF 026 | 017 | 0.15 | 011 | 011 | 012 | 0.05 | 006 | 0.26 | 0.11 | 036 | 0.13
229 096 | 046 | 0.88 | 031 | 088 | 03 | 092 | 026 | 1.14 | 014 | 1.28 | 043
G2RC 384 | 11 | 149 | 093 | 131 | 088 | 1.36 | 0.83 | 3.23 | 1.29 | 3.54 | 1.28
PNICO239 156 | 091 | 1.1 | 046 | 1.03 | 04 | 097 | 039 | 1.08 | 025 | 1.13 | 0.32
WeightedDev(S2h) | 227 | 123 | 1.78 | 1.04 | 1.88 | 1.01 | 222 | 099 | 397 | 1.69 | 418 | 214

¢ Atomization and reaction energies containing Co and CIOO are excluded because KS calculations for the input
orbitals and eigenvalues did not converge. ® Reference [4] ¢ Using only a subset of those reactions with 3d transition
metals (reactions 1-6,12,15,40 in MOR41 and reactions 1-9 in MOBH35). ¢ Reference [5] ¢ Reference [6] ¥ Reference [7]
9 Using counterpoise correction. h Reaction 21 is excluded because KS calculation did not converge.



3 Mean signed errors of isotropic NMR shielding constants
based on various density functionals, as well as RPA, and
o-functionals
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Figure S1: Mean signed errors (ppm) of isotropic NMR shielding constants based on various
methods in a ce-pVQZ basis set compared to basis set extrapolated CCSD(T) data, denoted as
CCSD(T)/aug-cc-pCV[TQ]Z (blue), and CCSD(T)/cc-pVQZ data (green). For all calculations
the Gauss benchmark set [8] was used.



4 Effect of augmentation of the basis set

Figure S2 shows the basis set dependence of ¢(S1)@PBE NMR, shieldings similar to Figure 4 of
the main paper, but now additionally results from extrapolated aug-cc-pwCV[TQ]Z basis sets
are included. For technical reasons the molecules H4C>O and CsHy could not be calculated
with aug-cc-pwCVQZ basis sets and were therefore excluded from the benchmark set of Gauss
and coworkers [8] in all cases. Due to the two missing molecules the MAEs for those basis sets
included in Table 4 of the main text as well as Table S2 in this supporting information are
not identical. The removal of the two molecules leads to a slightly higher MAE of 4.2 ppm for
the cc-pwCV[TQ]Z shieldings compared to 3.8 ppm for the full reference set, see Table 4 main
text. The MAE of the aug-cc-pwCV[TQ]Z shieldings and of the cc-pwCV[TQ]Z shieldings for
the benchmark set of Ref. [8] without H4C20 and C3Hy is identical (4.2 ppm) which suggests
that augmentation functions are not required.
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Figure S2: MAEs (ppm) of NMR shieldings for ¢(S1)@PBE computed with different basis sets
compared to CCSD(T)/aug-cc-pCV[TQ]Z (blue) and CCSD(T) with the same basis set (green).
Further, aug-cc-pwCV[TQ]Z and cc-pwCV[TQ]Z denote basis set extrapolated o(S1)QPBE re-
sults. For all calculations the Gauss benchmark set [8] was used with the molecules H;C;0 and
C3H, excluded.



5 Absolute isotropic NMR shieldings

5.1 Absolute isotropic NMR shieldings at the RPA level of theory with
a cc-pVQZ basis set

Table S2: Absolute isotropic NMR shieldings (ppm) for each nucleus (nuc.) of the molecules
(mol.) in the Gauss benchmark set [8] with a cc-pVQZ basis set (with the corresponding RI basis
set). As reference serve CCSD(T)/cc-pVQZ shieldings (taken from Ref. [9]) as well as basis set
extrapolated CCSD(T)/aug-cc-pCV[TQ]Z shieldings (extrap.) taken from Ref. [8].

mol. nuc. CCSD(T) extrap. RPAQPBEO RPA@PBEh33 RPA@PBEh50 RPAQPBEhK100

AlF

AL 587.7 572.9 588.5 588.4 588.5 589.9
F 212.2 211.8 227.5 227.0 226.3 227.6
CoHy
C 72.9 69.7 75.1 74.2 72.7 69.7
H 26.1 26.0 26.5 26.5 26.4 26.4
C3Hy
C 193.2 192.1 191.7 191.5 191.3 191.3
C 86.5 83.7 88.7 87.9 86.4 83.5
H 24.5 24.4 24.8 24.8 24.8 24.7
H 30.7 30.6 30.9 30.9 30.9 30.9
CH-,0O
O -377.2 -378.6 -300.3 -306.2 -317.4 -351.8
C 6.5 1.5 16.5 14.8 12.0 7.2
H 22.1 22.0 22.8 22.7 22.7 22.7
CH3F
C 124.5 122.1 125.6 125.2 124.7 124.7
F 482.7 482.9 476.9 477.3 478.0 480.0
H 27.5 27.3 27.7 27.7 27.7 27.8
CHy
C 199.9 198.9 197.3 197.1 196.9 196.7
H 31.4 31.3 31.5 31.5 31.5 31.5
CcO
C 5.8 2.2 13.5 11.5 8.0 0.6
O -51.9 -55.0 -34.5 -36.6 -40.3 -49.8
FCCH
C 181.4 179.9 180.8 180.5 180.0 179.2
C 102.6 100.1 104.3 103.9 103.2 102.7
H 30.6 30.5 30.8 30.8 30.7 30.7
F 424.0 423.5 425.1 425.5 426.1 426.1
FCN



Table S2: (continued)

HyC50

H,O

H»S

H4C20

HCN

HCP

HF

HFCO

HOF

LiF

z Q

- oNeoNe!

o O

el as

= = QO

o O

LI

375.1
84.8
120.1

194.4
-2.0
-4.3
29.3

341.0
30.9

759.6
30.7

364.7
155.1
29.2

29.1
87.3
-11.3

29.7
41.1
426.9

29.1
419.9

-91.0
43.1
166.9
24.0

-568.7
20.0
191.6

89.4

374.1
82.2
117.9

193.3
-6.3
-5.9
29.2

338.0
30.6

739.0
30.5

363.2
153.2
29.1

29.0
84.6
-14.1

29.6
37.6
388.0

28.8
420.3

-94.3
39.6
165.3
23.9

-68.9
19.6
192.2

89.3

377.9
86.7
125.0

192.8
3.0
13.7
29.6

338.5
31.1

749.2
30.9

363.4
155.1
29.4

29.3
90.4
-0.4

29.9
44.9
440.4

294
418.7

-65.0
46.4
182.3
24.3

-27.9
211
211.2

89.5

378.1
86.1
123.9

192.6
2.2
12.9
29.6

338.4
31.1

748.3
30.9

364.1
154.8
29.4

29.3
89.5
-2.5

29.9
43.7
439.5

29.3
418.7

-66.7
45.7
181.9
24.3

-34.6
21.0
211.6

89.5

378.4
85.0
121.5

192.3
0.7
11.1
29.5

338.2
31.0

746.5
30.9

365.1
154.5
29.5

29.3
87.8
-6.3

29.9
414
436.2

29.2
418.7

-70.3
44.5
181.6
24.3

-45.2
20.7
212.9

89.5

379.5
82.6
114.2

192.0
-3.1
2.4
29.5

337.0
30.9

742.1
30.9

366.3
154.5
29.5

29.3
83.8
-15.6

30.0
34.1
410.9

29.0
418.3

-85.7
41.7
184.0
244

-59.3
20.6
216.8

89.7



Table S2: (continued)

