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ABSTRACT: A general scheme is presented to extend semi-
empirical methods to include the effects of arbitrary strength
magnetic fields, while maintaining computational efficiency. The
approach utilizes three main modifications; a London atomic
orbital (LAO) basis set is introduced, field-dependent kinetic
energy corrections are added to the model Hamiltonian, and spin- ©
Zeeman interaction energy terms are included. The approach is @ GFN1-xT

applied to the widely available density-functional tight-binding
method GFN1-xTB. Considering the basis set requirements for the
kinetic energy corrections in a magnetic field leads to two variants: B
a single-basis approach GFN1-xTB-MO and a dual-basis approach
v
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GFN1-XTB-M1
GFN1-xTB-M1. The LAO basis in the latter includes the ;
appropriate nodal structure for an accurate representation of the
kinetic energy corrections. The variants are assessed by benchmarking magnetizabilities and nuclear magnetic resonance shielding
constants calculated using weak magnetic fields. Remarkably, the GFN1-xTB-M1 approach also exhibits excellent performance for
strong fields, I8l < 0.2B, (B, = 2.3505 X 10° T), recovering exotic features such as the para- to dia-magnetic transition in the BH
molecule and the preferred electronic configuration, molecular conformation, and orientation of benzene. At stronger field strengths,
IBl > 0.2By, a degradation in the quality of the results is observed. The utility of GFN1-xTB-M1 is demonstrated by performing
conformer searches in a range of field strengths for the cyclooctatetraene molecule, with GFN1-xTB-M1 capturing the transition
from tub to planar conformations at high field, consistent with much more computationally demanding current-density functional
theory calculations. Magnetically induced currents are also shown to be well described for the benzene and infinitene molecules, the
latter demonstrating the flexibility and computational efficiency of the approach. The GEN1-xTB-M1 approach is a useful tool for
the study of structure, conformation, and dynamics of large systems in magnetic fields at the semiempirical level as well as for
preoptimization of molecular structure in ab initio calculations, enabling more efficient exploration of complex potential energy
surfaces and reactivity in the presence of external fields.

1. INTRODUCTION

In recent years, a large number of approaches have been
developed to allow for the study of atomic and molecular
systems in strong magnetic fields.' >’ Several electronic
structure packages have now been developed with the
capabilities to allow a nonperturbative treatment of magnetic
fields**~*” for a range of methods including Hartree—Fock
(HF),"'* configuration interaction,” Moller—Plesset (MP),*®
coupled-cluster (CC),® equation of motion coupled-cluster, "
Green’s function-based GW,”** and current-density functional
theories (CDFTs).”!»!017,28:30

In the presence of an external magnetic field, calculations are
generally more expensive to carry out. This is primarily because
the associated wave functions are generally no longer real but
complex. This leads to a requirement for complex arithmetic in
the numerical implementation of the electronic structure
methods, as well as a loss of complex-conjugation symmetry
resulting in an increased computational effort required for
molecular integral and integral derivative evaluation over
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suitable complex basis functions, such as London atomic orbitals
(LAOs).*" Furthermore, the presence of a magnetic field leads
to a lowering of any point-group symmetry that may be
exploited,'”*"**** particularly if general orientations of the
molecular frame relative to the applied field are to be considered.
To offset these challenges, significant progress has been made to
exploit resolution-of-the-identity'®'® and Cholesky decompo-
sition techniques®>** in molecular integral evaluation.

The availability of techniques to accelerate integral evaluation
over LAOs has made calculations on large systems much more
tractable. However, despite these advances, calculations remain
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more demanding than their zero-field counterparts. Given that
the effects of magnetic fields are expected to be observable at
lower fields for larger systems, it is desirable to develop lower-
cost approaches to increase the system size that is amenable to
simulation. Recently, embedded fragment-based approaches
were developed based on HF, CDFT, MP, and CC methods
with LAO basis sets to address large, noncovalently bound,
molecular clusters.””

In the present work, the development of semiempirical
approaches for application to more general molecular systems in
strong magnetic fields is explored. A general approach to yield
semiempirical models, which can be directly compared with and
assessed against ab initio methods using LAO basis sets, is
developed. In particular, we focus on the popular density-
functional tight-binding method GFN1-xTB,*>*° which we have
adapted to include the effects of an arbitrary strength magnetic
field in a nonperturbative manner. The history of similar
approaches is extensive, and Section 2 briefly reviews the
relevant background and theory. In Section 2.1, the basics of
Hiickel-London (HL) theory’"”” are introduced; in Section 2.2,
we consider some modifications that can be made to the
extended Hiickel theory to treat strong magnetic fields. In
Section 2.3, similar considerations are applied to the GFN1-xTB
model, generating a flexible semiempirical approach suitable for
applications to a wide variety of chemical systems in magnetic
fields. Computational details are summarized in Section 3, and
the applicability of the semiempirical models is assessed for
magnetic properties in Section 4 with weak fields in Section 4.1
and strong fields in Section 4.2. Conclusions and directions for
future work are presented in Section S.

2. BACKGROUND AND THEORY

2.1. Hiickel-London Theory. The Hiickel-London (HL)
theory’"*” was one of the first approaches to include the
interaction of a magnetic field in a semiempirical method. In the
HL theory, the effect of a magnetic field is included by
multiplying the resonance integral terms from Hiickel theory by
a field-dependent complex exponential, forming the following
effective one-electron Hamiltonian for conjugated hydro-

carbons
oy ifu=v
HW(B) = eifw»ﬁH if u # v, and u and v bonded
0 otherwise (1)

where ay; and fy are the Hiickel Coulomb and resonance
integral parameters and

1
fyb = E(ﬂﬂ - ﬂy)'(Rﬂ + Ry) (2)
where
1
\7[,/ = EB X (RD - O) (3)

is the vector potential associated with a uniform magnetic field,
defined in the Coulomb gauge, evaluated at the atomic orbital
(AO) center R,. The magnetic field vector is B, and the
associated gauge-origin is O. London’s approach to extending
Hiickel theory to include magnetic fields has two particularly
useful properties: the original semiempirical method is returned

at zero-field (since e’ — 1as B — 0) and the total energies

are independent of the gauge-origin since the field-dependent
complex exponential is itself independent of the gauge-origin.

2.2. Extended Hiickel Theory. A more recent example
where the effect of a magnetic field has been included in a
semiempirical method is the work by Hod et al,*®*? who made
modifications to the extended Hiickel theory*™* to include
orbital paramagnetic and diamagnetic terms in the effective one-
electron Hamiltonian, resulting in an approach called the
magnetic extended Hiickel theory (MEHT). Using MEHT,
Hod et al.***? generated computational models of devices with
molecular junctions featuring quantum corrals, carbon nano-
tubes, and molecular rings formed from polyaromatic hydro-
carbons. The magnetoresistances of these devices were then
investigated by applying an external magnetic field.”*”’

Despite significant advances in the development of ab initio
methods under a strong magnetic field, there is still a need for
low-cost approaches, for example, to allow for the study of large
systems. Although HL theory and MEHT could be used to
model molecular systems under a strong magnetic field, there are
some deficiencies in both methods. For example, the spin-
Zeeman interaction terms are absent in both approaches and so
open-shell systems (which can be particularly important in
strong magnetic fields) are not modeled correctly. In addition,
significant progress has been made in developing more accurate
semiempirical models that are parameterized for a broad range
of chemistry.*>****~>* In the present work, the aim is to develop
a general set of modifications to extend any semiempirical
method for applications in a magnetic field. We focus on the
widely available modern density-functional tight-binding
method GEN1-xTB***® as an example to create a robust
alternative to the more computationally expensive ab initio
methods for calculations under a magnetic field.

