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Abstract: Similar to classical asphericity shifts, aspherical deformations of the electron density in
the atomic core region can result in core asphericity shifts in refinements using a Hansen-Coppens
multipolar model (HCM), especially when highly precise experimental datasets with resolutions far
beyond sin(θ)/λ ≤ 1.0 Å−1 are employed. These shifts are about two orders of magnitude smaller
than their counterparts caused by valence shell deformations, and their underlying deformations are
mainly of dipolar character for 1st row atoms. Here, we analyze the resolution dependence of core
asphericity shifts in α-boron. Based on theoretical structure factors, an appropriate Extended HCM
(EHCM) is developed, which is tested against experimental high-resolution (sin(θ)/λ ≤ 1.6 Å−1 )
single-crystal diffraction data. Bond length deviations due to core asphericity shifts of α-boron in the
order of 4–6·10−4 Å are small but significant at this resolution and can be effectively compensated by
an EHCM, although the correlation of the additional model parameters with positional parameters
prevented a free refinement of all core model parameters. For high quality, high resolution data, a
proper treatment with an EHCM or other equivalent methods is therefore highly recommended.
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1. Introduction
The refinement of X-ray structure factors with an independent atom model (IAM)
causes systematic bond length errors, so-called asphericity shifts, due to the aspherical nature
of the valence shell of covalently bonded atoms in molecules [1–5]. These differences become obvious when structure models based on X-ray data (X) and neutron data (N) are compared. Similar comparisons can also be made when the same X-ray dataset is refined using
both an IAM and a Hansen-Coppens multipolar model (HCM) [6], where the latter takes the
aspherical valence density into account. In IAM refinements the deformation of the valence
shell due to chemical bonds or lone pairs is partially compensated by a small displacement
of the respective atom [5,7]. These errors can become relatively large for light atoms, where
the valence density dominates the total electron density. Accordingly, the largest bond
length differences of 0.096(7) Å and 0.155(10) Å can be observed in X-N comparisons in
case of C-H bonds and O-H bonds, respectively [5]. However, C-C bonds are also affected
by asphericity shifts, especially when multiple bonds like the C≡C triple bond of the acetylene moiety in the organometallic complex [Ag(η2 -C2 H2 )]+ [Al(OC(CH3 )(CF3 )2 )4 ]− are
involved, which appears about 0.063(5) Å shorter in the IAM compared to the HCM [8,9].
Due to the nodal structure of atomic orbitals, electron density deformations in the
valence region are also noticeable in the core region and might result in complex polarization effects when transition metals are investigated [10]. According to Bentley and
Stewart, core-deformations of first-row atoms are mainly of dipolar nature [11–13]. This
has later been confirmed by Chandler and Spackman for diatomic hydrides AH (A = B,
C, N, O) [14]. These dipolar polarizations are sharply localized around the nucleus and
generate an electrostatic Hellman–Feynman force at the nucleus, which can be, depending
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obtained from ab-initio calculations [31–33]. However, this idea is not yet implemented in
any multipolar refinement code.
A method which is recently becoming increasingly popular is the Hirshfeld atom
refinement (HAR), with a special focus on determining positions and ADPs of hydrogen
atoms at a precision comparable to single crystal neutron scattering [34–36]. As hydrogen
atoms have no core shell, their positions cannot be determined by high resolution data since
all the information, including that of the aspherical valence density, is contained only in the
low resolution reflections [37]. HAR is an iterative approach and makes use of scattering
factors of aspherical atoms extracted from DFT calculations and subsequent stockholder
partitioning of the molecular electron density, according to Hirshfeld [34,38]. However,
HAR is limited to molecular systems, had problems to deal with heavy atoms (4th and 5th
period), occupational and positional disorder, and was lacking an appropriate extinction
correction, which is often necessary to handle highly crystalline solid state compounds [36].
Part of these limitations (disorder phenomena, presence of heavy atoms, extinction) have
been lifted recently with the availability of NoSpherA2, which is an HAR implementation
in the Olex2 software package [39]. HAR has also been applied to the solid-state ionic
compound CaF2 by a cluster approach, since periodic solid state calculations are not yet
implemented [39].
For the covalently bonded framework of α-boron, the EHCM therefore remains the
best available approach to deal with core polarization effects which we therefore used
throughout this study. It is commonly accepted that three types of chemical bonds are
occurring in α-boron: localized intericosahedral (2c,2e) and (3c,2e) bonds, as well as
delocalized intraicosahedral bonds [40]. The first experimental electron density studies of
α-boron were performed by Will and Kiefer in 1987 and 2001 [41,42] based on a dataset
by Morosin et al. [43]. The data were acquired at room temperature employing single
crystals grown by F. H. Horn [44]. This dataset was limited to an experimental resolution
of sin(θ)/λ ≤ 1.04 Å−1 and refined using the high-order low-order technique (HO-LO)
and an HCM. The model was validated only by visual inspection of the residual density
and dynamic deformation density maps while an analysis of the topology of the electron
density was not performed.
A recent charge density study of α-boron by Mondal et al. using single crystals at T = 100 K
uses synchrotron radiation with a maximum resolution of sin(θ)/λ ≤ 1.221 Å−1 [45]. The electron density distribution was analyzed within the framework of Bader’s quantum theory
of atoms in molecules (QTAIM) and shows only a small charge transfer of 0.07 electrons
between the two independent boron atoms of the asymmetric unit. Density values ρ(rc )
and L(rc ) values are reported for several selected bond-critical points (BCP) and ring-critical
points (RCP). The new findings were at first in contrast to two earlier independent charge
density studies based on synchrotron powder data (sin(θ)/λ ≤ 0.75 Å−1 ) evaluated by the
maximum entropy method (MEM), which suggested a strongly bent nature of the intericosahedral (2c,2e) bond [46–48]. However, it was shown by Nishibori et al. in a synchrotron
powder experiment conducted at the beamline BL44B2 (SPring-8, Japan) with resolutions
up to sin(θ)/λ ≤ 1.529 Å−1 at T = 100 K that the earlier powder diffraction results were
biased by systematic errors which disappear at resolutions above sin(θ)/λ ≤ 1.25 Å−1
when the MEM technique is used [49].
Despite the importance of the structural model of α-boron in main group chemistry,
theoretical studies of α-boron employing a QTAIM analysis of the electron density are
rare. Most studies are employing plane wave calculations using pseudo potentials and
are limited to simple contour maps [50–52]. V. Sagawe analyzed the electron density
distribution using LMTO and FP-LAPW calculations; however, the subsequent QTAIM
analysis revealed non-nuclear attractors and missing critical points [53].
The aim of this study is therefore manifold. First, we provide high quality theoretical
DFT calculations of α-boron employing the FP-LAPW technique and the full analysis
of the electron density topology with QTAIM methods, which serve as a reference. Second, we have grown α-boron crystals of suitable size and quality from platinum flux
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compared to values derived from the DFT calculation (given in square brackets). The
(2c,2e)-Bp -Bp bonds are characterized by the highest ρ(rc )-values of 1.079 [1.080] eÅ−3 and
the highest L(rc )-values of 9.40 [9.21] eÅ−5 of all BCPs in the compound, and a straight
bond path in combination with a low bond ellipticity of 0.05 [0.00] (see Figure 3a,c).
Table 1. List of selected critical points of the topology of the electron density of α-boron from refinements of experimental
data of this study, the results from Mondal et al. [45] as well as the periodic DFT calculation. a x,y,z; b −x+2 /3 , −x+y+1 /3 ,
−z+1 /3 ; c −x+y, −x,z; d −x, −x+y, −z; e y, x, −z; f −x+y, −x+1, z; g −y+1, x−y+1, z; h −y, x−y, z; i x−y, −y+1, −z.
Cp #