LiH

Ny

N,O

NH;

OCS

OF,

PN

AlF

CoHy

C3H4

CH»0O

CHsF

Z

AL

T Q

T T QQ

aQ o

377.0

26.6
89.3

-57.6

109.4
16.0
199.9

273.1
31.6

98.7
33.8
815.1

-430.3
-12.7

-340.7
118.2

987.7
212.2

72.9
26.1

193.2
86.5
24.5
30.7

-377.2
6.5
22.1

124.5

382.5

26.6
89.3

-60.4

106.4
12.6
199.0

270.7
314

96.8
30.2
796.7

-447.1
-24.0

-344.0
50.6

972.9
211.8

69.7
26.0

192.1
83.7
244
30.6

-378.6
1.5
22.0

122.1

382.2

26.7
89.6

-46.2

114.1
21.1
205.9

270.3
31.8

108.1
37.9
818.6

-353.9
21.0

-307.4
150.1

588.5
227.5

75.1
26.5

191.7
88.7
24.8
30.9

-300.3
16.5
22.8

125.6

381.8

26.8
89.5

-48.8

112.5
194
205.2

270.1
31.8

107.2
36.7
818.3

-368.4
19.0

-314.0
141.7

588.4
227.0

74.2
26.5

191.5
87.9
24.8
30.9

-306.2
14.8
22.7

125.2

381.6

26.8
89.4

-53.4

109.6
16.1
204.0

269.8
31.8

105.5
34.4
817.6

-388.4
16.4

-325.7
127.1

588.5
226.3

2.7
26.4

191.3
86.4
24.8
30.9

-317.4
12.0
22.7

124.7

384.9

26.9
89.2

-62.9

102.4
7.6
199.8

268.7
31.8

100.4
28.1
813.3

-407.1
13.5

-355.6
92.3

589.9
227.6

69.7
26.4

191.3
83.5
24.7
30.9

-351.8
7.2
22.7

124.7



Table S2: (continued)

CH4

CO

FCCH

FCN

H,C50

H,O

H»S

H4C20

HCN

HCP

O Qa

= o E QQ

z Q

- oNeoNe!

o O

482.7
27.5

199.9
314

5.8
-51.9

181.4
102.6

30.6
424.0

375.1
84.8
120.1

194.4
-2.0
-4.3
29.3

341.0
30.9

759.6
30.7

364.7
155.1
29.2

29.1
87.3
-11.3

29.7
41.1
426.9

482.9
27.3

198.9
31.3

2.2
-95.0

179.9
100.1

30.5
423.5

374.1
82.2
117.9

193.3
-6.3
-5.9
29.2

338.0
30.6

739.0
30.5

363.2
153.2
29.1

29.0
84.6
-14.1

29.6
37.6
388.0

476.9
27.7

197.3
31.5

13.5
-34.5

180.8
104.3

30.8
425.1

377.9
86.7
125.0

192.8
3.0
13.7
29.6

338.5
31.1

749.2
30.9

363.4
155.1
294

29.3
90.4
-0.4

29.9
44.9
440.4

477.3
27.7

197.1
31.5

11.5
-36.6

180.5
103.9

30.8
425.5

378.1
86.1
123.9

192.6
2.2
12.9
29.6

338.4
31.1

748.3
30.9

364.1
154.8
294

29.3
89.5
-2.5

29.9
43.7
439.5

478.0
27.7

196.9
31.5

8.0
-40.3

180.0
103.2

30.7
426.1

378.4
85.0
121.5

192.3
0.7
11.1
29.5

338.2
31.0

746.5
30.9

365.1
154.5
29.5

29.3
87.8
-6.3

29.9
414
436.2

480.0
27.8

196.7
31.5

0.6
-49.8

179.2
102.7

30.7
426.1

379.5
82.6
114.2

192.0
-3.1
2.4
29.5

337.0
30.9

742.1
30.9

366.3
154.5
29.5

29.3
83.8
-15.6

30.0
34.1
410.9



Table S2: (continued)

HF

HFCO

HOF

LiF

LiH

Ny

N,O

NH,;

OCS

OF,

PN

= g Q O

o

=

LI

LI

29.1
419.9

-91.0
43.1
166.9
24.0

-58.7
20.0
191.6

89.4
377.0

26.6
89.3

-57.6

109.4
16.0
199.9

273.1
31.6

98.7
33.8
815.1

-430.3
-12.7

-340.7
118.2

28.8
420.3

-94.3
39.6
165.3
23.9

-68.9
19.6
192.2

89.3
382.5

26.6
89.3

-60.4

106.4
12.6
199.0

270.7
314

96.8
30.2
796.7

-447.1
-24.0

-344.0
50.6

294
418.7

-65.0
46.4
182.3
24.3

-27.9
211
211.2

89.5
382.2

26.7
89.6

-46.2

114.1
21.1
205.9

270.3
31.8

108.1
37.9
818.6

-353.9
21.0

-307.4
150.1

29.3
418.7

-66.7
45.7
181.9
24.3

-34.6
21.0
211.6

89.5
381.8

26.8
89.5

-48.8

112.5
19.4
205.2

270.1
31.8

107.2
36.7
818.3

-368.4
19.0

-314.0
141.7

29.2
418.7

-70.3
44.5
181.6
24.3

-45.2
20.7
212.9

89.5
381.6

26.8
89.4

-53.4

109.6
16.1
204.0

269.8
31.8

105.5
34.4
817.6

-388.4
16.4

-325.7
127.1

29.0
418.3

-85.7
41.7
184.0
244

-59.3
20.6
216.8

89.7
384.9

26.9
89.2

-62.9

102.4
7.6
199.8

268.7
31.8

100.4
28.1
813.3

-407.1
13.5

-355.6
92.3

10



5.2 Absolute isotropic NMR shieldings at the RPA@QPBEO level of
theory with a cc-pVTZ basis set

Table S3: Absolute isotropic NMR shieldings (ppm) for each nucleus (nuc.) of the molecules
(mol.) in the Gauss benchmark set [8] with a cc-pVTZ basis set (with the corresponding RI basis
set). As reference serve CCSD(T)/cc-pVTZ shieldings (taken from Ref. [9]) as well as basis set
extrapolated CCSD(T)/aug-cc-pCV[TQ]Z shieldings (extrap.) taken from Ref. [8].