To develop a general set of modifications to include the effects
of a magnetic field for semiempirical methods, we begin by
considering the extended Hiickel theory which has the energy
expression

E(0) = Y ol IH(O)l)

ic

_ o 0% o150

= Z Z n; Gy Cil/H/w(O)
o v

i

(4)

where we have chosen to explicitly write the summation over the
o = {a, f} spin electrons. Here, Y/ are the occupied valence
molecular orbitals, n{ are the molecular orbital occupation
numbers, and ¢j;¥ and cf, are the molecular orbital coefficients.
Greek indices refer to AOs, ¢, used to represent each molecular
orbital as a linear combination, ¥/ = Y",c7¢,. The Hamiltonian
matrix elements in the AO basis for a system in the absence of a

magnetic field, Hy,(0), are given by

. K,
H/u/(o) = T(hy + hb)S;u/(o) (5)
where K, are a fitting parameters, h, and h, are valence state
ionization potentials, and S, (0) are the overlap integrals. The
orbital coefficients are determined by solving the generalized
eigenvalue problem

H’C’ = $C’¢’ (6)
2.2.1. Kinetic Energy Corrections and Gauge-Origin
Independence. A naive adjustment to include the effects of a

magnetic field in the model Hamiltonian of eq S is to simply add
a correction term consisting of the difference between the
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kinetic energy contributions in a magnetic field and those in the
absence of a field, along with the spin-Zeeman interaction term

K v
HI(B) = 20, + 1)S,,(0) + ()" — p'ig)
+ (¢ \Hgldh) %)

Here, p is the momentum operator, 7 = p + A is the kinetic-
momentum operator, and Hg, = B-8 is the spin-Zeeman
operator which depends linearly on the magnetic field and the
spin operator S. However, eq 7 is problematic for practical
applications since in a finite basis set, the resulting energy can
change with a change to the gauge-origin due to the integrals
involving the z* operators.

For ab initio methods, this problem can be overcome with
LAOs which can be obtained from a set of AOs by multiplying
them by a field-dependent complex exponential®*

w, = 42/ e—iﬂb'l’

(8)
where @, are the LAOs. Unfortunately, changing all integrals to
use LAOs so that we make the replacements ¢, - ®, and
S.,(0) = 8,,(B) in eq 7 leads to a similar problem since there

would then be a gauge-origin dependence in the integrals
involving the p* operators. This is clear if we write out the
integral

2 _ * JiAr 2 —iA,r
(wlplw,) = fdr ¢M e ph e ©)

since the evaluation of the partial derivatives in eq 9 will lead to
terms that are linear and quadratic with respect to the gauge-
origin.

One solution would be to add the field-dependent kinetic
energy and spin-Zeeman interaction energy terms to eq 5, use
LAOs for all integrals, and then subtract certain terms that
appear in the field-dependent kinetic energy, specifically the
integrals

l i(A~A)r g% 2
S /dr e (,bﬂp q?/ (10)

which are the only terms in the field-dependent kinetic energy
that do not disappear in the absence of a magnetic field and are
also independent of the gauge-origin. However, this will lead to a
Hamiltonian which is not Hermitian. Although the anti-
Hermitian component could be removed, we can take another
approach and subtract an a;gproximation of eq 10 following the
procedure by London®"*">> which sets the coordinate r in the
complex exponential be the midpoint between the two AOs

1 .
1 i, % 2
Ze; fdrqﬁ”p(ﬁy (11)

which is both independent of the gauge-origin and Hermitian.
This procedure leads to the Hamiltonian matrix elements

KE

- K Ky 2
HW(B) = S (hﬂ + hv)SW(B) + 5 ((wﬂlzt lw,)

_ e%,b<¢”|p2|qsv ) + K, (w,|Hgylw, ) (12)

where we have included some additional fitting parameters K}’
and K,/ and S,,(8) are the LAO overlap integrals. The spin-

Zeeman interaction contributions can be evaluated as

1
+ le'Sm/(B) ifo=a

<w;4|HSZ|wu> = 1
~ JIBIS,(B) ifo=p )

for o and f spin electrons.

Considering these adaptions to extended Hiickel theory, three
modifications are identified which could be applied to any
suitable zero-field semiempirical method.

o The basis set of AOs are multiplied by a field-dependent
complex exponential to form a basis set of LAOs
according to eq 8.

e Field-dependent kinetic energy correction terms are
added to the effective one-electron Hamiltonian, as
shown in eq 12.

e The spin-Zeeman interaction contributions are added to
the effective one-electron Hamiltonian, as shown in eqs
12 and 13.

This approach ensures that the parent semiempirical approx-
imation is recovered as 8 — 0. In addition, most existing terms
in the semiempirical approach remain similar but are simply
evaluated using LAOs in place of the original AOs. The
additional contributions require only overlap and kinetic energy
integrals over the LAOs to be evaluated, see, e.g., refs 15 and 16
for details of how to evaluate these contributions.

2.3. Density-Functional Tight-Binding Methods. In
recent years, the GEN-xTB family of methods,”***** developed
for fast calculations of geometries, frequencies, and noncovalent
interactions, has attracted significant attention owing to their
broad but relatively simple parameterization for essentially the
entire periodic table. The GFN-XxTB methods are based on
density-functional tight-binding approaches, but unlike earlier
DFTB**™* methods, the parameterization mostly avoids
element pair-specific parameters. The GFN-xTB models are,
therefore, excellent candidates to apply the modifications of
Section 2.2.1 in practice, being relatively straightforward to
implement and offering improved accuracy for a broad range of
chemical applications.

Here, we focus on the widely available GFN1-xTB method,*”
which we have implemented into our electronic structure
program QUEST.”” Here, we use the same notation as given in
ref 35 and refer the reader to this reference for further details.
The GFN1-xTB energy is formed from a sum of the electronic
(el), atom pairwise repulsion (rep), dispersion (disp), and
halogen-bonding (XB) terms

E=E,; + Erep + Edisp + Exg (14)

We begin by making the assumption that, of these energy
contributions, the electronic energy will undergo the most
significant change when a magnetic field is applied and that all
other terms can be approximated with their zero-field forms. By
applying the modifications described in Section 2.2.1, we obtain
the energy expression

occ.