Study/Model

3

HCM
EHCM(asph)
Mondal et al.
DFT

4

HCM
EHCM(asph)
Mondal et al.
DFT

5

HCM
EHCM(asph)
Mondal et al.
DFT

6

HCM
EHCM(asph)
Mondal et al.
DFT

7

HCM
EHCM(asph)
Mondal et al.
DFT

8

HCM
EHCM(asph)
Mondal et al.
DFT

9

HCM
EHCM(asph)
Mondal et al.
DFT

12

HCM
EHCM(asph)
Mondal et al.
DFT

Rank

(3,−1)

(3,−1)

(3,−1)

(3,−1)

(3,−1)

(3,−1)

(3,+1)

(3,+1)

m

ρ(rc )(eÅ−3 )

L(rc )(eÅ−5 )

ε

λ3 (eÅ−3 )

Description

3

1.079
1.075
{1.104}
[1.080]

9.40
9.06
{9.57}
[9.21]

0.05
0.03
{-}
[0.00]

0.69
1.18
{-}
[1.69]

Bp a -Bp b (exo)

6

0.866
0.809
{0.820}
[0.823]

3.12
2.84
{2.26}
[3.01]

6.96
5.86
{-}
[4.03]

1.09
1.00
{-}
[1.33]

Bp a -Bp c
(endo)

6

0.817
0.803
{0.804}
[0.796]

3.02
3.06
{2.47}
[2.87]

2.31
4.52
{-}
[2.70]

1.32
0.98
{-}
[1.57]

Be a -Be d
(endo)

6

0.756
0.774
{0.764}
[0.768]

2.58
2.81
{1.95}
[2.60]

4.41
7.16
{-}
[3.45]

1.01
0.85
{-}
[1.45]

Bp a -Be e
(endo)

12

0.756
0.774
{0.745}
[0.764]

1.93
2.60
{1.39}
[2.39]

3.93
8.78
{-}
[3.93]

1.44
0.77
{-}
[1.50]

Bp a -Be a
(endo)

6

0.545
0.554
{0.561}
[0.541]

1.65
1.62
{1.24}
[1.43]

5.11
9.72
{-}
[3.58]

1.07
0.47
{-}
[1.18]

Be a -Be f (exo)

2

0.863
0.800
{0.795}
[0.807]

2.76
2.20
{1.16}
[2.15]

-

-

Bp a -Bp c -Bp h

2

0.543
0.554
{0.557}
[0.536]

1.53
1.56
{1.06}
[1.17]

-

-

Be a -Be f -Be g

In contrast, the (3c,2e)-Be -Be -Be bond consists of three bond paths which are strongly
bent inwards, a characteristic feature of electron deficient bonding [56]. The three BCPs
are shifted towards the center of the equilateral triangle, where an RCP is found (see
Figure 3b,d). Consequently, the ρ(rc )-values of 0.545 [0.541] eÅ−3 and L(rc )-values of
1.65 [1.43] eÅ−5 represent the lowest BCP values in the system, with the RCP showing
only slightly lower values (ρ(rc ) = 0.543 [0.536] eÅ−3 and L(rc ) = 1.53 [1.17] eÅ−5 ). The
corresponding ellipticity ε of 5.11 [3.58] of the BCP is large, with the major axis being
tangent to the plane of the bond, indicating delocalization of ρ(r) over the surface of the
triangle [56]. Our results agree very well with the data published by Mondal et al. who
reported ρ(rc ) values of 1.104/0.561 eÅ−3 and L(rc )-values of 9.57/1.24 eÅ−5 for the 2c- and
3c-bond, respectively, and the ρ(rc )/L(rc ) values of the RCP (0.557 eÅ−3 /1.06 eÅ−5 ) [45].
L(r)-maps of both types of bonds are shown in Figure 3a–d. The QTAIM charges (±0.17 e)
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as the
of[45].
Mondal et al. (±0.07 e) [45].
et al.results
(±0.07 e)
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Figurefrom
3. L(r)
−∇ ρ(r) maps
of refinement
the intericosahedral
(a,c,e) (2c,2e)-B
bond and (b,d,f)
(3c,2e)-B
α-boron
p -Bpexperimental
e -Be -Be bond
the=experimental
HCM
(a,b), DFT calculation
(c,d) and
EHCM(asph)
refinement
(e,f).in
Posn
n
n
−5
from the
experimental
HCM
refinement
calculation
(c,d) and
experimental
EHCM(asph)
refinement
(e,f).
Positive
itive
(solid red) and
negative
(dashed(a,b),
blue) DFT
contour
lines are shown
at ±2·
10 , ±4·10 , ±8·
10 eÅ , n = ±3,
±2, ±1, 0. ρ(r
c)- and
−5, respectively. The numbers (e.g., #4,
−5 ,critical
c)-values
are given(dashed
in eÅ −3 and
eÅ contour
points
corre(solid L(r
red)
and negative
blue)
lines are shown at ±2·10n , #8,
±4#12,
·10n ,etc.)
±8·next
10n to
eÅthe
n = ±3,
±2, ±
1, 0. ρ(rc )spond to the numbering scheme of the CPs in Table 1 and Table S1, Supporting Information.
and L(rc )-values are given in eÅ−3 and eÅ−5 , respectively. The numbers (e.g., #4, #8, #12, etc.) next to the critical points
correspond to the numbering scheme of the CPs in Table 1 and Table S1, Supporting Information.
2.2. EHCM Refinements of Calculated Structure Factors and Resolution Dependence of Core
Asphericity Shifts