mol. nuc. CCSD(T) extrap. RPAQPBEOQ

AlIF
AL 576.5 572.9 582.0
F 200.2 211.8 215.8

CoHy
C 77.3 69.7 79.4
H 26.3 26.0 26.7

CsHy
C 194.9 192.1 193.3
C 90.3 83.7 92.4
H 24.6 24.4 25.0
H 30.9 30.6 31.1

CH-,O
0] -376.5 -378.6 -297.7
C 13.2 1.5 23.3
H 22.3 22.0 23.0

CHsF
C 127.4 122.1 128.3
F 479.2 482.9 473.3
H 27.7 27.3 27.9

CHy4
C 201.3 198.9 198.7
H 31.5 31.3 31.6

CcO
C 11.3 2.2 19.6
O -49.8 -55.0 -31.6

FCCH
C 183.1 179.9 183.1
C 105.3 100.1 107.0
H 30.7 30.5 31.0
F 421.2 423.5 422.6

FCN
F 373.2 374.1 376.9
C 88.2 82.2 90.2

11



Table S3: (continued)

H,C,0

H>O

HsS

H4C50

HCN

HCP

HF

HFCO

HOF

LiF

LiH

N

= oNeoNe!

=)

=

= = QO

o O

LI

122.4

196.3
3.4
-3.9
29.5

344.3
31.3

758.5
30.9

362.1
158.1
294

29.2
91.5
-7.4

29.7
454
412.9

29.5
419.8

-88.0
47.0
167.2
24.3

-44.4
20.7
188.3

90.8
370.3

12

117.9

193.3
-6.3
-5.9
29.2

338.0
30.6

739.0
30.5

363.2
153.2
29.1

29.0
84.6
-14.1

29.6
37.6
388.0

28.8
420.3

-94.3
39.6
165.3
23.9

-68.9
19.6
192.2

89.3
382.5

127.7

194.9
8.5
15.1
29.8

341.2
31.6

748.5
31.2

361.4
158.0
29.6

29.5
94.7
3.7

29.9
48.7
427.0

29.9
418.2

-61.3
50.5
182.5
24.6

-12.0
21.9
209.4

90.7
368.9



Table S3: (continued)

Na

N,O

NH;

0CSs

OF,

PN

H 26.5
LI 90.0
N -52.5
N 114.3
N 22.1
0) 197.0
N 276.2
H 32.0
O 98.7
C 37.9
S 810.9
0) -402.8
F 0.0
N -336.0
P 89.4

26.6
89.3

-60.4

106.4
12.6
199.0

270.7
314

96.8
30.2
796.7

-447.1
-24.0

-344.0
50.6

26.7
90.3

-40.3

119.5
274
204.2

272.8
32.2

108.9
42.2
817.9

-323.5
34.8

-301.1
128.1
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5.4 Absolute isotropic NMR shieldings at the o-functional level of the-
ory with a cc-pVTZ basis set

Table S5: Absolute isotropic NMR shieldings (ppm) for each nucleus (nuc.) of the molecules
(mol.) in the Gauss benchmark set [8] with a cc-pVTZ basis set (with the corresponding
RI basis set) for o-functionals based on various parametrizations and references. As refer-
ence serve CCSD(T)/cc-pVTZ shieldings (taken from Ref. [9]) as well as basis set extrapolated
CCSD(T)/aug-cc-pCV[TQ]Z shieldings (extrap.) taken from Ref. [8].

mol. nuc. CCSD(T) extrap. S1@QPBE Slre@PBE SIQPBE(0 Slre@PBEO

AlF
AL 576.5 572.9 577.5 571.4 575.8 569.8
F 200.2 211.8 206.6 194.1 205.3 198.3

CoHy
C 77.3 69.7 77.3 77.4 77.6 77.4
H 26.3 26.0 26.5 26.4 26.5 26.4

CsHy
C 194.9 192.1 194.8 195.9 193.1 194.1
C 90.3 83.7 90.5 90.4 90.6 90.2
H 24.6 24.4 24.8 24.7 24.9 24.7
H 30.9 30.6 31.0 31.0 31.0 31.0

CH-,0O
O -376.5 -378.6 -376.0 -431.2 -344.1 -398.0
C 13.2 1.5 14.8 10.1 16.8 10.2
H 22.3 22.0 22.6 22.3 22.6 22.3

CHsF
C 127.4 122.1 128.4 128.3 127.2 126.5
F 479.2 482.9 477.8 477.8 474.6 476.9
H 27.7 27.3 27.9 27.8 27.8 27.7

CHy4
C 201.3 198.9 200.2 201.0 199.3 200.2
H 31.5 31.3 31.5 31.5 31.5 31.5

CcO
C 11.3 2.2 10.2 3.5 13.4 6.2
O -49.8 -55.0 -49.2 -65.3 -42.4 -58.4

FCCH
C 183.1 179.9 181.4 182.4 182.8 183.6
C 105.3 100.1 105.0 105.2 105.6 105.0
H 30.7 30.5 30.8 30.7 30.9 30.8
F 421.2 423.5 419.7 420.0 420.3 421.5

FCN
F 373.2 374.1 369.7 366.5 371.5 369.9
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Table S5: (continued)

H2C20

H,O

H,S

H4C50

HCN

HCP

HF

HFCO

HOF

LiF

Zz Q

== oNoNe!