Ey(B) = 2 nf (v H(B)lyy")

1 1
+ EZ Z Z PlAPII?VAB,nf + gz Fqu - TS
AB I(A) I(B) A
(15)
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Here, modifications to the first term of the expectation value of
H,(B), the zero-order Hamiltonian, are made with the field-
dependent contributions described below. The second and third
terms are the self-consistent charge contributions. The second
term depends on pi', which are shell atomic charges, and y,p1,
which describes the distance dependence of the Coulomb
interaction according to the Mataga—Nishimoto—Ohno—Klop-
man’®~* formula. The summations are over atoms A and B and
the atomic shells 1(A),1'(B) on atoms A and B. In the third term,
I', is the charge derivative of the atomic Hubbard parameter and
qa is the Mulliken charge of atom A. The final term includes an
electronic temperature, T, times an electronic entropy, S, and
temperatures above OK lead to fractional orbital occupations
determined by Fermi smearing. See ref 35 for more details on
each contribution.

Since the molecular orbitals, Y, are now formed from a linear
combination of LAOs, the definition of the Mulliken and shell
atomic charges employ the LAO overlap integrals. We,
therefore, use a more general equation for the shell atomic
charges for cases where the overlap and density matrices have
nonvanishing imaginary components

Nio

1
A _ A,
p =p - Z Z E(Syyp;w + SwR/y)

v HEA
Hel (16)

where S, are the LAO overlap matrix elements and P, are the
total density matrix elements.

The orbital coeflicients are determined by solving the
generalized eigenvalue problems

F’C’ = SC’’ (17)
where F° is the effective Kohn—Sham matrix. The elements of
the Kohn—Sham matrix are given by the equation

(w|F(B)lw,) = (w,Hy(B)lw,)

1 c
- ESWZ Z (yAC,Zl” + J’Bc,l'l”)pz"
c r

1 2 2
_ ESm,(qAFA + qBFB) (18)

where the zero-order Hamiltonian matrix elements are

K (om0, — (p74h))

2
SZ
+ Kw <wu|HSZ|wy> (19)

(0 Hy(B)lw,) = K\ +

for the diagonal terms and
1 1 )
(@Hy(B)lo,) = Kan—(k + k) (s + hp)S,,

X (1 + KgyAENZ)I(Ryg )

K/Ifi3 2 if 2
+ T«wﬂlﬂ lw,) — e u»(qalp $))
+ K (), |Hglw,) (20)

for the off-diagonal terms where AEN,p corresponds to the
difference in electronegativities between atoms A and B and
IT(R,p)r) is a distance and I-dependent function modulating this
contribution—see ref 35 for further details.

2.4. Dual-Basis Approach. Considering the nature of the
kinetic energy corrections introduced in eqs 12, 19, and 20, it is

clear that the additional contributions due to the magnetic field
corrections involve derivative operators. As a result, an adequate
description of the nodal structure of the valence molecular
orbitals is expected to have a significant bearing on the accuracy
of the modified semiempirical approach as a function of the
magnetic field strength. The specific choice of AOs may be
regarded as a part of the parameterization of the semiempirical
method. In the GFN1-xTB approach, a modest set of Slater-type
AOs are selected, which are then approximated by Gaussian
expansions with 4—6 primitives per AO. In the absence of a
magnetic field, the energy expression depends only on overlap
integrals involving the valence orbitals and so the basis functions
used need not accurately describe the nodal structure of the AOs
in the vicinity of each atom. This point is illustrated in Figure 1

0.1

0.0 ’// ¥
—0.11
—0.21
—0.31

I GFN1-xTB

041 cc-pVDZ
-10 -5 0 5 10
x / aq

Figure 1. Values of the Li 2s basis function from the GFN1-xTB and cc-
pVDZ basis sets plotted through the origin along the x-axis.

where the lithium 2s basis function used in the GFN1-xTB
parameterization is plotted and compared with a similar function
from the larger cc-pVDZ basis set. It is clear that the GFN1-xTB
basis function is accurate in the valence and outer valence
regions but lacks the correct nodal structure.

To alleviate this issue, several avenues could be explored. The
parameters K}ff could be used to improve the fit to calculated or
experimental results. However, this may prove difficult since the
underlying basis functions lack the desired physical structure.
Alternatively, the entire basis set used in GFN1-xTB could be
adjusted. However, since all other parameters in the approach
are determined for a specific choice of basis set, this would
require extensive efforts to reparameterize the method.
Furthermore, the result would then be an approach that does
not recover the established GFN1-xTB method in the absence of
a magnetic field.

In the present work, we choose to explore a third alternative,
namely, to (optionally) use a secondary basis set for the kinetic
energy integrals so that

K/vaE 2 if 2
T«w”l” lw,) — e w((]ﬁﬂlp )

(21)
becomes
K (Q7Q,) — (D Ip2ID))
2 TR WP (22)

where, in only the terms involving the p® and #> operators, we
have replaced AOs and LAOs with a secondary set of basis

https://doi.org/10.1021/acs.jctc.3c00671
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functions (@, and Q,, respectively) that exhibit the correct
nodal structure. As with the primary set of basis functions

Q, = @e T (23)

so that the orbitals in zero and nonzero magnetic fields differ by a
complex exponential. We will refer to the modified GFN1-xTB
methods, which include an external magnetic field as the GFN1-
xTB-M methods and their implementation with eqs 21 and 22
with the parameters set so that Kllff = KISI% =1 as the GFN1-xTB-
MO and GFN1-xTB-M1 methods, respectively.

In the present work, for the secondary set of LAOs in the
kinetic energy integrals for the GFN1-xTB-M1 calculations, we
used a subset of the basis functions from the cc-pVDZ basis set,
except for the hydrogen atom which uses the original GFNI-
xTB AOs. The basis functions from the cc-pVDZ basis set were
chosen to have the correct number of nodes present for a given
principal quantum number of that orbital; additionally, the signs
of the contraction coefficients were changed to match with the
phase of the GFNI1-xTB basis functions; for details see the
Supporting Information.

2.5. Translational Invariance and Geometrical Deriv-
atives. Individual integrals over LAOs are not translationally
invariant. In fact, upon translation of the basis function centers,
the integrals change by a complex factor; for example, upon
translation by R, the LAO overlap integrals change as

/dr ei(ﬂ“_ﬂy).r¢;@ N /dr ei(ﬂ;t_ﬂu)-(l‘+R)¢;¢y. (24)

The role of the complex exponential in eq 11 is particularly
important since it ensures that our energy expression remains
translationally invariant since

o o el (F=AIR (25)

which ensures, along with other terms, that the Hamiltonian and
overlap integral matrix elements change by the same complex
prefactor upon translation.

Key applications of semiempirical approaches are in structural
optimization and exploration of potential energy surfaces. The
low computational cost of such approaches means that they are
often employed for preoptimization of structures prior to higher-
level ab initio calculations and/or conformational searches and
dynamics. Having established a translationally invariant and
gauge-origin-independent expression for the energy in the
presence of an external magnetic field, it is desirable to
determine its analytic geometrical gradient to enable these
types of studies. An advantage of the approach outlined in
Section 2.2.1, which introduces minimal corrections to the
parent semi-empirical method, is that similar, relatively simple,
modifications are required to implement analytic geometrical
gradients compared with the parent method. In particular, the
main additional ingredients required are the LAO overlap and
kinetic energy integral derivatives, which have been described
and implemented in, e.g., ref 16. In the present work, we apply
this implementation to construct the analytic derivatives of the
GFN1-xTB-M approaches in the QUEST program.