2.2. EHCM
Refinements
of Calculated
Structure
Factors
and Resolution
Dependence
of Core
In order
to develop
an appropriate
EHCM
for α-boron,
theoretical
static structure
Asphericity Shifts

factors Fsta will be used, truncated at the same resolution limit as the experimental dataset
−1). The necessity
In order
to Ådevelop
an appropriate
EHCM
for α-boron,
(sin(ϴ)/λ
≤ 1.6
to employ
an EHCM
is already theoretical
evident fromstatic
HCMstructure
refactors
Fsta will
be used,
truncated
the same
resolution
limit asdensities
the experimental
dataset
finements
of these
structure
factors,atwhich
results
in large residual
as shown in
Figure 4a,b.
residuals
are of predominantly
due
to the frozen
(sin(θ)/λ
≤ 1.6These
Å−1 ).
The necessity
to employ anspherical
EHCM character
is already
evident
from HCM
core Ansatz
the HCM,
but factors,
also show
aspherical
as is evident
refinements
ofof
these
structure
which
results(dipolar)
in largecontributions,
residual densities
as shown in
from
the
displacement
of
the
centers
of
these
residual
density
distributions
from
the core
Figure 4a,b. These residuals are of predominantly spherical character due to the
frozen

Ansatz of the HCM, but also show aspherical (dipolar) contributions, as is evident from the
displacement of the centers of these residual density distributions from the atomic positions.
In the following, we will therefore develop the EHCM in a two-step procedure, i.e., by (i)
improving the radial (spherical) flexibility and (ii) introducing aspherical flexibility in the
core region.
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formation density monopole and the population parameter Pv of the spherical multiple-ζ
valence density ρv(r). Since the monopole of the deformation density does not contribute
significantly to the core region but rather represents parts of ρv(r) in the valence region,
the simultaneous refinement of both parameters allows essentially for a scaling of the inner part of the 2s valence electron density in the core region (for a graphical demonstration, see Figure S5, Supporting Information). However, this only works well if aspherical 7 of 17
core polarizations are absent or only weakly pronounced.

Figure 4. Residual electron density maps of the intericosahedral (a,c,e) (2c,2e)-Bp-Bp bond and (b,d,f) (3c,2e)-Be-Be-Be bond

Figurein4.α-boron
Residual
electron
density maps
of the intericosahedral
(a,c,e) (2c,2e)-B
and
(b,d,f) (3c,2e)-B
p -Bp≤bond
e -Be bond
based
on refinements
of theoretical
static structure factors
(Fsta, sin(ϴ)/λ
1.6 Å−1
) employing
(a,b) ane -B
HCM,
−1 ) employing (a,b) an HCM,
in α-boron
based
on
refinements
of
theoretical
static
structure
factors
(F
,
sin(θ)/λ
≤
1.6
Å
sta
(c,d) an EHCM(sph) and (e,f) an EHCM(asph). Positive (solid red) and negative (dashed blue) contour values are shown
in EHCM(sph)
0.01 eÅ −3 stepsand
and(e,f)
the zero
contour lines are
drawn (solid
as dotted
(c,d) an
an EHCM(asph).
Positive
red)black
andlines.
negative (dashed blue) contour values are shown in
−
3
0.01 eÅ steps and the zero contour lines are drawn as dotted black lines.
In the first step of our analysis, this latter approach has been combined with the refinement
of the core
population
parameter
Pc as well proposed
as the corethe
contraction/expansion
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κc. FigureRDFs
4c,d shows
thatinthe
resulting
spherical
termed[57].
EHCM(sph),
native
to optimized
as used
our
previous
studyEHCM,
on diamond
This method
describing
the
radial
electron
density
distribution
of
the
boron
atoms
in
α-boron
rather
combines the simultaneous refinement of the population parameter P00 of the
single-ζ
well since mostly dipolar contributions in the core region remain. The significant improvedeformation density monopole and the population parameter Pv of the spherical multiple-ζ
ment in the quality of the model is also highlighted by a drop of the R1-value from 0.70%
valence density ρv (r). Since the monopole of the deformation density does not contribute
in the HCM down to 0.27%, as well as a drop of the magnitude of residual density maxima

