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The relationship between the structure and the properties of a drug or material is a key concept of
chemistry. Knowledge of the three-dimensional structure is considered to be of such importance that
almost every report of a new chemical compound is accompanied by an X-ray crystal structure — at
least since the 1970s when diffraction equipment became widely available. Crystallographic software of
that time was restricted to very limited computing power, and therefore drastic simplifications had to be
made. It is these simplifications that make the determination of the correct structure, especially when it
comes to hydrogen atoms, virtually impossible. We have devised a robust and fast system where modern
chemical structure models replace the old assumptions, leading to correct structures from the model
refinement against standard in-house diffraction data using no more than widely available software and
desktop computing power. We call this system NoSpherA2 (Non-Spherical Atoms in Olex2). We explain
the theoretical background of this technique and demonstrate the far-reaching effects that the improved
structure quality that is now routinely available can have on the interpretation of chemical problems
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1. Introduction
1.1 The importance of crystallography for science

Single-crystal X-ray structure determination is arguably the
most important analytical technique available to chemists since
it alone can reveal the three-dimensional structure of matter
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cheaply, routinely and - above all - unambiguously. The impact
of this technique on the scientific developments in chemistry,
biology, materials science, engineering, and physics cannot be
overstated. To date, 26 Nobel Prizes in medicine, chemistry, and
physics have been awarded to more than 50 researchers directly
associated with crystallography.® Some of the milestones of
science are based on single-crystal X-ray diffraction, including
the elucidation of the structures of DNA* and graphene.® Large
investments are made to push diffraction techniques for three-
dimensional structure determination to new limits. These
include the construction of X-ray synchrotron facilities and X-
ray free-electron lasers* as well as the exploration of possibili-
ties to employ other radiation types like from neutron spallation
sources® and electron diffractometers.*

Unfortunately, crystallographic methods and software
development have not kept up with hardware development. The
vast majority of structure refinements are still based on tech-
niques that make use of one crucial simplification that was
introduced in the early days of crystallographic refinement: the
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Independent Atom Model (IAM), in which atoms are assumed to
be separate, non-interacting spherical entities.” Here, we show
how an accessible generalized procedure in which quantum
chemical calculations coupled with modern crystallographic
software can solve a variety of chemical problems using single-
crystal diffraction data of any kind.

1.2 How it used to work

X-rays interact with the electrons in a crystalline material, and
this interaction gives rise to measurable diffraction. While most
of the electrons are centered on the atoms themselves, some
electrons are involved in chemical bonding and are therefore
not located where they would be in non-interacting, spherical
atoms, which are assumed in any standard refinement. This
means that the diffraction pattern obtained from the experi-
ment is due to the real distribution of the electrons in the
compound of interest, not due to spherical distributions.

The diffraction pattern consists of thousands of unintelli-
gible spots on hundreds of images. To make sense of it, it is
necessary to resort to a model of the molecule that will give rise
to the measured diffraction pattern. This model building is
central to any technique based on diffraction, and it is this final
model that we call a ‘crystal structure’. Calculating the expected
diffraction pattern from this model requires a certain amount of
computing power - and this is where the approximation comes
in. Calculations are a lot easier if a spherical distribution of
electron density around each atom is assumed. This IAM
approximation works very well since most of the diffraction is
due to the electrons on the atoms themselves — and the quality
of diffraction data that could be obtained in the early days of the
field was itself rather limited.

Today, X-ray crystallography finds itself in the strange posi-
tion where the real diffraction pattern arising from the inter-
action of X-rays with electrons in their real positions can be
measured with high precision and accuracy, and yet we still use
an approximation in our models that leads to assuming the
wrong positions of these electrons.

1.3 What we gain when we leave the century-old spherical
approximation behind

In every chemical compound, electrons are involved in bonding
of one kind or another - and in traditional X-ray crystallog-
raphy, this has been ignored. Only if we model this non-
sphericity we can gain deep insights into intra- and intermo-
lecular chemical bonding. Detailed and accurate information
on chemical bonding from the diffraction experiment is of
major importance, for example, for materials design,® catalysis,’
drug design,” and chemical textbook education."* Non-
spherical atomic electron density features are highly signifi-
cant for hydrogen atoms, which have only a single valence
electron, and therefore the relative error caused by a spherical
core approximation is most severe. Using X-rays, hydrogen atom
positions can be obtained with the same accuracy and precision
as afforded by neutron diffraction experiments, but only if the
non-spherical nature of the electron distribution can be
accounted for."”” Improved structural information is important
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in many areas, including the understanding of thermodynamic
properties such as heat capacities,* interaction or lattice ener-
gies,"* or the development of force fields.*

1.4 Non-spherical structure refinement

There are two strategies by which we can introduce atomic non-
sphericity: either we actually refine the electron density (exper-
imental electron density determination) or we find theoretical
ways of introducing the shape of the electron cloud that is
associated with each atom and then use that shape when we
refine the structure against the diffraction pattern.} This is what
this work is about; and to avoid any possible confusion with
electron density refinements, we will use the term ‘non-
spherical structure refinement’ when referring to using calcu-
lated non-spherical atomic form factors.