3. COMPUTATIONAL METHODOLOGY

GFN1-xTB-M calculations were carried out using QUEST*’
with a default electronic temperature of 300 K using LAO
integrals evaluated following the procedures outlined in ref 15.
Molecular gradients were calculated analytically using LAO
integral derivatives evaluated following the procedures in ref 16.
GFN1-xTB-M magnetizabilities and NMR shielding constants

were calculated using finite differences for the derivatives with
respect to the magnetic field. In order to evaluate the
performance of the GFN1-xXTB-M approaches, comparisons
were carried out with higher-level methods. For weak field
properties, HF/STO-6G and HF/3-21G magnetizabilities and
NMR shielding constants were calculated analytically using
DaLton*"%* and compared with previous benchmark coupled-
cluster singles, doubles, and perturbative triples [CCSD(T)]
data from the literature.®*®*

For stronger fields, HF geometry optimizations and current
density calculations were carried out using QUEST with the u-
aug-cc-pCVTZ basis set® " (using the u-prefix to denote the
uncontracted forms of the basis sets) for boron monohydride
(BH), the u-aug-cc-pVDZ basis set™ ™% for benzene, and the cc-
pVDZ basis set™ **”'""7 for cyclooctatetraene (COT) and
infinitene. Density functional theory (DFT) geometry opti-
mizations of COT were also carried out using QUEST with the
cTPSS exchange—correlation functional”’® in the cc-pVDZ
basis set. The resolution-of-the-identity (RI) approximation of
the two-electron integrals and derivative integrals'® was used for
all ab initio benzene, COT, and infinitene calculations; the
auxiliary basis sets were generated with the AutoAux
algorithm.”” Geometry optimizations were carried out using a
quasi-Newton method with a damped BFGS updating
procedure.

The GFN1-xTB-M1 calculations use a secondary basis set of
LAOs which have the correct nodal structures (see Section 2.4)
to evaluate the kinetic energy corrections. As the current density
operator also contains derivatives, a secondary basis set is used
to determine GFN1-xTB-M1 current densities which are
consistent with the current densities that appear in the Biot—
Savart law when deriving the equations for the NMR shielding
constants from the GFN1-xTB-M1 energy expression.

4. RESULTS AND DISCUSSION

Relative timings for the GFN1-xTB-M methods compared with
those for the GFN1-xTB and HF approaches are presented in
the Supporting Information for the COT molecule. In brief,
increased computational costs are incurred in the GFN1-xTB-M
methods due to the additional kinetic energy integrals evaluated
and the complex arithmetic required. However, the computa-
tional costs of the GFN1-xTB-MO0 and GEN1-xTB-M1 methods
were found to be only around 2.8 times the cost of the GFN1-
xTB method. In comparison, calculations on the same molecule
at the HF/3-21G level take 3900 times longer. The GFN1-xTB-
M approaches, therefore, maintain the 2—3 orders of magnitude
speedup often associated with the GFNI1-xTB method
compared with Hartree—Fock and DFT approaches. The
performance of the GFN1-xTB-M methods in the presence of
a magnetic field is assessed, first for weak fields relevant to the
evaluation of spectroscopic magnetic properties in Section 4.1
and then in much stronger fields in Section 4.2.

4.1. Weak Magnetic Fields. To test the GFN1-xTB-M
methods in weak magnetic fields, we calculate isotropic
magnetizabilities and the 'H, BC, ®N, Y0, and “F isotropic
NMR shielding constants for a set of 28 molecules and compare
against HF/STO-6G, HF/3-21G, and CCSD(T) results
extrapolated to the basis set limit (obtained from refs 63 and
64). The STO-6G and 3-21G basis sets were chosen as they have
a similar number of valence basis functions to GEN1-xTB. All
data points for the GFN1-xTB-M and HF calculations are
available in the Supporting Information.
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Figure 2. Correlation plots for GFN1-xTB-M0, GFN1-xTB-M1, HF/STO-6G, and HF/3-21G isotropic magnetizabilities with benchmark CCSD(T)
data for all molecules in the test set except for O;. SO, has been marked as a gray cross in the HF/STO-6G correlation plot and was not included in the
linear regression analysis. CCSD(T) values were extrapolated to the basis set limit and were obtained from ref 63.

4.1.1. Magnetizabilities. The magnetizability tensor, £, is a
second-order magnetic property which can be calculated from
the derivative of the energy with respect to the external magnetic

field*

&E
= "B 4B
=l lg—g

(26)

where o and f denote Cartesian directions. Typically, the
isotropic magnetizability is reported, &, = %Tr & in SI units of
1070 T2

Since the GEN1-xTB approaches are valence-only models, it
is not expected that absolute values of all properties should be
quantitatively comparable with higher-level ab initio calculations
or experimental measurements. However, if core-electron
contributions to a given property are relatively system-
independent, then one may expect chemical trends to be well
reproduced. To assess this for the semiempirical calculation of
isotropic magnetizabilities, we present correlation plots and
linear regressions in Figure 2 to show the correlation between
the GFN1-xTB-M results and benchmark CCSD(T) data;
small-basis HF results are also included for comparison. As the
HF magnetizability for O; is particularly poor, owing to the
multireference nature of this system, we have removed it from
the correlation plots and linear regression analysis for all
methods. Additionally for HF/STO-6G, SO, magnetizabilities
were also found to be particularly poor and so have been
removed from the linear regression analysis for that method.

By examining the correlation plots in Figure 2, it is clear that
the GFN1-xTB-M approaches offer a reasonable qualitative
correlation with benchmark CCSD(T) calculations. From the
R? values of the linear regression analysis, the methods can be
ranked in the order: GFN1-xTB-M0 < HE/STO-6G < GFN1-
xTB-M1 < HF/3-21G. By comparing the first two panels of
Figure 2, the benefit of the dual-basis GFN1-xTB-M1 approach
is clear. GFN1xTB-MO yields magnetizabilities with large
deviations from the CCSD(T) reference for several molecules,
typically those containing heavier elements such as the H,S,
HCP, OCS, PN, and SO, molecules. This may be expected given
the lack of nodal structure in the AOs (see Figure 1), and hence,
for molecules with electrons occupying orbitals with higher
principal quantum numbers, the errors are commensurately
larger. By employing the GFN1-xTB-M1 method, the correct
nodal structure of the orbitals is restored and the evaluation of
the kinetic energy correction becomes more accurate, resulting
in a substantial reduction in the errors for molecules with heavier

atoms. Overall, the R? value improves from 0.60 to 0.87 from
GFN1-xTB-MO to GFN1-xTB-M1 as a result.