significantly to the core region but rather represents parts of ρv (r) in the valence region, the
simultaneous refinement of both parameters allows essentially for a scaling of the inner
part of the 2s valence electron density in the core region (for a graphical demonstration,
see Figure S5, Supporting Information). However, this only works well if aspherical core
polarizations are absent or only weakly pronounced.
In the first step of our analysis, this latter approach has been combined with the
refinement of the core population parameter Pc as well as the core contraction/expansion
parameter κ c . Figure 4c,d shows that the resulting spherical EHCM, termed EHCM(sph),
describing the radial electron density distribution of the boron atoms in α-boron rather well
since mostly dipolar contributions in the core region remain. The significant improvement
in the quality of the model is also highlighted by a drop of the R1 -value from 0.70% in the
HCM down to 0.27%, as well as a drop of the magnitude of residual density maxima and
minima from +0.246/−0.399 eÅ−3 down to +0.149/−0.155 eÅ−3 . The highest correlation
coefficient of 96.8% occurs between the Pv and P00 parameters. The increase of values of
the P00 parameters (starting value: 0.0) is 1.022 for Bp atoms and 1.427 for Be atoms and
thus the reduction of the Pv parameter shows that the electron density in the core region is
depleted with respect to a neutral boron atom (see Figure S5). In addition, the refined core
shell parameters Pc and κ c for Bp (2.006 and 0.997) and Be (2.008 and 0.998) do not deviate
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much from their starting value (2.0 and 1.0), and their product κ c 3 Pc (1.988 for Bp and
1.996 for Be ) also signals a slight depletion of the electron density in the core region. Note
that the improvement of the EHCM(sph) originates predominantly from the refinement of
the P00 -parameter. Therefore, the parameters Pc and κ c in the corresponding refinements
of the experimental data will be kept fixed to the values obtained from the refinement
of theoretical structure factors. The magnitude of the electron density depletion in the
core region therefore depends on all parameters Pv , P00 , κ v, Pc , κ c as well as the charge
transfer from Bp to Be atoms, which, however, is low and does not obscure the trend in
case of α-boron.
In the second step l = 1 multipoles are introduced for the core shell in the aspherical
EHCM, termed EHCM(asph), in order to take the dipolar core polarization into account.
Note that for the Bp atoms the positive region of the core dipole contribution is opposite
to the midpoint of the (2c,2e) bond (Figure 4c), while for the Be atoms the positive region
points towards the center of the (3c,2e) bond (Figure 4d), which is the fundamental difference between these two kinds of bonds with respect to the core polarization. While
the refinement of such l = 1 multipoles was stable for Bp atoms, the κ c ’ parameter of the
Be atom always decreased significantly as the core dipole contribution remained. This
problem could be solved by elevating the description of the valence deformation density
of the Be atom to double-ζ quality (the valence deformation density is now composed
of two sets “v1” and “v2” of multipole parameters, see Equation (A3) in Appendix A),
reminiscent of the Ansatz by Volkov and Coppens [58]. The corresponding residual density
maps of the final EHCM(asph) are shown in Figure 4e,f, which are essentially flat and
featureless (+0.027/−0.038 eÅ− 3 ). This improvement of the model is again accompanied
by a drop of R1 down to 0.09%. While the radial maxima of the core deformation density
are close to the respective atom at distances of 0.100 Å for Bp and 0.113 Å for Be atoms,
the corresponding values for the valence density (Bp : 0.430 Å (v1), Be : 0.523 Å (v1) and
0.484 Å (v2)) are located significantly further outwards. The ζ·κ’ values are 10.60 au−1
(core) and 2.46 au−1 (v1) for Bp , as well as 9.35 au−1 (core), 2.02 au−1 (v1) and 3.28 au−1
(v2) for Be atoms. Still, the majority of the bonding electron density around Be atoms is
described mostly by the v1 deformation density set, while the v2 set is more localized
due to its higher ζ·κ’ value relative to the v1 parameter set. The smaller value of these
distances for Bp atoms originates from the description of the localized (2c,2e) bond, while
for Be atoms the (3c,2e) multicenter bonds are more delocalized. The correlation coefficient
between P00 and Pv is further reduced to 92.5%, while the correlations between individual
parameters of the v1 and v2 set approach values up to 98.5%, which renders a unique and
independent refinement of these parameters in case of experimental data unlikely. As a
validation of the model, we note that both the QTAIM charges (+/−0.07 e), as well as the
electron density properties at the CPs (Table S2, Supporting Information) agree well with
the values based on the original DFT wavefunction. The EHCM(asph) will be our default
model in the following analysis.
In order to examine the resolution dependence of the dipolar core polarization, 1D
profiles of the residual electron density peak close to the Bp position have been plotted
for different data resolutions in Figure 5a. Starting from sin(θ)/λ ≤ 1.0 Å−1 , the profile
maximum is initially very shallow. Upon increasing the data resolution, the ∆ρ(r) maximum
increases and moves closer to the corresponding maximum value of ρpol (r), which is the
dipolar contribution extracted directly from the DFT wavefunction. At the same time, the
∆ρ(r) maximum shifts closer to the atomic position, also in better agreement with ρpol (r). For
the experimental resolution of sin(θ)/λ ≤ 1.6 Å−1 ∆ρ(r) reaches about 50% of the maximum
value of ρpol (r) and almost reproduces ρpol (r) at resolutions of sin(θ)/λ ≤ 3.2 Å−1 . Note
that the maximum values of the spherical residual density features of the HCM (Figure 4a,b)
close to the atomic positions also show a large resolution dependence. While aspherical
core polarizations (with a dipolar component) might be compensated by artificial positional
changes, the ignorance of spherical core polarizations might cause false scale factor and/or
erroneous temperature factors [10,22].
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For the experimental resolution of sin(ϴ)/λ ≤ 1.6 Å−1 Δρ(r) reaches about 50% of the maximum value of ρpol(r) and almost reproduces ρpol(r) at resolutions of sin(ϴ)/λ ≤ 3.2 Å −1. Note
that the maximum values of the spherical residual density features of the HCM (Figure
4a,b) close to the atomic positions also show a large resolution dependence. While aspherof 17
ical core polarizations (with a dipolar component) might be compensated by artificial9 positional changes, the ignorance of spherical core polarizations might cause false scale factor and/or erroneous temperature factors [10,22].
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atoms for both boron atoms and the “v2” valence deformation density of the Be atom were
taken from the corresponding theoretical model EHCM(Fsta ). We note that the resolution
of the final EHCM(Fsta ) was adopted to the resolution of EHCM(Fexp ) model. Also, the
refinements of experimental structure factors showed a significant sensitivity for core
polarization effects. Accordingly, the experimental aspherical EHCM yields a significantly
lower R1 -value (0.90%) than the corresponding spherical EHCM (0.97%) and the classical
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for both boron atoms and the “v2” valence deformation density of the Be atom were taken
from the corresponding theoretical model EHCM(Fsta). We note that the resolution of the
final EHCM(Fsta) was adopted to the resolution of EHCM(Fexp) model. Also, the refine10 of 17
ments of experimental structure factors showed a significant sensitivity for core polarization effects. Accordingly, the experimental aspherical EHCM yields a significantly lower
R1-value (0.90%) than the corresponding spherical EHCM (0.97%) and the classical HCM
HCM (1.09%) lacking any core polarization. However, the residual electron density maxima
(1.09%) lacking any core polarization. However, the residual electron density maxima do
do not change significantly upon considering core asphericity (see Section 3.2).
not change significantly upon considering core asphericity (see Section 3.2).
The experimental aspherical EHCM (full symbols in Figure 6a,b explicitly includes
The experimental aspherical EHCM (full symbols in Figure 6a,b explicitly includes
dipolar core polarization and thus minimizes core asphericity shifts. Accordingly, the
dipolar core polarization and thus minimizes core asphericity shifts. Accordingly, the
bond distances between the HCM and the EHCM model differ significantly. These
bond distances between the HCM and the EHCM model differ significantly. These bond
bond length distances can therefore be considered as core asphericity shifts based on
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Figure 6. Resolution dependent absolute bond length values of the (a) exo-Bp-Bp-bond and (b) exo-Be-Be-bond. Values of
Figure 6. Resolution dependent absolute bond length values of the (a) exo-Bp -Bp -bond and (b) exo-Be -Be -bond. Values of
the HCM are shown with open symbols, values of the aspherical EHCM(Fexp) are shown with closed symbols. The dashed
the HCM are shown with open symbols, values of the aspherical EHCM(Fexp ) are shown with closed symbols. The dashed
horizontal lines show the values at maximum resolution as a guide to the eye. The dipolar core polarization contributions
horizontal lines show the values at maximum resolution as a guide to the eye. The dipolar core polarization contributions
according to the EHCM(Fsta ) are shown in (c) for Bp atoms and in (d) for Be atoms. Positive (solid red) and negative (dashed
blue) contour values are shown in 0.01 eÅ−3 steps and the zero contour lines are drawn as dotted black lines.