In a standard structure refinement, where atoms are
treated as independent of each other (IAM), the atomic form
factors have been calculated theoretically from the spherical
electron-density distribution of isolated atoms in the past and
are now available in tabulated form.>* Hence, refinements are
fast and convenient, but they neglect chemical bonding, as
discussed above. Non-spherical structure refinements are
either based on approximate pre-calculated and averaged
multipole populations or theoretical wavefunctions, which
are tailor-made for the compound under investigation. In
both cases, non-spherical bonded-atom electron densities are
calculated and are then Fourier-transformed to produce non-
spherical atomic form factors. However, only in the latter
case, the theoretical chemical-bonding information is readily
available after the refinement and can be chemically
interpreted.

1.4.1 Multipole-based databank approaches. Multipole
parameters can be calculated theoretically from synthetic
structure factors of model compounds and stored in tables
according to the atom type defined in its chemical environment
(Invarioms*® or UBDB¥). Alternatively, such multipole data-
banks can be constructed from averaged experimental electron
densities (ELMAM?®). Multipole parameters are then transferred
from the databank to the compound under investigation, and
non-spherical atomic form factors are calculated for use in the
refinement on the fly from the transferred multipole pop-
ulations. Although such refinements produce, e.g., better
structural parameters for hydrogen atoms,* they are currently
restricted to organic and bio-organic compounds, for which the
number of atom types is manageable. A simplification to only
dipole level for chemical bonds is now also implemented in the
ShelXL software.*®

1.4.2 Hirshfeld atom refinement. The non-spherical struc-
ture refinement method called Hirshfeld atom refinement
(HAR)*"* is central to this study. Starting from the atomic
positions obtained from a standard X-ray structure, a molecular
wavefunction is calculated using quantum mechanical methods
and then dissected into atomic electron density functions (the
Hirshfeld atoms, see Fig. 1) using Hirshfeld's stockholder par-
titioning scheme.* The resulting Hirshfeld atoms are never
stored in tables, but a Fourier-transformation of their electron

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Deformation Hirshfeld densities!? for the carbon (left) and oxygen (right) atoms in the carboxylate group of Gly-L-Ala, i.e. difference
between the spherical atomic electron density used in the IAM and the non-spherical Hirshfeld atom density used in HAR (IAM minus HAR). Red =

negative, blue = positive. Isovalue = 0.17 eA~3.

density is carried out on the fly to produce the related atomic
form factors used in the least-squares refinement. This will
produce an improved structure, and the procedure is then
repeated — a new wavefunction and new atomic form factors are
calculated after each refinement cycle - until convergence is
reached. This makes HAR the most accurate of the non-
spherical structure refinement methods.**

1.4.3 Current implementations of HAR and their limitations

The first implementation of HAR was based on the software
Tonto,* and at least two early interfaces to the procedure have
been built: lamaGOET®*® and HARt in conjunction with Olex2.>”
Both tools are limited by the capabilities of Tonto. Hirshfeld
atoms in Tonto are not optimized for elements heavier than Kr,
which can introduce large numerical errors for heavy elements.
They also rely on Tonto as the actual crystallographic refinement
engine, which it was not primarily designed to be. Vital features
such as restraints, treatment of special positions, partial occu-
pancies, twinning, solvent masking, and reliable CIF output are
missing.

HAR requires the repeated calculation of a molecular wave-
function, which restricts its applications even further. The
overall process can be slow because of the repeated quantum-
mechanical step. One approach is to combine HAR with
libraries of extremely localized molecular orbitals (ELMOs),*®
which has resulted in the HAR-ELMO method.* While this is
very fast, it relies on the availability of pre-calculated molecular
orbitals and is therefore not suitable for general use, but is
highly relevant for the refinement of proteins which consist of
a fixed subset of 20 amino acid building blocks.

Periodic network compounds could not be handled previ-
ously because molecular wavefunctions are used - a problem
discussed in ref. 40 by analyzing periodic wavefunctions in
combination with stockholder partitioning.

Disordered compounds cannot be handled by Tonto, and
there are no apparent plans that this feature will be imple-
mented in Tonto in the foreseeable future.