To further assess the impact of the valence-only approx-
imation in the GFN1-xTB-M approaches, it is interesting to
compare with all-electron HF calculations in modest basis sets.
Similar correlation plots are presented in Figure 2 for HF/STO-
6G and HF/3-21G. Interestingly, HF/STO-6G performs worse
than the GFN1-xTB-M1 method, which is unexpected given
that HF is an all-electron ab initio method. However, closer
inspection of the individual values (see the Supporting
Information) suggests that this is likely due to the fact that the
GFN1-xTB-M1 AOs include d-type functions for the third
period p-block atoms, giving an increased flexibility that leads to
improved results for the AlF, H,S, HCP, OCS, PN, and SO,
molecules over the HF/STO-6G results. As noted in ref 63,
magnetizabilities are generally well described at the HF level and
increasing the basis set flexibility slightly to the HF/3-21G level
delivers a significantly improved correlation to the CCSD(T)
results. Despite being formed from a smaller number of primitive
Gaussian functions than STO-6G, the increased flexibility
obtained by moving to a double-{ basis set appears to lead to
increased accuracy in the evaluation of the magnetizability. The
3-21G basis set still lacks the d-type functions for the third
period p-block atoms which explains the poorer performance
compared to GFN1xTB-M1 for the sulfur-containing mole-
cules H,S, OCS, and SO,.

Overall, the results for magnetizabilities are encouraging,
particularly considering the minimal (physically motivated)
implementation of the kinetic energy correction in the GFN1-
xTB-M1 approach and that the underlying GFN1-xTB
parameters had not been optimized for this property. The
correlation plots show that the trends in the isotropic
magnetizabilities can be reproduced reasonably accurately
with this low-cost semiempirical approach.

4.1.2. NMR Shielding Constants. Isotropic NMR shielding
constants are another more challenging second-order magnetic
property that can be calculated according to the derivative®

_ dE
dm(fdﬂﬂ mA=0
B=0 (27)

Oy

<>

where 62/; is the NMR shielding tensor and m is the magnetic
dipole moment for nucleus A. The isotropic shielding is given by

Gii = %Tr 6. The absolute values of isotropic NMR shielding

constants have significant core contributions. However, these
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Figure 3. Correlation plots for GFN1-xTB-M0, GFN1-xTB-M1, HF/STO-6G, and HF/3-21G results with CCSD(T) benchmark data for 'H, *C,
5N, 70, and "°F isotropic NMR shielding constants for all molecules in the test set except for O5. SO, has been marked as a gray cross in the HF/STO-
6G correlation plot and was not included in the linear regression analysis. CCSD(T) values were extrapolated to the basis set limit and were obtained
from ref 64.

contributions are relatively system-independent for a given type around 199, 832, and 902 ppm, respectively. As a consequence,
of nucleus, see for example, the work by Gregor et al,,*" where it may be reasonable to expect valence-only semiempirical
the core contributions for C, Si, and P were estimated to be approximations to deliver results that correlate systematically
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Figure 4. Relative energies and optimized bond lengths of BH for a range of magnetic field strengths with the magnetic field vector oriented along the z-
axis and the BH bond-field angle constrained to values of 0, 30, 60, and 90°. Solid (dashed) lines show the relative energies and optimized bond lengths

calculated with the GFN1-xTB-M1 (HF/u-aug-cc-pCVTZ) method.

with benchmark ab initio or experimental reference values.
Indeed, previous attempts to apply semiempirical methods to
the calculation of NMR properties® ~** suggest that qualita-
tively reasonable results can be obtained, particularly for 'H and
3C NMR. Furthermore, in practical applications, chemical shifts
are typically calculated, relative to a given nucleus in a specific
reference compound, leading to the cancellation of the core
contributions.

To assess the ability of the GEN1-xTB-M methods to predict
NMR shielding constants, a total of 18, 17, 7, 13, and 9 unique
NMR shielding constants were calculated for the 4, 8¢C, BN,
70, and "F nuclei, respectively. Comparisons to benchmark
CCSD(T) data from ref 64 and HF results in modest basis sets
are shown in Figure 3. As we do not include the core
contribution to the GFN1-xTB-M shielding constants, we only
consider the correlation to CCSD(T) results for the set of NMR
shielding constants with a given nucleus. Similar to the case for
magnetizabilities, HF 7O NMR shielding constants for Oy are
particularly poor and were removed from the analysis.

By examining Figure 3, it is clear that the correlation with
benchmark CCSD(T) results is significantly better for 'H, '*C,
and '°N NMR shielding constants than that for '’O and °F. It is
well known in the context of linear-response calculations at the
DFT level that nuclei toward the top-right of the periodic table
are more challenging for accurate NMR predictions. This is
often traced to a stronger dependence on the paramagnetic
component of the shielding constant, which depends sensitively
on the occupied-virtual orbital energy differences.””®” In this
regard, it may be expected that BN, 170, and F NMR shielding
predictions may be challenging for approaches using small basis
sets, which limit the accuracy with which the virtual orbitals may
be represented.

For 'H and 3C NMR shielding constants, similar
observations may be compared to the behavior of the
magnetizability calculations. Again, by comparing GFN1-xTB-
MO and GFN1-xTB-M1, we observe a systematic improvement
for the latter, the dual-basis kinetic energy corrections, bringing
the predictions more in-line with all-electron HF theory in
modest basis sets. The intercepts from the linear regressions at
the GFN1-xTB-M0O and GFN1-xTB-MI1 levels quantify the
systematic errors in the shielding constants. For the *C NMR
shielding constants, it is reassuring that the GFN1-xTB-MO0 and
GFN1-xTB-M1 intercepts of 209.6 and 194.2 ppm, respectively,

brgfket the core contribution of 199 ppm estimated by Gregor et
al.

For the N, 70, and F NMR shielding predictions, the
picture is more complex. The "*N predictions for GFN1-xTB-
MO and GFN1-xTB-M1 are surprisingly accurate, with R values
close to HF calculations in STO-6G and 3-21G basis sets.
Furthermore, the slope from the linear regression plots at the
GFN1-xTB-M level is closer to the ideal value of 1 than that for
the HF calculations. However, for the ’O and F nuclei, the
predictions from both the GFN1-xTB-M and small basis HF
calculations are relatively poor. For 70, the GEN1-xTB-M R?
values are reasonable, but the slopes from the linear regressions
are significantly too large. For the '’F NMR, the GFN1-xTB-M
results have a poor correlation with CCSD(T) values, with
significant scatter and low R? values. For the N, 170, and F
nuclei, the correlation plots at the HF/STO-6G and HE/3-21G
levels are also less impressive compared with those for 'H and
13C, consistent with their higher sensitivity to the description of
the paramagnetic contributions and the poor representation of
the virtual orbitals in modest basis sets.

Consistent with the observations for magnetizabilities, the
choice of basis functions can also play a role in determining the
quality of the results. For example, the O NMR shielding
constant of SO, is a significant outlier with errors of —1367.30
ppm in the STO-6G basis and —461.88 ppm in the 3-21G basis.
The GFN1-xTB-M methods perform much better for this
molecule, and this again is attributed to the inclusion of d-
functions in the GFN1-xTB basis set parameterizations, which
are absent in the STO-6G and 3-21G basis sets.