o O

e las

= = QO

o O

LI

88.2
122.4

196.3
3.4
-3.9
29.5

344.3
31.3

758.5
30.9

362.1
158.1
294

29.2
91.5
-7.4

29.7
45.4
412.9

29.5
419.8

-88.0
47.0
167.2
24.3

-44.4
20.7
188.3

90.8
370.3

82.2
117.9

193.3
-6.3
-5.9
29.2

338.0
30.6

739.0
30.5

363.2
153.2
29.1

29.0
84.6
-14.1

29.6
37.6
388.0

28.8
420.3

-94.3
39.6
165.3
23.9

-68.9
19.6
192.2

89.3
382.5

87.9
119.9

194.7
2.1
-2.7
29.6

341.2
314

746.9
31.1

359.1
158.4
29.6

294
90.8
-6.4

29.9
44.4
416.5

29.7
419.0

-91.7
45.7
166.8
24.5

-38.1
21.2
191.8

90.7
367.9

19

87.2
119.0

195.7
-0.1
-13.7
29.5

343.3
314

746.5
31.0

357.9
158.8
29.5

29.3
89.2
-10.3

29.8
43.4
411.2

29.8
419.0

-109.1
44.4
153.3
24.3

-72.9
20.2
174.4

90.6
362.2

88.9
126.0

195.0
5.0
8.6

29.7

340.8
31.5

745.7
31.1

359.8
157.2
29.6

294
92.7
-0.6

29.9
48.5
422.0

29.9
417.8

-75.1
47.5
168.7
244

-34.1
21.2
193.3

90.5
365.3

87.7
125.6

196.2
2.1
-1.5
29.5

343.6
314

751.8
31.0

361.2
157.5
29.4

29.2
90.0
-4.7

29.8
48.2
419.2

29.8
418.7

-92.7
44.8
157.6
24.3

-67.9
20.2
187.0

90.4
362.4



Table S5: (continued)

LiH
H 26.5 26.6 26.5 26.5 26.6 26.6
LI 90.0 89.3 90.6 90.9 90.3 90.5

Ny
N -52.5 -60.4 -55.4 -65.9 -48.9 -60.3

N->O
N 114.3 106.4 111.8 109.8 117.5 114.8
N 22.1 12.6 22.9 21.5 26.0 23.5
O 197.0 199.0 194.0 189.8 199.4 194.7

NH;
N 276.2 270.7 273.3 275.4 273.2 275.2
H 32.0 31.4 32.1 32.0 32.1 32.0

OCS
O 98.7 96.8 99.4 93.5 104.8 100.6
C 37.9 30.2 38.6 37.8 41.2 39.4
S 810.9 796.7 805.5 802.5 808.5 806.0

OF,
O -402.8 -447.1 -381.6 -484.6 -392.5 -466.4
F 0.0 -24.0 3.3 -24.4 8.9 -14.5

PN
N -336.0 -344.0 -338.1 -358.6 -318.2 -333.1
P 89.4 50.6 84.6 58.8 100.8 79.2
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5.5 Absolute isotropic NMR shieldings at the 0(S1)@PBE level of the-
ory with a cc-pwCVXZ basis set (Xe T, Q)

Table S6: Absolute isotropic NMR shieldings (ppm) for each nucleus (nuc.) of the molecules
(mol.) in the Gauss benchmark set [8] with a cc-pwCVTZ and cc-pwCVQZ basis (with their cor-
responding RI basis sets). ‘extrap.’ denotes basis set extrapolated CCSD(T)/aug-cc-pCV[TQ|Z
shieldings (taken from Ref. [8]) and ‘SI@PBE’ denotes 0(S1)@PBE shieldings. The CCSD(T)/cc-
pwCVTZ and CCSD(T)/cc-pwCVQZ calculations were carried out using the CFOUR program
[10].

mol. nuc. extrap. cc-pwCVTZ cc-pwCVQZ

CCSD(T) S1@PBE CCSD(T) S1@PBE

AlF
AL 572.9 571.7 567.6 572.1 568.3
F 211.8 198.2 203.2 206.6 218.2

CaHy
C 69.7 4.7 74.7 71.1 72.7
H 26.0 26.3 26.4 26.1 26.2

CsHy
C 192.1 193.7 193.1 192.6 192.3
C 83.7 88.0 87.9 84.9 86.6
H 24.4 24.6 24.7 24.4 24.6
H 30.6 30.9 31.0 30.7 30.8

CH,0O
O -378.6 -380.8 -380.1 -382.2 -359.6
C 1.5 10.5 12.2 4.5 8.0
H 22.0 22.3 22.6 22.1 224

CH3F
C 122.1 126.0 127.2 123.3 125.3
F 482.9 480.4 478.3 482.3 482.6
H 27.3 27.6 27.9 27.4 27.6

CHy
C 198.9 200.4 198.8 199.3 198.6
H 31.3 314 31.5 314 31.3

CO
C 2.2 8.7 7.3 4.1 6.0
(0] -55.0 -50.0 -49.6 -54.4 -46.9

FCCH
C 179.9 182.2 180.6 180.6 179.7
C 100.1 104.1 104.3 101.2 102.4
H 30.5 30.6 30.7 30.5 30.5
F 423.5 422.1 420.1 422.6 423.7

21



Table S6: (continued)

FCN

H,C50

H,O

HsS

H4C20

HCN

HCP

HF

HFCO

HOF

Ny

Z Q

= oNeNe!

= O

s liaw

= 0 Q O

o O

374.1
82.2
117.9

193.3
-6.3
-5.9
29.2

338.0
30.6

739.0
30.5

363.2
153.2
29.1

29.0
84.6
-14.1

29.6
37.6
388.0

28.8
420.3

-94.3
39.6
165.3
23.9

-68.9
19.6
192.2

373.7
87.0
120.9

195.0
0.9
-5.3
29.5

344.8
31.2

734.3
30.7

362.4
156.3
294

29.2
89.9
-9.8

29.6
43.0
389.4

294
420.7

-90.7
45.5
167.6
24.2

-47.2

20.6
186.0

22

369.5
86.5
118.4

193.1
-0.6
-5.0
29.5

341.1
314

727.0
30.8

358.8
156.6
29.5

29.3
89.0
-8.2

29.8
42.1
390.8

29.7
419.4

-95.0
44.2
166.6
24.4

-40.4
21.2
188.5

373.7
83.6
118.5

193.8
-4.2
-6.7
29.3

340.7
30.9

736.9
30.6

363.2
154.1
29.2

29.1
86.1
-13.4

29.6
39.0
388.8

29.1
419.8

-94.3
41.3
165.3
24.0

-61.2
20.0
189.4

374.1
84.1
119.5

192.9
-2.6
2.5
29.3

339.1
30.8

733.4
30.5

361.4
155.0
29.3

29.2
86.4
-7.4

29.7
39.4
390.3

29.0
420.6

-87.6
42.0
172.3
24.1

-51.0
20.3
196.8



Table S6: (continued)

N,O

NH,;