© 2021 The Author(s). Published by the Royal Society of Chemistry

1.5 NoSpherA2 enables new possibilities for HAR

In this work, we present a new implementation of HAR in Olex2:
NoSpherA2 (Non-Spherical Atoms in Olex2). It decouples HAR
from Tonto and instead makes use of the Olex2 Graphical User
Interface (GUI) as well as of the fully-featured olex2.refine least-
squares refinement engine. All modeling options (including
restraints, constraints, disorder modeling, solvent masking,
etc.) thus become accessible to HAR. Besides, the NoSpherA2
development also focussed on the accurate description of core
electrons and spin states for heavy elements. This opens HAR to
all those researchers already familiar with standard structure
determination procedures and extends its use to include almost
all classes of compounds, so that they can be routinely
determined.

We present here three different compound classes that could
not previously have been refined with HAR - but exhibit
important chemical-bonding questions:

e Disordered structures (both occupational and conforma-
tional disorder).

e Structures in highly symmetric space groups with special
positions.

e Structures with heavy elements next to very light elements.

We have refined representative structures of each class using
NoSpherA2 as summarized in Table 1.

1.5.1 Disordered structures. A search in the Cambridge
Structural Database*' shows that 27% of all crystal structures
are affected by disorder. Hence, it is of utmost importance to be
able to extend HAR toward the treatment of disordered
compounds. Here, we distinguish between occupational and
conformational disorder.

Occupational disorder. Occupational disorder relates to a part
of the crystalline compound not being present in every unit cell.
This happens regularly in host-guest systems,* e.g. in loaded
metal-organic* or covalent-organic frameworks.** In the crys-
talline sponge method,* the host framework is well known, but
it is the structure of the mostly disordered guest which is to be
elucidated. Understanding host-guest interactions in such

Chem. Sci., 2021, 12, 1675-1692 | 1677
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Table1l Summary of problems solved by the NoSpherA2 implementation of HAR and the exemplary structures shown in this work. Additionally,

possible fields of application that benefit from this are given

Problem Example Field of Application

Occupational disorder (C6eHe0)(CO)0.854 Supramolecular chemistry, host-guest systems,
MOFs/COFs

Conformational disorder C10H1oN4F, Protein crystallography, solvent disorder,
macromolecular crystallography

High symmetry network compounds CaF,/(NH,),B¢He Network compounds, crystal design, inorganic
structure refinement

Compounds containing heavy metals OsHg(PCy12H1o) Inorganic and metalorganic compounds,

systems widely used as storage or analysis tools for smaller
molecules relies on an accurate description of the location and
geometry of both the host and the, very likely disordered, guest
molecule. We have chosen the CO,-hydroquinone clathrate as
an example of how the guest-molecule position and partial
occupation can be refined accurately in HAR.***

Conformational disorder. In biological macromolecular crys-
tallography, disorder is omnipresent in the main molecules as
well as in the solvation sphere. This kind of disorder consists of
different conformations being spatially overlaid. For their
description, it does not matter if they are caused by dynamic
effects or are static. However, dynamic disorder is the most
frequent in protein crystallography and could imply many
different conformations that need to be modeled. Therefore, an
extension of HAR to macromolecular chemistry crucially
depends on the ability to treat the complex disorder in different
disorder groups.** Here, we demonstrate how non-spherical
atomic form factors from different molecular wavefunctions
corresponding to different molecular conformations can be
combined for an accurate HAR of a tetrahydropyrido[2,3-b]pyr-
azine derivative, a compound class of interest for drug
development.*®

1.5.2 Structures in highly symmetric space groups with
special positions. Inorganic materials often consist of solid
ionic network compounds. Until now, this entire compound
class has been excluded from HAR. We have chosen a textbook
ionic salt (fluorite, fluorspar, CaF,) and the molecular salt
ammonium hexahydrohexaborate (NH,),BsH¢ to demonstrate
the ability of NoSpherA2 in Olex2 to refine such compound
classes using HAR for the first time. We show that, even for such
simple compounds, an analysis of improved geometrical
parameters plus a theoretical wavefunction perturbed by the
respective crystal field yields deep and perhaps even surprising
insights into bonding phenomena.