Overall, the performance in the NMR shielding constants is
quite dependent on the nuclei considered. For '"H and *C
NMR, the correlation with CCSD(T) results for the GFNI-
xTB-M1 method is good and the approach may provide a useful
route to determine low-cost estimates of chemical shifts. Given
that proton and carbon NMR are the most routinely used
characterization techniques, the GFNI1-xTB-M1 method is
already a useful tool, particularly for larger systems where
conventional ab initio calculations may be computationally
demanding. However, for BN, 70, and F NMR, further
investigations would be necessary to determine whether some
reparameterization of the underlying GFN1-xTB parameters or
the values of K, in the kinetic energy correction could
overcome the intrinsic limitations of the modest basis sets
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Figure S. Left: relative energies of benzene (M, = 0) for a range of magnetic fields with the magnetic field vector oriented along the z-axis with the plane
of the benzene ring constrained to be parallel or perpendicular to the field vector. Solid (dashed) lines show the relative energies calculated with the
GFN1-xTB-M1 (HF/u-aug-cc-pVDZ) method. Right: GFN1-xTB-M1 optimized molecular structures of benzene (M, = —1, —2, and —3) under a

magnetic field oriented along the z-axis with 8, = 0.1B,,.

employed, as has been attempted previously for older semi-
empirical methods.*>**’

4.2, Strong Magnetic Fields. The modifications in the
GFN1-xTB-M methods are designed to capture the necessary
changes in the electronic Hamiltonian to describe systems under
magnetic fields. Since these are incorporated in a non-
perturbative manner, calculations can be performed at arbitrary
field strengths. It is interesting therefore to consider to what
extent these approaches may be applied in strong fields. The
dominant corrections to the kinetic energy that modify the one-
electron parts of the Hamiltonian are added explicitly and so
should be well described. However, since we refrain from any
reparameterization of the underlying GFN1-xTB model, one
may expect to obtain (as the field strength increases) a poorer
description of the effective electron—electron interactions. Since
the GFN1-xTB-M1 method was shown to perform better for
magnetizabilities and NMR shielding constants than its GFN1-
xTB-MO counterpart, we now test the range of applicability of
this approach under strong magnetic fields. Field strengths up to
0.6B, (By = A e 'ay? = 2.3505 X 10° T) are considered for the
molecules BH, benzene, COT, and infinitene to test the extent
to which GFN1-xTB-M1 can model exotic behaviors including
para- to dia-magnetic transitions, changes in molecular structure
and orientation, conformational preferences, and highly
delocalized magnetically induced currents.

4.2.1. Paramagnetic to Diamagnetic Transitions: BH. The
BH molecule is a prototypical system that has been extensively
studied"””°™ and exhibits both diamagnetism and (closed
shell) paramagnetism depending on the orientation of the BH
bond with respect to the magnetic field. It exhibits its most
diamagnetic (paramagnetic) behavior with the bond aligned
parallel (perpendicular) to the field. Furthermore, with
orientations where the molecule is initially paramagnetic, a
transition to diamagnetic behavior is observed with increased
field strengths. This behavior is illustrated in the left-hand panel
of Figure 4 where energies relative to the zero-field result are
presented for a range of orientations at the GFN1-xTB-M1
(solid lines) and HF/u-aug-cc-pCVTZ (dashed lines) levels. For
each field strength, the geometry of the molecule (with the
orientation of the internuclear axis relative to the field
constrained) has been optimized and the change in bond length
as a function of the field for each orientation is shown in the

right-hand panel.

The ability of GFN1-xTB-M1 to capture the qualitative
behavior of the BH molecule as a function of the magnetic field
strength is remarkable given the simplicity of the model. At the
0° orientation, the energy rises diamagnetically and a state
crossing is observed just beyond B, = 0.20B;, in close
agreement with the much larger basis all-electron HF
calculations. The relative energies also capture the preference
for the 90° perpendicular orientation, along with the transition
from paramagnetic to diamagnetic behavior at this orientation
with increasing field strength. Overall, the GFN1-xTB-M1
model predicts that BH will exhibit diamagnetism for bond-field
angles of 0 and 30° and paramagnetism for 60 and 90° at zero-
field, in line with much more expensive ab initio calculations.

This qualitatively correct behavior suggests that to a large
extent, the energetics are determined by the adequate treatment
of the one-electron corrections in the presence of the magnetic
field. This is further confirmed by the consideration of how the
BH bond length changes as a function of the magnetic field in
each orientation. Again, GFN1-xTB-M1 correctly captures the
qualitative behavior, showing a bond length contraction with
increasing field strengths in all orientations. In addition, the rate
of decrease in the bond length is also qualitatively captured, with
the initial slope in the right-hand panel of Figure 4 becoming
more negative with an increasing angle between the internuclear
axis and the magnetic field vector.

As expected, quantitative agreement between the GFN1-xTB-
M1 and HF/u-aug-cc-pCVTZ results deteriorates for higher
field strengths. For field strengths in the range |B8! < 0.20B, the
agreement is remarkable, particularly given the significant
approximations in the GFN1-xTB-MI1 approach. Generally,
the paramagnetic response to the field is underestimated, while
the diamagnetic response is overestimated in the relative
energies. This is particularly clear for [8] > 0.20B,, where the
diamagnetic rise of the GFN1-xTB-M1 energies are much too
steep relative to the HF results. Overall, the ability of GFNI-
xTB-M1 to describe the strong field response is encouraging—
predicting the paramagnetic to diamagnetic transition with
increasing field strength and the preferred perpendicular
orientation correctly. Since BH exhibits closed-shell para-
magnetism, this indicates that the balance between the orbital-
Zeeman and diamagnetic contributions is well described in the
GFN1-xTB-M1 model.
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4.2.2. Molecular Structure and Orientation: Benzene.
Recently, analytic gradients were implemented at the HF and
CDEFT levels for LAO basis sets in ref 16 and the benzene
molecule was examined as a prototypical system to explore the
structure of conjugated aromatic molecules in the presence of an
external magnetic field. In Figure 5, the relative energy for the
closed-shell M; = 0 electronic configuration of benzene is
presented at the equilibrium geometries for a range of magnetic
fields with the plane of the ring constrained to be parallel or
perpendicular to the field. As with the BH molecule, there is a
good qualitative agreement between GFN1-xTB-M1 and HF.
For both methods, there is an increase in energy with increasing
field strength, as expected for this state. Additionally, in both
cases, the lowest energy is obtained when the plane of the
benzene ring is parallel to the magnetic field, again confirming
that the GFNI1-xTB-M1 method can capture the correct
orientation with respect to the applied field. Here, we also
note that the perpendicular orientation was considered for the
M = 0 electronic configuration in ref 16, rather than the lower-
energy parallel orientation.