0CS

OF

PN

-60.4

106.4
12.6
199.0

270.7
314

96.8
30.2
796.7

-447.1
-24.0

-344.0
50.6

-54.8

111.6
20.1
197.7

275.7
31.9

97.9
35.9
797.2

-409.5
-4.7

-339.8
53.9

-58.0

109.2
20.6
194.1

272.2
32.0

98.8
36.5
791.6

-387.3
-2.4

-338.4
51.3

-59.9

108.0
14.3
197.7

272.8
31.6

96.6
31.7
797.6

-434.0
-15.1

-344.8
52.9

-57.8

108.8
17.4
198.4

270.8
31.6

102.5
34.3
796.6

-402.3
-8.0

-332.7
56.9

23



6°LC 6°LC L'Le 9°L¢ g'Lc g'Lc €'LC H
G'8LY 8°LLY 6Ly G'E8Y L'6LY LC8Y 6°C8% q
G8cl v'8¢1 VLel gacl 6°¢cl g¢vel 44! 9)
A¢HD
9°¢c 9°Cc €3¢ jiéd €'CC |44 0°¢c H
8'€T 8Vl '€l vl L8 g9 T D
Ve8¢ 0°9.L€- G9.LE- ¢V9e- 0-¢ee- G'LLES 98L- O
O®HD
0°T1E 01e 6°0€ 8°0¢ 8°0€ L0€ 9°0€ H
8'V¢ 8'¥¢ 9v¢ 9v¢ 9v¢ g've V've H
0°06 G'06 €06 898 ¢'L8 ¢'98 L€8 D
6761 8V61 6761 8°¢61 €161 G'e61 16T 9)
YHED
¥'9¢ 6'9¢ €9¢ ¢'9¢ €'9¢ 1°9¢ 0°9¢ H
6°9. €L €L 8'CL 8CL 6°CL 169 D
YHED
970¢ 990¢ ¢'00¢ €'€CC 1'81¢ ¢'¢le 8'TT1¢ dq
V' LLG G LLG G'9.G G €84 8484 LL8¢ 6°cLS TV
A1V
wzqAd-/o  wzIAd=0/0  (L)dSPD  WZLAd-/o  trghad-o/o (1)dSDD
7.LAd-00 :jes-siseq OV 7OAd-00 :jes-siseq OV ‘derjxe Juows[e oW

'[6] Joug wogy pauresqo sea eyep (L)ASOD
oy T, (Agdo(1S)0 107 1ygdur/zqAd-oo pue yygdur /71, Ad-00 s10s siseq Ty o) Y3m) 7, Ad-00 se [[om se (pasn atom ygdur/71,Ad-00 pue
1ygdu /7 Ad-00 s39s siseq T4 93 HIJO(TS)2 10]) ZOAd-00 s3198 SIseq (84110 dTUIOR ST} 10 USAIS o1e sSuIp[pIys (.0, SB PajeIAdIqqe)
Agdo(1S)° pue (1,)AsOD oyl ‘([8] 'Joy woly ueye)) sSurprerys 7[0).LJADd-00-3ne/(1)ASDD porejoderxs 1os siseq sojousp derxo,
"[8] 108 NIewpuaq ssnex) o) ur (-jour) sernosour oy jo (-onu) snepnu yoes 1o0f (wdd) sSurprerys YN 21dorjost 9njosqy (LS 9[qRTL,

s30s siseq [Y PUe QV jo
SUOIRUIqUIOD JUDIOPIP 10} 1001} jo [0A0] HIJ®(IS)0 oYy Je sSuIperys YINN 21do1jost on[osqy  9°g

24



6°8G¢€

T'1€
6°87.L

V1€
VIve

9'6C
7
6T
ST6T

G611
LL8
L'89¢

681V
8°0€

¢40t
G181

¥0G-
86

g'1e
G°00¢

1°69€

T'1€
6°97L

V'ie
¢'1ve

9°6¢
L'¢
1'¢
L761

6611
628
L'69¢€

L'6TV
8°0€

0°60T
VI8

¢67-
0T

g'1e
¢'00¢

1°¢9¢

6°0€
G'8GL

€1€
€Vve

G'6¢
6°¢-
Ve
€961

a4q!
¢'88
G'ELE

¢'1ev
L°0¢€

€601
T°€8T

867"
eI

g'1e
€10¢

1°'19€

L0€
G1GL

8°0€
6°6€€

€°6¢
(xé
8¢
G€61

61T
078
8°€LE

vecy
g0€

L°¢0T
6°6LT

¢ '8y
¢

€1e
€661

€'€9¢

8°0€
g 1GL

6°0€
¢ 0ve

¥'6¢
8¢l
€0
G€e6T

YAl
€°a8
6'V.LE

6°¢cv
9°0¢

¥'e0T1
2081

€Tv-
¢'8

Vi€
G861

L79€

L0€
9°6G.

6°0€
0'1ve

€°6¢
€Y
0¢c-
V'y61

1°0¢T
878
1°6LE

0vev
9°0¢€

9°¢0T
VI8

616"
8'G

vie
6°66T

¢'€9¢€

§g0€
0°6€L

9°0€
0'8€¢€

¢'6¢
6°G-
€9-
€€61

6°L11
a8
TvLE

RY4Y
g0€

1°00T
6°6LT

0°6G-
(axé

€Te
6861

o m

Z OO0 O =

~ O

OO0 T M~

O O

OD'H

O°H

0%

NOA

HODA

oD

THO

(penunjuod) :)G o[qe],

25



9°06
§'9¢

¢'L9€
L°06

G061
¢'1e
107~

gve
8PI1
gar
8°€6-

1'61¥
8°6C

EVIV
R
6°6¢

VL
€06
¥'6¢

9°6¢
V86T

9°06
§'9¢

6°L9€
L°06

8161
¢'1¢
1'8¢€-

@'ve
8991
LGy
L'16-

0'61¥
L'6¢

G 91V
Vv
6°6¢

¥'9-
8°06
768

9°6¢
V84T

0°06
§'9¢

€0.LE
8°06

€881
L0¢
ada

€7¢
¢'L91
0Ly
0°88-

861V
G'6¢

6°CIV
ver
L'6¢

VL
q'16
G'6G

¥'6¢
1°8GT

68
L'9¢

8¥8€
68

0961
¢'0c
¥'es-

I've
9°0LT
Vv
9°68-

T'1ev
0°6¢

GCIv
6°8€
8°6C

€8
1°98
G'6¢

€°6¢
1°GGT

1°68
9'9¢

1'8LE
6°88

9961
¢'0¢
887~

1've
9°0LT
T°€V
(on

0°0cv
¢'6¢

8 17¥
8TV
L'6¢

1'¢
g'88
1°6¢

€°6¢
6°€GT

€68
9°9¢

0°LLE
768

9161
002
L84~

07¢
6°991
T°€V
0°16-

661V
1°6¢

6°9¢y
'y
L'6¢

€1T-
€28
1°6¢

¢'6¢
17641

€68
9°9¢

G'e8e
€68

(x4
96T
6°89-

6°€C
€991
9°6€
€76-

€0cv
8'8¢C

0°'88¢
9°,€
968

I'y1-
978
062

1°6¢
¢eql

IT

IT

o=

O VO K MO

o

H'I

AT

J0OH

26

0O04dH

JH

dOH

NOH

(penunjuod) :)G o[qe],



9'8. 978 768 T°0TT 0°L€T ¢'8T1 909 d
0vve- 1'8€€- 0°9¢¢- G'8¢€e- 8°0T¢- L0ve- 0¥ve- N