The textbook notion that species such as CaF, consist of
spherical ions has rarely been questioned, although there is
evidence that either a multipole or a neutral-atom model may
describe such compounds better than the conventional ionic
model.**** Electron and y-ray diffraction have shown that there
is non-sphericity of the valence electron density in KCl, LiF, and
MgO.5%%2 Specifically for Ca*>*, the formally empty d-orbitals can
be partially populated to add substantial covalent bonding
character to the cation-anion interactions, as, for example, in

1678 | Chem. Sci., 2021, 12, 1675-1692

catalytic complex understanding, metal-metal
interactions

the putative Zintl-phase of CaSi** or the calcocenes.** Here,
utilizing HAR, we show that there is significant bond-directed
non-spherical valence density present in the crystal structure
of CaF,.*

The bonding in polyhedral boranes and borates cannot be
explained by 2-center-2-electron Lewis models, but various
other concepts such as three-dimensional aromaticity must be
invoked.* Therefore, there are many diffraction- and electron-
density-based studies on borates.** Here, we have chosen
(NH,4),BsH¢ because of its fundamental character and
symmetric crystal packing, but also because in previous studies
the quantum-crystallographic description involving the
hydrogen atoms was ambiguous.>” However, if the potential of
closo-hexaborates for hydrogen-storage applications® is to be
fully exploited, the hydrogen atom geometric and bonding
parameters must be determined accurately and precisely, which
will be demonstrated in this paper.

1.5.3 Structures with heavy elements. Another area where
the accurate determination of hydrogen atom parameters is of
tremendous importance is transition-metal catalyzed hydrogen
activation and hydrogenation.* Specifically, the structures of
heavy atom hydrides are of interest, but it is extremely chal-
lenging to determine parameters of hydrogen atoms bonded to
heavy elements accurately by X-ray crystallography.'” Already by
itself, the description of the heavy element in heavy-element
containing species is challenging enough from both the crys-
tallographic and the quantum-chemical point of view.**%%%

Here, we report how the methodological progress man-
ifested in NoSpherA2 allows the successful non-spherical
refinement of the osmium atom and the accurate determina-
tion of hydrogen atom parameters in bis(diisopropylphenyl-
phosphine) hexahydridoosmium, OsHg(PC;,H;9),,* referenced
against results from neutron diffraction of the same
compound.® Limits of the X-ray diffraction experiment and its
resolution truncation are also revealed and discussed.

2 NoSpherA2

NoSpherA2 brings wavefunction calculations, non-spherical
atom partitioning, subsequent atomic form factor calculation,
and finally least-squares refinement together under the
umbrella of the freely available Olex2 software.* It is presented
here utilizing the HAR non-spherical structure refinement

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc05526c

Open Access Article. Published on 09 November 2020. Downloaded on 29.07.2024 17:32:55.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

method, but it is compatible with other flavors of (X-ray and
electron) non-spherical structure refinement as well.

Besides the NoSpherA2 method developments discussed
below, the advantages gained within HAR by switching from the
Tonto to the olex2.refine refinement engine are manifold and
significant. It allows HAR to access the use of restraints and
constraints, hydrogen atom riding models, correct crystallo-
graphic description of special positions, refinement of partial
occupancies, twinning models, solvent disorder treatment via
BYPASS, different choices of weighting schemes, and many
more options. In olex2.refine, refinements are carried out in F2,
not in F as previously done in Tonto. Advantages of the use of the
Olex2 GUI include the automatic generation and validation of
crystallographic information files (CIFs), the generation of
maps and plots, and the straightforward generation of
completed molecules or clusters of symmetry-related molecules
on the screen, which are then used in the refinement as input.

2.1 Fundamental concepts

The diffraction pattern and the electron density associated with
the geometry of the measured crystal are related via a mathe-
matical method, the Fourier transform. More precisely, the
Fourier transform of the electron-density distribution p,,, in the
unit cell is the structure factor Fj depending on the Miller
indices hkl (eqn (1)). The Fjy are complex numbers, and the
square of their amplitudes is proportional to the measured
Bragg-reflection intensities identified by Miller indices hkl rep-
resenting vectors R in the reciprocal lattice. The structure factor
is obtained as a finite sum involving the atomic form factors
(also known as ‘atomic scattering factors’) fi,i,; of each atomj in
the unit cell. The atomic form factors are, in turn, derived from
the atomic electron density distributions via a Fourier trans-
form. Nyeoms is the number of atoms in the unit cell, ¥; is the
position vector of atom j, and T; is the Debye-Waller factor of
atom j, that is, an exponential function involving the atomic
displacement parameters of atom j. These values appear in the
equation describing the crystallographic model (eqn (1)):
Natoms B .
Fyg = Z St €0 T;(h) (1)
J

In the classical Independent Atom Model (IAM), the atoms
are considered independent non-interacting entities, and their
electron densities are spherical functions depending only on
the atomic type. The resulting form factors are listed in tables.*
In a model that takes interatomic interactions into account, the
atomic electron densities - translated to the origin - are no
longer spherical functions and are dependent on the geometry of the
whole molecule. Therefore, the corresponding atomic form
factors are no longer real, but complex-valued functions of the
Miller indices.