Note that the properties of the electron density at the critical points change only very
little upon application of the aspherical EHCM(Fexp ) and remain in good agreement with
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according to the EHCM(Fsta) are shown in (c) for Bp atoms and in (d) for Be atoms. Positive (solid red) and negative (dashed
blue) contour values are shown in 0.01 eÅ −3 steps and the zero contour lines are drawn as dotted black lines.
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Note that the properties of the electron density at the critical points change only very
little upon application of the aspherical EHCM(Fexp) and remain in good agreement with
the DFT
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Methods
3.1. Synthesis
3.1. Synthesis
Single crystals of α-boron were grown from Pt-B mixtures at pressures of 5.5(5) GPa
Single crystals of α-boron were grown from Pt-B mixtures at pressures of 5.5(5) GPa
and temperatures of 1000 ◦ C in a 6–8 Walker-type multi-anvil device with a 18/12 cell
and temperatures of 1000 °C in a 6–8 Walker-type multi-anvil device with a 18/12 cell
assembly developed by Stoyanov et al. [59]. The sample composition of Pt15 B85 was
assembly developed by Stoyanov et al. [59]. The sample composition of Pt15B85 was chosen
chosen according to Parakhonskiy et al. [60]. Approximately 70 mg boron powder (99.95%,
according to Parakhonskiy et al. [60]. Approximately 70 mg boron powder (99.95%,
ChemPur) were placed between two Pt-discs of ca. 110 mg in a boron nitride (h-BN) capsule
ChemPur) were placed between two Pt-discs of ca. 110 mg in a boron nitride (h-BN) capin an Ar-filled glovebox. After reaching the target pressure, the sample was heated to
sule in an Ar-filled glovebox. After reaching the target pressure, the sample was heated
the target temperature within 10 min, dwelling for another 15 min before the sample was
to the target temperature within 10 min, dwelling for another 15 min before the sample
quenched by turning off the heater (initial cooling rate approx. −50 ◦ C/s). Amber-colored
was quenched
turning off
heater
(initial cooling rate approx. −50 °C/s). Amberα-boron
crystalsbyembedded
in the
a PtB
x -matrix were recovered by dissolving the coarsely
colored
α-boron
crystals
embedded
in
a
PtBx-matrix were recovered by dissolving the
ground sample in hot aqua regia.
coarsely ground sample in hot aqua regia.
3.2. Charge Density Study
Data collection: An amber-colored single crystal with the dimensions 75 × 139 × 140 µm3
was mounted on a MiTeGen MicroMount with small amounts of perfluoropolyalkylether.
Data were collected on a Bruker SMART-APEX diffractometer equipped with a D8 goniometer, a microfocus X-ray tube with Ag-Ka radiation (λ = 0.56087 Å) and Helios mirror
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optics. The crystal was cooled to T = 90(2) K using an open-flow N2 -cooling device. A
100 µm thick Al-disc was used to significantly reduce the parasitic radiation contamination
with a wavelength of about 3λ [61]. A total of 21 ω-scans (180◦ rotation) were collected at
2θ-offsets 0◦ (8×), −34◦ (5×), −68◦ (4×) and −90◦ (4×) at a detector distance of 4 cm and
with ω increments of 0.5◦ . The exposure times ranged from 15 s to 150 s.
Data reduction: Crystal data for α-B (M = 10.81 g/mol): trigonal, space group R-3m
(no. 166), a = 4.9085(2) Å, c = 12.5697(5) Å, V = 262.27(2) Å3, Z = 36, T = 90(2) K, µ = 0.066 mm−1,
Dcalc = 2.464 g/cm3, F000 = 180, 23,888 reflections measured (7.676◦ ≤ 2θ ≤ 124.7◦ ,
dmin = 0.317 Å, sin(θ max )/λ = 1.579 Å−1 , −15 ≤ h ≤ 13, −15 ≤ k ≤ 15, −38 ≤ l ≤ 39),
1093 unique (Rint = 0.0304, Rsigma = 0.0098) which were used in all calculations. A numerical absorption correction (Tmin = 0.9685, Tmax = 1.0000) was done using SADABS (Version
2014/2), while the phosphor efficiency was refined to 0.753 [62]. The dataset is complete to
d > 0.33 Å and 99.2% complete for dmin . The average redundancy/{I/σ(I)} is 21.68/{57.14}
and ranges from 81/{168} for the inner shells to 5/{16.1} for the outer most resolution
shell, respectively.
Multipolar refinement: The initial IAM refinement with anisotropic atomic displacement parameters was carried out using SHELXL and converged to R1 = 1.78%, wR2 = 5.46%
and GooF = 1.166 for 986 unique reflections (I > 2σ(I)) and R1 = 2.06%, wR2 = 5.59% for all
data [63]. The minimum and maximum residual electron density was +0.46/−0.41 eÅ− 3
and the refinement of an extinction model (SHELX) did not yield any improvement.
All refinements using a multipolar model (HCM or EHCM) have been performed with
JANA2006 (Version 25.10.2015), and atomic electron densities were constructed using the
Volkov and Macchi atomic wave functions expanded over Slater-type basis functions [64].
The ground state valence configuration (s2 p) for boron atoms was kept throughout all
refinements. The equations for these multipolar models are given in Appendix A. The local
coordinate system was z k [0,1,0], y k [0,0,1] for Bp atoms and z k [1,0,0], y k [0,0,1] Be atoms.
The refinement of the l-dependent multipolar functions 1 ≤ l ≤ 4 was carried out in a
stepwise manner and finally the valence expansion/contraction parameters κ v and κ v ’ were
refined for both atoms of the asymmetric unit and converged at R1 = 1.13% and wR1 = 1.37%
with a residual electron density of +0.15/−0.24 eÅ−3 . Fo -Fc plots revealed some of the very
strong reflections being overestimated by the model, hinting at small extinction effects. The
best results could be obtained via the refinement of an Type-II isotropic extinction parameter
ρiso = 1.3(2), according to Becker and Coppens, where extinction effects due to crystallite
size dominate [65,66]. The final HCM model converged at R1 = 1.09%, wR1 = 1.34% with