Nd
a1 €€ 00 ¢'0r1- 0% Lcl- 0ve- Cl
7'88¢- 9'18¢- 820V~ G607~ G 0gv- €0V~ 'yv- O

e10
1’708 6’608 6°018 1808 1°¢cI8 1°G18 L°96L S
g'8€ 9'8¢€ 6°L¢ Gve 0°L¢ 8°€¢ ¢'0¢ 9)
1'86 7’66 L'86 ! 7'L0T 1’86 896 @)

500
1'ce 1'ce 0'ce 9'1¢€ L'T€ 9'1¢ v'ie H
9'€Le €'€LC ¢'9.Le V'1Le 6°'TLC T'€Lc L°0Le N

*HN
7'E6T 076T 0°L6T 0'86T 1'%0¢ 6'661 0'66T )
8°CC 6°CC 1°¢¢ T'LT 0'Te 091 9¢l N
GIIT 8'TIT €VIT ¢80T [adn! 7601 7901 N

O°N
194~ 7'64- §'g4- L'8G- 814~ 9'LG- 7'09- N

°N

(penunjuod) :)G o[qe],

27



G'Lc 8°LC L'Le G'Lc g'Lc g'Lc €'LC H
G087y 9Ly 6Ly G087 1°08¥ LC8Y 6°C8% q
Vyel ¢'Lal VLel vyel €yl g¢vel 44! 9)
A¢HD
€C¢ 9°Cc €3¢ €C¢C €'CC |44 0°¢c H
6'8 891 '€l 6'8 06 g9 T D
GrLee- T'vve- G9.LE- GrLee- 0°8¢¢- G'LLES 98L- O
O®HD
8°0¢ 01e 6°0€ 8°0¢ 8°0€ L0€ 9°0€ H
9v¢ 6'7¢ 9v¢ 9v¢ 9v¢ g've V've H
VL8 906 €06 VL8 €18 ¢'98 L€8 D
LT6T 1°€6T 6761 LT6T 9161 G'e61 16T 9)
YHED
¢'9¢ 6'9¢ €9¢ ¢'9¢ €'9¢ 1°9¢ 0°9¢ H
Vel 9°LL €L Vel 9€L 6°CL 169 D
YHED
L°0¢c €602 ¢'00¢ L°0¢c 8°61¢ ¢'¢le 8'TT1¢ dq
07984 8'GLG G'9.G 07984 9684 LL8¢ 6°cLS TV
A1V
wzqAd-/o  wzIAd=0/0  (L)dSPD  WZLAd-/o  trghad-o/o (1)dSDD
7.LAd-00 :jes-siseq OV 7OAd-00 :jes-siseq OV ‘derjxe Juows[e oW

‘[6] Joy w0y pourejqo sem eyep (I)ASOD UL
“(0dgdo(18)0 10§ 1ygdu/zqad-oo pue yygdur/7z 1, Ad-00 s19s siseq 1Y o) m) 7 Ad-00 se [[om se (pasn atom jygdur/z 1, Ad-00 pue
1ygdw /7 Ad-00 398 stseq TY 91 OHIJD(TS)0 10]) ZOA-00 s398 SISk( [R}IQI0 JTWIOYR B} I0] UIAIS o1e SSUIP[AIYS (,0, Se PajeIAdIqqe)

0dddo(18)2 pue (I1)asdD UL “([8] Joy woiy uaey) sSurprys [0 1] ADd-00-8ne/(1)asDD pore[oderixs 19s siseq sajousp derixo,
"[8] 108 NIewpuaq ssnex) o) ur (-jour) sernosour oy jo (-onu) snopnu yoes 1o0f (wdd) sSurprerys YN 21dorjost 9njosqy :8S 9[qrT,

sj0s siseq T pue QV jo
SUOI}RUIQUIOD JUSIDPIP 10§ A100Y3 JO [0A9] 0HAJD(TS)0 9Y3 Y sSuIp[erys YIAN 21d0Ijost 9In[osqy  L°G

28



¥'€9¢€

L0€
0¢csL

6°0€
€0ve

€°6¢
1'Cl
€0
G'€61

6'7Cl
€48
8'VLE

£vey
9°0€

L°¢0T
G081

9'1v-
€8

Vi€
L'861

8'64¢

T'1€
L'G7L

g1e
8'07¢

L'6¢
98
0'G
0°G6T

0'9¢T
688
G'T.LE

€0cv
6°0€

9°60T
8C8T

4
VET

g'1e
€661

1°¢9¢

6°0€
G'8GL

€1€
€Vve

G'6¢
6°¢-
Ve
€961

a4q!
¢'88
G'ELE

¢'1ev
L°0¢€

€601
T°€8T

867"
eI

g'1e
€10¢

¥'€9€

L0€
0¢csL

6°0€
€0re

€°6¢
1°Cl
€0-
G€61

6 7¢I
€a8
8'VLE

€vey
9°0€

L°¢0T
G081

9'1v-
€8

Vi€
L'861

1°€9€

L°0€
€18

6°0€
6°6€€

€°6¢
LTT
¥0-
PE61

1°gel
(]
9v.LE

¢vav
9°0¢

9°¢0T
9°08T

Viv-
€8

Vi€
G861

L79€

L0€
9°6G.