The idea behind the flexible approach to non-spherical
structure refinement that underlies NoSpherA2 is to provide
these complex-valued form factors of each atom within the unit
cell via a table given in a file provided from plugin software (.tsc-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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file).®* The underlying total electron density can be provided by
quantum-mechanical calculations or other sources.

For molecules that are related by symmetry within the unit
cell, only the form factors of atoms within the asymmetric unit
are required, since the geometric transformation from an atom
in this asymmetric unit to an equivalent atom in the unit cell
corresponds to a transformation of the Miller indices of the
corresponding non-spherical atomic form factor. Therefore, it is
necessary to pay attention that all Miller indices resulting from
transformations for all equivalent atoms are provided in the
.tsc-file.

Moreover, the least-squares minimization used in non-
spherical structure refinement requires not only information
about the non-spherical form factors themselves but also about
their partial derivatives. To avoid the time-consuming process
of additional .¢sc-files at close-by configurations, for which the
numerical densities of the individual atoms vary only very little
under tiny changes of their atom positions, we neglect these
small variations in our calculations of the partial derivatives.
The validity of this approximation will be discussed in more
detail in a forthcoming publication.®® The mathematical details
of this general and flexible approach as well as the precise
format of the .tsc-files are discussed in the ESIL.}

2.2 NoSpherA2 GUI and interface

Fig. 2 summarizes the interplay of different steps of the non-
spherical structure refinement and related software programs
interfaced by NoSpherA2. At first, the input for the refinement is
selected in the Olex2 GUI (Fig. 2) from a grown structure if
necessary. The atomic coordinates of this structure are then
transferred to the chosen quantum-mechanical software in
form of a .cif or .xyz file. At present, ORCA,*” Gaussian,*”® and
Tonto* are interfaced. The software ORCA, which is free of
charge for academic use, has been tested most extensively here
and has been used for all the examples in this work. The
wavefunction output (.wfn or .wfx formats) is transferred to the
program of choice that performs the Hirshfeld atom partition-
ing and the subsequent atomic form factor calculation.

Olex2 _ Partitioning
1) Input selection 1s¢ Software

2) Structure growing

3) Refinement Form factor calculation

QM Software

Wavefunction calculation

CIF, XYZ WEN, WFX

Fig.2 Flowchart of the process behind HAR controlled by NoSpherA2
and a visual representation of the GUI for NoSpherA2 inside Olex2.
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Supported programs for this are Tonto or NoSpherA2 itself,
whereby Tonto is only used for validation purposes in this study,
and all the examples are based on NoSpherA2. Finally, the
atomic form factors are handed to olex2.refine in .tsc format (see
the previous subsection and ESIt) for regular least-squares
refinement in Olex2. The entire cycle visualized in Fig. 2 can
be iterated manually or automatically until convergence in all
refined parameters within less than 1% of their standard
uncertainties is reached. This automatically iterated refinement
is consistent with the standard definition of Hirshfeld Atom
Refinement (HAR).*

Every aspect of the entire process can be controlled directly
from within the Olex2 GUI. Depending on the quantum
mechanical package used, different choices affecting the
molecular wavefunction calculation will be available. The
required basis sets are provided by Olex2 and contain all rele-
vant elements of the periodic table. A detailed description of the
available options is provided in Section 5.

2.3 Dealing with disorder

For compounds including occupational disorder, the only
methodological difference to previous HARs in Tonto is that
olex2.refine allows the refinement of partial occupancy param-
eters. For conformational disorder, NoSpherA2 recognizes
disorder parts previously defined inside the Olex2 GUI. Subse-
quently, individual molecular wavefunctions are calculated
separately for every conformer and individual _part.¢sc files are
written for every wavefunction, which will in the end be
combined to a single _total.tsc file for refinement. If there are
more than two disorder parts, they can be grouped so that in
each group the parts add up to 100% occupancy (in a semicolon-
separated list in the Olex2 interface). Molecular wavefunctions
are then calculated for every combination of parts between the
disorder groups. This tool is essential for protein crystallog-
raphy, which we will test in a separate forthcoming study.

2.4 Open-shell wavefunctions: multiplicity

The handling of open-shell wavefunctions was introduced in
NoSpherA2, so that non-spherical atomic form factor calcula-
tions become possible for any spin state as found, for example,
in high- or low-spin transition metal complexes. As long as the
unrestricted or even multi-configurational wavefunction, e.g.
after a CASSCF calculation, is presented in .wfn or .wfx format,
NoSpherA2 will read the information and calculate the electron
density based on all fully or partially occup