a residual electron density of +0.18/−0.14 eÅ−3 for 969 reflections with Fo > 3σ(Fo ). The
maximum reduction due to extinction was 3.0% for the (021)-reflection.
The EHCM(asph) included the free refinement of l = 0 multipoles (parameter P00 ) for
the valence shell as well as the parameters Pc , κ c , κ c 0 and Plm (l = 1) for the core shell (c) of
both boron atoms. For the Be -atoms an additional (v2) pseudo atom had to be introduced,
involving Pv2,lm parameters (1 ≤ l ≤ 3), as well as an independent κ v2 0 parameter, which
effectively promotes the radial flexibility of the deformation density from single-ζ to doubleζ quality. In order to avoid linear dependencies, the set of nl -values was modified from the
standard values (2, 2, 2, 3) to (3, 3, 3, 4) for the second v2 set of valence deformation functions
(for l = 0, 1, 2, 3, respectively). We note that all parameters with indices “c” and “v2” were
taken from the refinements against theoretical static structure factors Fsta . The intermediate
EHCM(sph) converged at R1 = 0.97%, wR1 = 1.27% (∆ρ(r)max = +0.18/−0.13 eÅ−3 ) and the
final EHCM(asph) yielded R1 = 0.90%, wR1 = 1.21% with a residual electron density of
+0.19/−0.12 eÅ−3 . The largest correlation coefficient was found to be 91.5% involving P00
and Pv -parameters and the extinction parameter increased to ρiso = 2.3(2). All parameters of
the experimental HCM and EHCM models are given in Table S3, Supporting Information.
In order to ensure that these models do no overfit the experimental data, we employed
the method of k-fold (k = 20) cross-validation by calculating Rcross on F for all significant
reflections [67]. For the transitions HCM → EHCM(sph) and EHCM(sph) → EHCM(asph)
we observe a continuous drop of Rcross with ∆Rcross = −0.09% and ∆Rcross = −0.26%,
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respectively, signaling that the EHCM models do not introduce any overfitting and instead
result in a genuine improvement of the description of the experimental electron density.
For all refinements of both experimental and theoretical structure factors, the ζ-values
are ζ = 2.464 au−1 for the valence deformation functions “v1” and ζ = 9.414 au−1 for valence
deformation “v2” as well as the core deformations functions.
For the refinement of theoretical static structure factors Fsta , a factor of 100 was applied
to the DFT-derived F-values and the hkl-file was imported with the “E-format” option in
JANA2006 turned on. The coefficients of anomalous dispersion f ’ and f ” were set to zero
and unit weights were used during the refinements.
3.3. DFT Calculations
DFT-calculations were performed using the full-potential linear augmented planewave
method as implemented in ELK v.6.3.2 [68]. The structural model used in this calculation
was taken from the experimental refinement results using a HCM. A 9×9×9 k-point grid
was employed for the primitive unit cell yielding 85 irreducible k-points, and the basis set
was extended to RMT Gkmax = 10 and lmax = 14 for the density, potential, and planewaves,
while the reciprocal lattice vector was limited to Gmax = 25 a.u.−1 . An LAPW+lo+LO basis
was used in order to reduce the discontinuities at the muffin-tin (MT) sphere boundaries at
a distance of RMT = 1.3 a.u. The PBE GGA-functional was used for the SCF calculations [69].
For the integration inside the MT-spheres a fine radial mesh (parameter lradstp = 1) in
combination with an increased number of radial points (parameter nrmtscf = 4) was used.
The QTAIM analysis was performed using critic2 [70]. Structure factors were calculated
with ELK up to a resolution of sin(θ)/λ ≤ 6.0 Å−1 and the hkl-indices for the primitive
unit cell have been transformed into the conventional unit cell using an appropriate
transformation matrix.
4. Conclusions
Core deformations in α-boron are mainly of a dipolar type. The experimental observation of these subatomic density features can be accomplished using ultra high-resolution
diffraction data (sin(θ max )/λ > 1.5 Å−1 ) in combination with an EHCM model. Ignorance of core deformation effects will otherwise result in artificial core asphericity shifts,
which are about two orders of magnitude smaller than classic asphericity shifts. However, within the last two decades, data quality as well as X-ray intensities of both lab
and synchrotron sources have improved significantly, and data collection of experimental resolutions sin(θ max )/λ > 1.5 Å−1 becomes more and more convenient. At such high
resolutions, these shifts can become significant and thus should be taken into account by
an EHCM or similar models/methods if utmost precision of the structural model and/or
electron density distribution is desired.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/molecules26144270/s1, Table S1: Complete list of critical points of α-boron from refinements
against experimental data, Table S2: Complete list of critical points of α-boron from refinements
against theoretical structure factors, Table S3: Parameters of the individual multipolar models
for refinements against experimental (Fexp) and theoretical (Fsta) structure factors. Figure S1:
Comparison of residual density maps from refinements of the atomic position and core dipole
functions. Figure S2: More detailed version of Figure 6a,b of the manuscript. Figure S3: Relative
bond length errors of the exo-bonds. Figure S4: Laplacian maps of the experimental EHCM(sph).
Figure S5: Effect of the combined refinement of Pv /P00 parameters on the electron density in the core
region. File S1: Further details of core asphericity shifts.
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Appendix A
The Hansen–Coppens multipolar model (HCM)
ρat (r) = Pc ρc (r ) + Pv κv3 ρv (κv , r ) +