6°0€
0'1ve

€°6¢
€Y
0¢c-
V'y61

1°0¢T
878
1°6LE

0vev
9°0¢€

9°¢0T
VI8

616"
8'G

vie
6°66T

¢'€9¢€

§g0€
0°6€L

9°0€
0'8€¢€

¢'6¢
6°G-
€9-
€€61

6°L11
a8
TvLE

RY4Y
g0€

1°00T
6°6LT

0°6G-
(axé

€Te
6861

o m

Z OO0 O =

O

O 0O K K

O O

OD'H

O°H

0%

NOA

HODA

oD

THO

(penunjuod) :gg o[qe],

29



68
9°9¢

08¢
068

6°L61
¢'0c
G67-

I've
8TLI
¢Ev
6°€L-

1°0¢¥
¢'6¢

V'6EV
Lvy
L6¢

L¢
788
1°6¢

¢'6¢
€74l

€06
9°9¢

€'69¢
G06

€€61
¢'1¢
T've-

V've
L'891
Ly
1°6.L-

LIV
6°6¢

0'cey
g8y
6°6¢

9°0-
L°C6
768

9°6¢
¢'LAT

0°06
§'9¢

€0.LE
8°06

€881
L0¢
ada

€7¢
¢'L91
0Ly
0°88-

861V
G'6¢

6°CIV
ver
L'6¢

VL
q'16
G'6G

¥'6¢
1°8GT

68
9°9¢

08¢
068

6°L61
¢'0c
G67-

I've
8TLI
¢Er
6°€L-

1°0¢¥
¢'6¢

V'6EV
Lvy
L6¢

L¢
788
1°6¢

¢'6¢
€74l

¢'68
9'9¢

0°08¢€
068

€261
¢'0¢
1°0G-

@ve
8°0LT
(3%
8L~

L'6T¥
¢'6¢

T°07v
8TV
L'6¢

L°¢
788
1°6¢

€°6¢
¢Yal

€68
9°9¢

0°LLE
768

9161
002
L84~

07¢
6°991
T°€V
0°16-

661V
1°6¢

6°9¢y
'y
L'6¢

€1T-
€28
1°6¢

¢'6¢
17641

€68
9°9¢

G'e8e
€68

(x4
96T
6°89-

6°€C
€991
9°6€
€76-

€0cv
8'8¢C

0°'88¢
9°,€
968

I'y1-
978
062

1°6¢
¢eql

IT

IT

o=

O VO K MO

o

H'I

AT

J0OH

30

0O04dH

JH

dOH

NOH

(penunjuod) :gg o[qe],



LEET 8°00T 768 LEET €6eT ¢'8T1 909 d
0vIE- ¢'8TE- 0°9¢¢- 0vIE- Vere- L0ve- 0¥ve- N

Nd
6'€- 6'8 00 6'€- V- Lcl- 0ve- Cl
G617~ G'c6e- 820V~ G617~ L61¥- €0V~ 'yv- O

e10
CET8 4’808 6°018 CET8 G'Ee18 1°G18 L°96L S
vLe o'y 6°L¢ VLe €LE 8°€¢ ¢'0¢ 9)
7" L0T 8701 L'86 7' L0T 1°L0T1 1’86 896 0]

500
9'1€ 1'ce 0'ce 9'1¢€ 9'1¢€ 9'1¢ v'ie H
0'¢le G'ELT ¢'9.Le 0°¢Le L'TLE T'€Lc L°0Le N

*HN
¢'€0¢ 7661 0°L6T ¢'€0¢ 1°€0¢ 6'661 0'66T )
9°0¢ 092 1°¢¢ 9°0¢ ¥°0¢ 091 9¢l N
VETT G'LTT €VIT [&38! €EIT 7601 7901 N

O°N
7°04- 6'87- §'g4- 7'04- 0'€S- 9'LG- 7'09- N

°N

(penunjuod) :gg o[qe],

31



5.8 Absolute isotropic NMR shieldings for double hybrid density func-
tionals

Table S9: Absolute isotropic NMR shieldings (ppm) for each nucleus (nuc.) of the molecules
(mol.) in the Gauss benchmark set [8] for the double hybrid functionals B2PLYP [11] and DSD-
PBEPS6 [12]. ‘extrap.” denotes basis set extrapolated CCSD(T)/aug-cc-pCV[TQ]Z shieldings
(taken from Ref. [8]). The CCSD(T) data was obtained from Ref. [9].

mol. nuc. CCSD(T) extrap. B2PLYP DSD-PBEPS86

AlF
AL 587.7 572.9 571.1 579.0
F 212.2 211.8 184.7 197.2

CoHy
C 72.9 69.7 58.8 65.4
H 26.1 26.0 26.0 26.0

CsHy
C 193.2 192.1 185.4 190.3
C 86.5 83.7 66.2 70.1
H 24.5 24.4 24.2 24.1
H 30.7 30.6 30.8 30.8

CH-,0O
O -377.2 -378.6 -406.3 -378.7
C 6.5 1.5 -10.1 -1.8
H 22.1 22.0 21.7 21.9

CH3F
C 124.5 122.1 114.7 120.5
F 482.7 482.9 476.0 482.1
H 27.5 27.3 27.4 27.4

CHy
C 199.9 198.9 194.5 198.3
H 31.4 31.3 31.5 31.4

CO
C 5.8 2.2 -7.3 -0.2
O -51.9 -55.0 -68.4 -59.8

FCCH
C 181.4 179.9 175.9 179.2
C 102.6 100.1 91.8 97.4
H 30.6 30.5 30.7 30.6
F 424.0 423.5 413.8 420.0

FCN
F 375.1 374.1 364.2 370.9
C 84.8 82.2 74.9 80.2
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Table S9: (continued)

H,C,0

H>0O

H,S

H4C50

HCN

HCP

HF

HFCO

HOF

LiF

LiH

= O Q Z

T O

o o

= =0 Q O

= O

LI

120.1

194.4
-2.0
-4.3
29.3

341.0
30.9

759.6
30.7

364.7
155.1
29.2

29.1
87.3
-11.3

29.7
41.1
426.9

29.1
419.9

-91.0
43.1
166.9
24.0

-58.7
20.0
191.6

89.4
377.0

117.9

193.3
-6.3
-5.9
29.2

338.0
30.6

739.0
30.5

363.2
153.2
29.1

29.0
84.6
-14.1

29.6
37.6
388.0

28.8
420.3

-94.3
39.6
165.3
23.9

-68.9
19.6
192.2

89.3
382.5

33

110.1

190.3
-11.9
-6.2
294

337.8
31.0

741.1
30.8

357.4
147.0
29.5

29.2
78.0
-28.8

29.8
27.3
395.4

29.2
417.0

-104.0
31.3
137.4
23.8

-99.3
19.6
188.5

88.4
356.8

118.7

194.2
-4.4
6.4
29.3

341.4
30.8

757.5
30.6

368.1
152.6
29.5

29.1
82.7
-17.1

29.6
354
412.1

29.0
419.8

-87.9
37.9
152.8
23.9

-76.1
19.8
198.8

89.1
370.2



Table S9: (continued)

H 26.6 26.6 26.6 26.5
LI 89.3 89.3 88.7 89.0

Ny
N -57.6 -60.4 -74.0 -62.9

N5O
N 109.4 106.4 101.4 1114
N 16.0 12.6 7.3 16.8
0) 199.9 199.0 189.1 199.3

NH;
N 273.1 270.7 269.1 272.8
H 31.6 314 31.8 31.7

OCS
) 98.7 96.8 87.3 96.6
C 33.8 30.2 26.5 32.6
S 815.1 796.7 799.2 813.1

OF,
0) -430.3  -447.1 -527.3 -480.5
F -12.7 -24.0 -38.9 -16.5

PN
N -340.7  -344.0 -369.6 -333.0
P 118.2 50.6 74.4 105.1
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5.9 Absolute isotropic NMR shieldings for meta-GGA density func-
tionals