The implementation of the GFN1-xTB-M1 method also
allows for open-shell calculations, in which different M, values
may be selected and geometry optimizations can be carried out
for each configuration. The GFN1-xTB-M1 approach produces
a qualitatively similar energy profile to Figure S from ref 16 for
the M, = 0, —1, —2, and —3 configurations (0, 2, 4, and 6
unpaired f-spin electrons, respectively). As electrons are
progressively unpaired with increasing M, the spin-Zeeman
interactions become more significant; as a result, each
configuration with more unpaired f-spin electrons is driven
down in energy, each becoming the ground state at specific field
strengths before rising diamagnetically. In addition, each
configuration has a qualitatively different molecular structure,
varying from a planar hexagon (M; = 0), to a distorted but planar
hexagon (M, = —1), to a half-chair-like conformation (M, = —2),
and to a chair-like conformation (M, = —3). Furthermore, each
configuration has a different preferred orientation with respect
to an applied field. In the right-hand panel of Figure 5, we
present the corresponding optimized GFN1-xTB-M1 structures
with 8, = 0.1B,,. Remarkably, not only are the alignments of
each structure consistent with those presented in ref 16 at the
HF and cTPSS levels, but similar conformations are also
obtained. For the M; = —1 configuration, a similarly distorted
hexagonal structure is obtained. For M, = —2, the GFN1-xTB-
M1 method predicts two low-lying conformers, a half-chair
(lower) and a more distorted structure (upper) which begins to
resemble a more chair-like conformation. The GFN1-xTB-M1
method predicts that this more distorted structure is lower in
energy by 2.4 X 10™* Ey, while the cTPSS calculations favor the
half-chair conformation. Performing a ¢TPSS optimization in
the same basis set used in ref 16 from the more distorted
structure yields a similarly distorted conformation, 1.6 X 10~* E,,
above the half-chair conformation. This indicates that care
should be taken when searching for equilibrium structures in the
presence of an external field and that GFN1-xTB-M1 may be a
useful tool for identifying different candidates for the lowest-
energy conformers. For the M; = —3 configuration, the GFN1-
xTB-M1 method predicts a chair conformation as the lowest
energy, in line with results at the HF and ¢TPSS levels.

The results for benzene suggest that the GFN1-xTB-Ml1
method may be a valuable tool for preoptimizations of molecular
structures in the presence of a strong magnetic field. Indeed,
when performing geometry optimizations in a field, a substantial

number of optimization cycles are related to the molecule
aligning to a preferred orientation—it is therefore useful to have
low-cost approaches capable of finding these orientations
relatively quickly.

4.2.3. Conformational Preference in a Magnetic Field: COT.
Molecules under a magnetic field can favor specific orientations,
as seen for the BH and benzene calculations. Conformer
searches, therefore, are more challenging due to the additional
degrees of freedom necessary to describe the molecule’s
orientation relative to the magnetic field. A magnetic field
could also stabilize conformers not observed at zero-field. The
conformational preferences of COT, which in its planar
conformation is often considered as an archetypal antiaromatic
system,”” are examined using GFN1-xTB-M1 and the results are
compared with HF and cTPSS calculations in the cc-pVDZ
basis.

Energy minimizations were carried out for COT using initial
structures in the planar and tub conformations for a range of
magnetic field strengths to determine the energetically preferred
conformations. The results are presented in Figure 6, where
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Figure 6. Relative energies of COT for the tub and planar conformers
for a range of magnetic field strengths with the magnetic field vector
oriented along the z-axis. Solid (dashed) lines show the relative energies
calculated with the GFN1xTB-M1 (HF/cc-pVDZ) method, and
crosses show the relative energies calculated using the DFT with the
cTPSS/cc-pVDZ exchange—correlation functional and basis set.

energies are shown relative to the optimized tub conformer in
the absence of a field. For both GFN1-xTB-M1 and HF, we see
the stabilization (destabilization) of the planar (tub) conformer
at higher field strengths, with the planar conformer eventually
becoming the lower energy conformer at a field strength of
B, > 0.032B,, for GEN1-xTB-M1 and 8B, > 0.052B, for HF.
Although GFN1-xTB-M1 correctly predicts the stabilization of
the planar conformer with increasing field strength, the relative
energies of this conformer at higher fields appear to be
significantly lower than those for HF.

To investigate the effect of the electron correlation on the
relative energies of the optimized geometries, the tub and planar
conformers from the HF calculations were reoptimized at the
cTPSS/cc-pVDZ level with the RI approximation; the resulting
relative energies are shown as crosses in Figure 6. Interestingly,
the GFN1-xTB-M1 results are closer to the cTPSS values, with
both approaches predicting an earlier stabilization of the planar
conformer compared to HF calculations.
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Figure 7. Streamline plots of the GFN1-xTB-M1 and HF/u-aug-cc-pVDZ current densities of benzene with the closed-shell M, = 0 electronic
configuration under a magnetic field oriented along the z-axis with 8, = 0.1B,. The benzene molecule lies in the xy-plane, and streamlines are plotted

across the molecular plane.

The preferred conformations of the COT molecule as a
function of the field in the closed-shell M, = 0 configuration
considered in Figure 6 can be understood in terms of the
contributions to the electronic Hamiltonian arising from the
magnetic field. Initially, the molecule adopts a tub conformation;
as the field strength increases, the tub aligns predominantly
perpendicular to the field and then begins to flatten. This is
consistent with the orbital-Zeeman contribution becoming
more significant. Beyond a critical field strength, the minimum
corresponding to the planar conformation is more stable than
the tub conformation. Initially, the planar conformation aligns
perpendicular to the field, maximizing the stabilization due to
the orbital-Zeeman contribution (which is linear in the field
strength). However, with stronger field strengths, the
diamagnetic contribution (which is quadratic in the field
strength) becomes more significant and a planar conformation
that is tilted relative to the field is adopted to balance the
stabilization effects from the orbital angular momenta while
reducing the molecular volume perpendicular to the magnetic
field to offset the diamagnetic contribution. Eventually, with
even stronger field strengths, the diamagnetic terms dominate
and a more parallel alignment with the field vector is adopted.
The GFN1-xTB-M1 method correctly captures this behavior in
good qualitative agreement with the much more computation-
ally demanding HF and cTPSS calculations.

4.2.4. Magnetically Induced Currents: Benzene and
Infinitene. Magnetically induced currents are often calculated
to aid in the interpretation of NMR chemical shifts and as a tool
to probe electron delocalization and hydrogen bonding.” Often,
response currents are calculated using quantities available from
codes that perform ab initio NMR calculations.”® However, they
may also be calculated directly in nonperturbative calculations as
a function of the applied magnetic field; see for example ref 30.

To assess the quality of magnetically induced currents from
the GFNI1-xTB-M1 method, we begin by considering the
archetypal benzene molecule ring current in the M; = 0
electronic configuration under a magnetic field of 0.1B,
perpendicular to the molecular plane. Since GFN1-xTB-M1 is

a valence-only model, some differences in the current densities
are expected due to the omitted carbon 1s electrons. In Figure 7,
streamlines are plotted across the molecular plane for the
current densities for the closed-shell M; = 0 electronic
configuration; the open-shell M, = —1 current densities are
very similar; see the Supporting Information. In Figure 8, the
current densities are also shown at 1.0 a, above the molecular
plane, highlighting the 7-delocalization.

From Figure 7, it is clear that the HF current densities exhibit
a larger number of features than those of GFN1-xTB-M1. For
example, the small vortices near the carbon atoms present in the
HF current densities are absent in the GFN1-xTB-M1 current
densities. However, more important features representing
valence electron delocalization are reproduced well by GFN1-
xTB-M1, such as the diatropic (paratropic) ring currents outside
(inside) of the carbon ring and the vortices between the carbon
and hydrogen atoms. Furthermore, away from the molecular
plane, in Figure 8, even greater similarities between the GFN1-
xTB-M1 and HF methods are apparent for both the M, = 0 and
M, = —1 electronic configurations since the current density
features close to the carbon nuclei are not visible. As we move
from a height of 0.0 to 1.0a,, we also see that the GFN1-xTB-M1
method correctly reproduces the contraction (expansion) in the
paratropic current for the M; = 0 (M; = —1) electronic
configurations.