lmax

∑

l

3

0
0
(κv,l
) Rl (κv,l
, r)

l=0

∑

Plm dlm (θ, φ)

(A1)

m = −l

is based on the original ideas of a pseudoatom model of Stewart in 1977 [6,71]. The
electron density of the pseudoatoms ρat (r) is the sum of the spherical (frozen) core density
ρc (r ) (first term), the spherical valence density ρv (κv , r ) (second term) and the so called
deformation density (third term), which is expanded in density functions consisting of a
0 , r ) and the density-normalized spherical harmonic functions d ( θ, φ ).
radial part Rl (κv,l
lm
The spherical core and valence densities are taken from ground state DFT calculations of
isolated atoms using slater-type orbitals (STO) and basis sets of multiple-ζ quality. The
core and valence occupation factors Pc and Pv account for the number of electrons of the
respective pseudoatom and the occupation parameters Plm model the atomic deformation
density. The screening parameter κv accounts for the expansion (κv < 1) or contraction
(κv > 1) of the valence shell by modifying the ζ-exponents of the STOs of ρv (κv , r ). All these
parameters are determined by a least square refinement, while Pc and P00 are commonly
not refined and a single, l-independent κv0 value is used. The nodeless radial part is of
single-ζ quality and has the form
Rl (κl0 , r ) =

0
ζ n l +3
3
n
(κ 0 ) (κl0 r ) l e−κl ζr
( n l + 2)! l

(A2)

where the integer nl parameters must fulfill the condition nl ≥ l and the ζ-exponents are
often based on energy-optimized values by Clementi and Raimondi [72].
However, this model is often not satisfactory, especially when applied to theoretical
structure factors based on DFT calculations. Extended versions of the HCM (EHCM) also
make use of a screening parameter κc for the core-shell and explicitly allow for a charge
transfer between core and valence pseudo atoms via the explicit refinement of Pc . The
EHCM used for this study of α-boron is given by
ρat (r)

= Pc κc3 ρc (κc , r ) + (κc0 )3 R1 (κc0 , r )
lmax

+ ∑

l=0

0 )
(κv1,l

3

0 , r)
Rl (κv1,l

l

∑

m = −l

1

∑

m = −1

Pc,1m d1m (θ, φ) + Pv κv3 ρv (κv , r )

Pv1,lm dlm (θ, φ) +

lmax

∑

l=0

0 )
(κv2,l

3

0 , r)
Rl (κv2,l

l

∑

m = −l

!

(A3)

Pv2,lm dlm (θ, φ) .

The second term in Equation (A3) describes the dipolar core polarization contributions
while the fifth term is a second set of deformation density functions which increases the
precision to double-ζ quality (v2, used only for Be atoms), while all other variables retain
their original meaning. Such models have been described by Volkov and Coppens already
some time ago, but without the parametrization of the core density [58].
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Appendix B
In order to extract the dipolar contributions in the core region the value
ρpol (r) =

ρtot (rat − r) − ρtot (rat + r)
2

(A4)

has been calculated, which allows for simple comparisons with residual density distributions.
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S. Hirshfeld Atom Refinement for Modelling Strong Hydrogen Bonds. Acta Crystallogr. Sect. Found. Adv. 2014, 70, 483–498.
[CrossRef] [PubMed]
Fugel, M.; Jayatilaka, D.; Hupf, E.; Overgaard, J.; Hathwar, V.R.; Macchi, P.; Turner, M.J.; Howard, J.a.K.; Dolomanov, O.V.;
Puschmann, H.; et al. Probing the Accuracy and Precision of Hirshfeld Atom Refinement with HARt Interfaced with Olex2. IUCrJ
2018, 5, 32–44. [CrossRef] [PubMed]
Stewart, R.F. Electron Population Analysis with Rigid Pseudoatoms. Acta Crystallogr. A 1976, 32, 565–574. [CrossRef]
Hirshfeld, F.L. XVII. Spatial Partitioning of Charge Density. Isr. J. Chem. 1977, 16, 198–201. [CrossRef]
Kleemiss, F.; Dolomanov, O.V.; Bodensteiner, M.; Peyerimhoff, N.; Midgley, L.; Bourhis, L.J.; Genoni, A.; Malaspina, L.A.;
Jayatilaka, D.; Spencer, J.L.; et al. Accurate Crystal Structures and Chemical Properties from NoSpherA2. Chem. Sci. 2021, 12,
1675–1692. [CrossRef]
Albert, B.; Hillebrecht, H. Boron: Elementary Challenge for Experimenters and Theoreticians. Angew. Chem. Int. Ed. 2009, 48,
8640–8668. [CrossRef]
Will, G.; Kiefer, B.; Morosin, B.; Slack, G.A. Electron Deformation Density Distribution in α-Boron. MRS Online Proc. Libr. 1987,
97, 151–156. [CrossRef]
Will, G.; Kiefer, B. Electron Deformation Density in Rhombohedral α-Boron. Z. Anorg. Allg. Chem. 2001, 627, 2100–2104.
[CrossRef]
Morosin, B.; Mullendore, A.W.; Emin, D.; Slack, G.A. Rhombohedral Crystal Structure of Compounds Containing Boron-Rich
Icosahedra. AIP Conf. Proc. 1986, 140, 70–86. [CrossRef]
Horn, F.H. On the Crystallization of Simple Rhombohedral Boron from Platinum. J. Electrochem. Soc. 1959, 106, 905–906.
[CrossRef]
Mondal, S.; Van Smaalen, S.; Parakhonskiy, G.; Prathapa, S.J.; Noohinejad, L.; Bykova, E.; Dubrovinskaia, N.; Chernyshov, D.;
Dubrovinsky, L. Experimental Evidence of Orbital Order in α-B12 and γ-B28 Polymorphs of Elemental Boron. Phys. Rev. B 2013,
88, 024118. [CrossRef]
Fujimori, M.; Nakata, T.; Nakayama, T.; Nishibori, E.; Kimura, K.; Takata, M.; Sakata, M. Peculiar Covalent Bonds in αRhombohedral Boron. Phys. Rev. Lett. 1999, 82, 4452–4455. [CrossRef]
Collins, D.M. Electron Density Images from Imperfect Data by Iterative Entropy Maximization. Nature 1982, 298, 49–51. [CrossRef]
Hosoi, S.; Kim, H.; Nagata, T.; Kirihara, K.; Soga, K.; Kimura, K.; Kato, K.; Takata, M. Electron Density Distributions in Derivative
Crystals of α-Rhombohedral Boron. J. Phys. Soc. Jpn. 2007, 76, 044602. [CrossRef]
Nishibori, E.; Hyodo, H.; Kimura, K.; Takata, M. Revisit: High Resolution Charge Density Study of α-Rhombohedral Boron Using
Third-Generation SR Data at SPring-8. Solid State Sci. 2015, 47, 27–31. [CrossRef]
Lee, S.; Bylander, D.M.; Kleinman, L. Bands and Bonds of B12 . Phys. Rev. B 1990, 42, 1316–1320. [CrossRef]
He, J.; Wu, E.; Wang, H.; Liu, R.; Tian, Y. Ionicities of Boron-Boron Bonds in B12 Icosahedra. Phys. Rev. Lett. 2005, 94, 015504.
[CrossRef] [PubMed]