Table S10: Absolute isotropic NMR shieldings (ppm) for each nucleus (nuc.) of the molecules
(mol.) in the Gauss benchmark set [8] for the meta-GGA functionals SCAN [13] and revTPSS
[14]. ‘extrap.” denotes basis set extrapolated CCSD(T)/aug-cc-pCV[TQ]Z shieldings (taken from
Ref. [8]). The CCSD(T) data was obtained from Ref. [9].

mol. nuc. CCSD(T) extrap. SCAN revIPSS

AlF
AL 587.7 572.9 559.5 557.5
F 212.2 211.8 191.2 161.6

CoHy
C 72.9 69.7 66.0 60.2
H 26.1 26.0 25.8 26.3

CsHy
C 193.2 192.1 182.6 177.7
C 86.5 83.7 78.5 73.5
H 24.5 24.4 24.2 24.7
H 30.7 30.6 30.6 30.9

CH-,0O
O -377.2 -378.6  -331.7 -372.7
C 6.5 1.5 -1.8 -6.4
H 22.1 22.0 21.5 21.9

CH3F
C 124.5 122.1 116.3 111.1
F 482.7 482.9 471.7 459.4
H 27.5 27.3 27.2 27.6

CHy
C 199.9 198.9 197.5 189.4
H 31.4 31.3 31.4 31.8

CcO
C 5.8 2.2 7.0 0.9
O -51.9 -55.0 -36.7 -59.4

FCCH
C 181.4 179.9 178.4 175.1
C 102.6 100.1 93.9 92.7
H 30.6 30.5 30.5 31.1
F 424.0 423.5 404.6 389.2

FCN
F 375.1 374.1 359.6 340.3
C 84.8 82.2 80.0 77.9
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Table S10: (continued)

N 120.1 1179  123.0 111.2

H,C,0
C 194.4 193.3  194.7 186.7
C -2.0 -6.3 1.1 =77
0] -4.3 -5.9 29.5 -9.9
H 29.3 29.2 29.3 29.8

H>0O
0] 341.0 338.0  346.5 334.1
H 30.9 30.6 31.0 31.7

HsS
S 759.6 739.0  755.0 719.3
H 30.7 30.5 30.7 31.3

H4C50
0] 364.7 363.2  345.8 335.9
C 155.1 153.2  145.2 141.9
H 29.2 29.1 29.0 29.5

HCN
H 29.1 29.0 29.0 29.4
C 87.3 84.6 83.6 80.9
N -11.3 -14.1 -13.0 -20.8

HCP
H 29.7 29.6 29.6 29.9
C 41.1 37.6 29.0 22.2
P 426.9 388.0  359.8 347.2

HF
H 29.1 28.8 29.3 30.2
F 419.9 420.3 4324 415.7

HFCO
0] -91.0 -94.3 -72.0 -99.4
C 43.1 39.6 35.5 31.0
F 166.9 165.3  141.7 115.5
H 24.0 23.9 23.4 23.7

HOF
0 -58.7 -68.9 -68.6 -84.9
H 20.0 19.6 20.1 20.7
F 191.6 192.2 185.4 162.9

LiF
LI 89.4 89.3 88.8 87.8
F 377.0 382.5  385.5 352.8

LiH
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Table S10: (continued)

Ny

N,O

NH,

0CSs

OF,

PN

LI

26.6
89.3

-57.6

109.4
16.0
199.9

273.1
31.6

98.7
33.8
815.1

-430.3
-12.7

-340.7
118.2

26.6
89.3

-60.4

106.4
12.6
199.0

270.7
314

96.8
30.2
796.7

-447.1
-24.0

-344.0
50.6

26.7
89.2

-57.9

108.1
14.7
190.3

273.5
31.8

105.9
36.7
804.1

-490.1
-26.2

-358.4
414

26.6
89.4

-67.7

100.2
9.3
174.9

264.5
32.3

77.8
30.9
765.2

-925.5
-51.1

-383.2
23.9
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Chapter 4

Conclusion

In this thesis several novel methods were introduced for the efficient calculation of
RPA energies and properties based on first and second-order derivatives of the en-
ergy.

For the memory-efficient computation of RPA energies, an optimized batching
scheme was introduced, completely alleviating the memory bottleneck of the method.
This advancement allowed the computation of systems with up to 1,052 atoms and
11,230 basis functions on a single compute node, something that was not possible
before. The introduced method can also be adapted for related electron correlation
methods that come with high memory demands, which makes this method widely
applicable and transferable.

For nuclear gradients within RPA an efficient method was presented to introduce
the frozen-core approximation. Since nuclear gradients are typically unaffected by
the correlation between core electrons and between core and valence electrons, the
error introduced by the frozen-core approximation was shown to be minimal, while
performance gains of 20-30% were observed. Further, most atomic and auxiliary
basis sets are designed to correlate only the valence electrons, thus, they do not
include any additional tight Gaussians for the core region. These basis sets can
now be used for the computation of RPA gradients leading to accurate results and
further performance gains due to the smaller size of the basis set.

Furthermore, this thesis described, for the first time, the derivation and imple-
mentation of analytical second-order derivatives for the computation of NMR shield-
ings within RPA. The implementation, based on a formulation in the atomic-orbital
space, has been validated by comparison with numerical RPA NMR shieldings. By
using a local RI metric, Cholesky decomposed density type matrices, sparse matrix
algebra techniques, and a memory efficient batching scheme, an efficient and low-
scaling formulation was obtained. This made the computation of NMR shieldings
of a DNA strand with 260 atoms and 3408 AO basis functions on a single compute
node possible. Since RPA has been previously shown to yield accuracies comparable
to CCSD, the introduced efficient and low-scaling analytical NMR method opens the
door for applications to large systems with high accuracy.

o-Functionals are closely related to RPA, with a o-functional implementation
building directly upon an RPA implementation. Thus, all improvements that were
introduced for RPA can also be employed for the o-functionals with moderate ad-
ditional programming effort. o-Functionals have been shown to yield high accuracy
for energetic data as well as nuclear gradients and vibrational frequencies. In this
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4. Conclusion

work, a comprehensive benchmark study was conducted to study the accuracy of
o-functionals for NMR shieldings using numerical second-order derivatives. It has
been found that o-functionals perform exceptionally well, achieving accuracies com-
parable to CCSD(T) and outperforming RPA, all investigated density functionals,
and MP2. Therefore, analytical o-functional NMR shieldings would be beneficial
in the future, where the efficient RPA NMR method presented in this work can be
utilized for the implementation. This would provide another highly accurate and
efficient method for the computation of NMR shieldings.

Therefore, the methods introduced in this thesis play a crucial role in advancing
RPA, moving it closer to being established as the preferred functional of choice for
various computational applications.
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