Infinitene was first synthesized by Krzeszewki et al. and
consists of 12 benzene rings fused in a loop resembling an
infinity symbol,”” which has the structure of a topological
cylinder with one full twist, a half twist more than a Mobius strip.
Unlike a Mobius strip, which has one edge and one side,
infinitene has two edges and two sides but, like the Mobius strip,
will have a chirality depending on the direction of the twist in its
structure, leading to the (P,P)-infinitene and (M,M)-infinitene
enantiomers. From the streamline plots of the current density of
benzene, it was observed that there were currents flowing
around the edges of the benzene ring; one might therefore
expect currents to form in infinitene which flow along its two
edges.
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Figure 8. Streamline plots of the GFN1-xTB-M1 and HF/u-aug-cc-pVDZ current densities of benzene with the closed-shell M, = 0 and open-shell M,
= —1 electronic configurations under a magnetic field oriented along the z-axis with 8, = 0.1B,. The benzene molecule lies in the xy-plane, and

streamlines were generated at a height of 1.0a, above the molecular plane.

Using CAM-B3LYP/def2-SVP with the gauge-including
magnetically induced current method,”***® Orozco-Ic et al.
showed computationally that, under a magnetic field, there are
two sets of nonintersecting currents in infinitene that flow along
its edges.99 As GFN1-xTB-MI current densities exhibited good
qualitative agreement with ab initio calculations for benzene,
infinitene is used to further test GFN1-xTB-M1 with larger
nonplanar molecules.

In Figure 9, we show the magnetically-induced current density
streamlines visualized using ParaView """ from GFN1-xTB-
M1 and HF current densities of (P,P)-infinitene in the presence
of a magnetic field with B, = 0.01B,. (P,P)-infinitene geo-
metries were taken from ref 99, and streamlines were seeded
from (+4.5, 0.0, 0.0) for GFN1-xTB-M1 and (+5.0, 0.0, 0.0) for
HF. The GEN1-xTB-M1 method reproduces the nonintersect-
ing currents remarkably well, going around or above the edges of

the infinitene molecule in agreement with HF results here and
the response currents in ref 99.

5. CONCLUSIONS

A general approach to modify semiempirical methods so that the
effects of a strong magnetic field can be included has been
presented. The approach was applied to the density-functional
tight-binding method GFN1-xTB, leading to the GFN1-xTB-M
methods which include field-dependent kinetic energy correc-
tions and spin-Zeeman interaction terms. To improve the
description of the kinetic energy corrections, a dual-basis
approach, GFN1-xTB-M1, was introduced, in which all terms
evaluated over derivative operators employed a secondary LAO
basis set. This secondary set was constructed to capture the
correct nodal structure of the AOs, missing in the original
GFN1-xTB basis.
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Figure 9. Streamlines generated for the GFN1-xTB-M1 and HF/cc-
pVDZ current densities of (P,P)-infinitene under a magnetic field
oriented along the z-axis with B, = 0.1B; using ParaView.'*" GFN1-
xTB-MI1 streamlines (blue) were generated using a point cloud seed
type with a radius of 0.1 centered at (+4.5, 0.0, 0.0), and HF streamlines
(red) were generated using a point cloud seed type with a radius of 0.1
centered at (+5.0, 0.0, 0.0).

The performance of the GFNI1-xTB-M1 method was
benchmarked in weak magnetic fields for the calculation of
magnetic properties, comparing with a single basis approach
GFN1-xTB-MO as well as HF calculations in modest basis sets
and accurate large basis CCSD(T) benchmark data. The dual-
basis GFN1-xTB-M1 method was consistently found to
significantly outperform the single-basis GFN1-xTB-MO
method, often being competitive with all-electron HF
calculations in modest basis sets and correlating well with
large basis set CCSD(T) benchmark data for magnetizabilities.
Similar observations were made for 'H and '*C NMR shielding
calculations, where GFN1-xTB-M1 offers good performance.
However, for °N, 170, and ’F NMR, the small basis of LAOs
used in the GFN1-xTB-M approaches may limit the accuracy
with which the paramagnetic component of the shielding
constants may be described. Small basis HF calculations also
suffer from this deficiency and also exhibit poor accuracy
compared with large basis set CCSD(T) benchmark data.

The range of applicability of the GFN1-xTB-M1 method in
strong magnetic fields was explored. Remarkably good perform-
ance was observed in comparison with ab initio calculations,
with GEN1-xTB-M1 qualitatively reproducing a wide range of
exotic phenomena including para- to dia-magnetic transitions
with BH, preferential orientation of the molecular frame with
respect to the magnetic field with BH, benzene and COT, the
preferred molecular structures of different electronic config-
urations of benzene in a strong field, the transition from tub to
planar conformation of COT with increasing field, and the
structure of the magnetically induced currents in benzene and
infinitene. Taken together, these observations suggest that
GFNI1-xTB-M1 may be a useful tool in its own right for studies
of large systems in the presence of strong magnetic fields and the
rapid exploration of the more complex potential energy surfaces
encountered under these conditions. Furthermore, the ability of
the approach to determine reasonable structures for energeti-
cally low-lying conformers suggests that it may be a useful
preoptimization/prescreening tool for subsequent, more ex-
pensive, ab initio calculations.

Throughout the present study, no reparameterizations of the
quantities defining the GFN1-xTB-M model in the absence of a

field were carried out, ensuring that the GFN1-xTB-M methods
reduce to the parent GFN1-xTB method. Interestingly, the
observation that the correct qualitative behavior is obtained for a
wide range of exotic properties for 18| < 0.2B, studied in the
present work suggests that the one-electron kinetic energy
corrections and spin-Zeeman contributions, which are explicitly
treated in the models presented, are the dominant contributions
that govern the behavior. However, it is also clear that
quantitative agreement with ab initio data deteriorates for
I8l > 0.2B,, suggesting that for larger fields, reparameterization
may be beneficial.

The GFNI1-XxTB-M methods provide a useful tool for the
study of magnetic properties and the exploration of potential
energy surfaces and reactivity in strong magnetic fields, with
applications similar to the parent GFN1-xTB method. Work is
ongoing to explore how the computational efficiency of these
methods can be used to study electronic'® and nuclear'**~'%
dynamics in the presence of magnetic fields, opening the way to
calculate a wider range of combined electronic, vibrational, and
magnetic spectroscopic properties directly at the semiempirical
level. Future work will consider how the accuracy of these
approaches may be further refined. Several directions could be
pursued in this regard. New parameters could be determined to
redefine the underlying models—many of which are fitted to
calculated ab initio data and field-dependent quantities for
reparameterization could be readily calculated; see, e.g,, ref 20.
More sophisticated semiempirical methods could be adapted in
the same manner as described in the present work, such as the
GEN2-xTB method.**** In addition, the underlying basis sets
employed in the semiempirical approach could be reoptimized,
ensuring correct nodal structure in the underlying AOs. The
secondary basis sets used in this work represent only a first step
in this direction. Finally, the extended approaches presented
here could form a basis for enhanced machine-learning models,
such as those presented in refs 107 and 108.
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