Molecules 2021, 26, 4270

52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.

65.

66.
67.
68.
69.
70.
71.
72.

17 of 17

Shirai, K.; Dekura, H.; Mori, Y.; Fujii, Y.; Hyodo, H.; Kimura, K. Structural Study of α-Rhombohedral Boron at High Pressures. J.
Phys. Soc. Jpn. 2011, 80, 084601. [CrossRef]
Sagawe, V. Chemische Bindungen in Boriden—Theoretische Und Experimentelle Untersuchung. Ph.D. Thesis, Albert-LudwigsUniversität Freiburg im Breisgau, Freiburg, Germany, 2013.
Decker, B.F.; Kasper, J.S. The Crystal Structure of a Simple Rhombohedral Form of Boron. Acta Crystallogr. 1959, 12, 503–506.
[CrossRef]
Pendás, M.A.; Costales, A.; Luaña, V. Ions in Crystals: The Topology of the Electron Density in Ionic Materials. I. Fundamentals.
Phys. Rev. B 1997, 55, 4275–4284. [CrossRef]
Bader, R.F.W.; Legare, D.A. Properties of Atoms in Molecules: Structures and Reactivities of Boranes and Carboranes. Can. J.
Chem. 1992, 70, 657–676. [CrossRef]
Zhurov, V.V.; Pinkerton, A.A. Charge Density Analysis of an Organic Ferroelectric. Croconic Acid: An Experimental and
Theoretical Study. Z. Anorg. Allg. Chem. 2013, 639, 1969–1978. [CrossRef]
Volkov, A.; Coppens, P. Critical Examination of the Radial Functions in the Hansen-Coppens Multipole Model through Topological
Analysis of Primary and Refined Theoretical Densities. Acta Crystallogr. Sect. A 2001, 57, 395–405. [CrossRef] [PubMed]
Stoyanov, E.; Häussermann, U.; Leinenweber, K. Large-Volume Multianvil Cells Designed for Chemical Synthesis at High
Pressures. High Press. Res. 2010, 30, 175–189. [CrossRef]
Parakhonskiy, G.; Dubrovinskaia, N.; Dubrovinsky, L.; Mondal, S.; Van Smaalen, S. High Pressure Synthesis of Single Crystals of
α-Boron. J. Cryst. Growth 2011, 321, 162–166. [CrossRef]
Macchi, P.; Bürgi, H.-B.; Chimpri, A.S.; Hauser, J.; Gál, Z. Low-Energy Contamination of Mo Microsource X-ray Radiation:
Analysis and Solution of the Problem. J. Appl. Crystallogr. 2011, 44, 763–771. [CrossRef]
Bruker. SADABS; Version 2014/2; Bruker AXS Inc.: Madison, WI, USA, 2014.
Sheldrick, G.M. Crystal Structure Refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 3–8. [CrossRef]
Volkov, A.; Macchi, P.; Farrugia, L.J.; Gatti, C.; Mallinson, P.R.; Richter, R.; Koritsanszky, T. XD2006: A Computer Program for
Multipole Refinement, Topological Analysis of Charge Densities, and Evaluation of Intermolecular Energies from Experimental
or Theoretical Structure Factors; Version 5.42; 2007. Available online: https://www.chem.gla.ac.uk/~{}louis/xd-home/ (accessed
on 13 July 2021).
Becker, P.J.; Coppens, P. Extinction within the Limit of Validity of the Darwin Transfer Equations. I. General Formalism for
Primary and Secondary Extinction and Their Applications to Spherical Crystals. Acta Crystallogr. Sect. A 1974, 30, 129–147.
[CrossRef]
Becker, P.J.; Coppens, P. Extinction within the Limit of Validity of the Darwin Transfer Equations. II. Refinement of Extinction in
Spherical Crystals of SrF2 and LiF. Acta Crystallogr. Sect. A 1974, 30, 148–153. [CrossRef]
Krause, L.; Niepötter, B.; Schürmann, C.J.; Stalke, D.; Herbst-Irmer, R. Validation of Experimental Charge-Density Refinement
Strategies: When Do We Overfit? IUCrJ 2017, 4, 420–430. [CrossRef]
The Elk Code. Available online: http://elk.sourceforge.net/ (accessed on 26 May 2021).
Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
[CrossRef] [PubMed]
Otero-de-la-Roza, A.; Johnson, E.R.; Luaña, V. Critic2: A Program for Real-Space Analysis of Quantum Chemical Interactions in
Solids. Comput. Phys. Commun. 2014, 185, 1007–1018. [CrossRef]
Stewart, R.F.V. One-Electron Density Functions and Many-Centered Finite Multipole Expansions. Isr. J. Chem. 1977, 16, 124–131.
[CrossRef]
Clementi, E.; Raimondi, D.L. Atomic Screening Constants from SCF Functions. J. Chem. Phys. 1963, 38, 2686–2689. [CrossRef]

