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ABSTRACT: The tetrahedral cobalt(II) compound
(Ph4P)2[Co(SPh)4] was the first mononuclear transition-
metal complex shown to exhibit slow relaxation of the
magnetization in zero external magnetic field. Because the
relative populations of the d orbitals play a vital role in
dictating the magnitude of the magnetic anisotropy, the
magnetic behavior of this complex is directly related to its
electronic structure, yet the exact role of the soft,
thiophenolate ligands in influencing the d-electron config-
uration has previously only been investigated via theoretical
methods. To provide detailed experimental insight into the
effect of this ligand field, the electron density distribution in this compound was determined from low-temperature, single-crystal
X-ray diffraction data and subsequent multipole modeling. Topological analysis of the electron density indicates significant
covalent contributions to the cobalt−sulfur bonds. The derived d-orbital populations further reveal a fully occupied dz2 orbital,
minor dxz orbital population, and nearly equal population of the dxy, dx2−y2, and dyz orbitals. Notably, we find that an electrostatic
interaction between Co(II) and one hydrogen atom from a thiophenolate group in the xz plane increases the energy of the dx2−y2
orbital, leading to the nearly equal population with dxy and strong magnetic anisotropy.

■ INTRODUCTION

Molecular magnetism is continuously evolving, as new
compounds with exciting magnetic properties are realized.
The quest for single-molecule magnets is particularly intriguing,
as they are potentially useful as the individual bits in memory
storage devices or as components in quantum computers.1,2

Since the early 1990s and the discovery of molecule-based
magnetic hysteresis in the cluster Mn12O12(CH3COO)16-
(H2O)4,

3 many other polynuclear transition-metal compounds4

and mononuclear lanthanide5 systems have been shown to
exhibit slow magnetic relaxation, yet the complex magnetic
behavior exhibited by these compounds renders the inter-
pretation of their properties a challenge. Structurally and
electronically simpler compounds are desirable toward
simplified analysis and enhanced fundamental insight, and
therefore mononuclear transition-metal-based single-molecule
magnets have garnered increased interest.6−10 The first zero-
field single-molecule magnet in this class was the tetraphenyl-
phosphonium salt of the tetrahedral complex [Co(SPh)4]

2−,
which was revealed via alternating current (ac) magnetic
susceptibility measurements to have an energy barrier to spin
reversal of Ueff = 21(1) cm−1.11 The magnetic anisotropy in this
complex originates from orbital angular momentum generated

from mixing of the excited state into the ground state via spin−
orbit coupling, which is a second-order effect that can be
expressed quantitatively using the zero-field splitting parameter
D. The Se analogue of this compound, (Ph4P)2[Co(SePh)4],
was later identified to exhibit slow magnetic relaxation arising
from the same phenomenon.12 Diffuse reflectance spectro-
scopic data collected on powder samples of [Co(EPh)4]

2− (E =
O, S, Se) were used to derive d-orbital energy splittings,
indicating the (dx2−y2, dxy) orbitals are lower in energy than (dxz,
dyz), with dz2 significantly lower than both sets, and with a total
d-orbital splitting of less than 8000 cm−1 in each compound
that decreased with increasing soft character of the ligand.
Because the absolute value of D is inversely proportional to the
energy separation between the two (sets of) orbitals that are
unevenly populated, softer ligands are expected to lead to larger
anisotropy and therefore larger |D|. These concepts have been
discussed on theoretical and experimental grounds in several
recent publications.13,14

Despite the comprehensive nature of the foregoing studies,
there are still remaining questions about the true role of ligand
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covalency on the magnetic properties of the [Co(EPh)4]
2−

complexes. For example, as highlighted in ref 12, the lowest-
energy absorption between the dx2−y2 and dxy orbitals is small
(∼1000 cm−1) and therefore not readily detectable via optical
spectroscopy. Consequently, the relative energies of these two
orbitals have not been precisely determined, and the true
contribution of the (dx2−y2, dxy)

3 electronic configuration to the
anisotropy is unknown. It was also noted in the same work12

that a higher extent of covalency in the metal−ligand bonding
may lead to an increase in the magnetic anisotropy (and an
enhancement of the magnetic properties), because the heavier
ligand analogue has a larger spin−orbit coupling parameter.
This approach of using heavy ligands to enhance magnetic
anisotropy has more recently been explored in the study of Fe2+

compounds bearing both group 14 and halide ligands, where it
was identified that beyond simply seeking enhanced covalent
interactions, targeting enhanced covalency between spin-
bearing molecular orbitals is key to influencing magnetic
anisotropy.15 Because information about both the nature of the
bonding and the d-orbital splitting is not directly available from
spectroscopic16−19 or magnetic measurements, as presented in
previous studies,11,12 new measurements and interpretations are
necessary to obtain a broader understanding of anisotropy in
[Co(SPh)4]

2−.
In contrast to the existing studies on [Co(SPh)4]

2−, analysis
of electron density, obtained experimentally from single-crystal
X-ray diffraction,20−24 can provide a thorough description of
the nature of the chemical bonding25,26 as well as an estimate of
the d-orbital populations.27 Although d-orbital energies are not
strictly accessible from the electron density, it is possible to
obtain quantitative estimation of their relative populations and
thus an indirect measure for their relative energies. A
topological analysis of the electron density ρ(r), moreover,
leads to the location of so-called bond critical points (bcp)
between all bonded atoms, and the evaluation of the electron
density at these points (ρbcp(r)) and of the second derivative of
the electron density, called the Laplacian, ∇2ρbcp(r), provides
important information about the nature of the bonding.26,28,29

In particular, when inspecting bonding between second-row
elements, the sign of the Laplacian unambiguously classifies the
bonds as either covalent (∇2ρbcp(r) < 0) or ionic (∇2ρbcp(r) >
0). However, such a strict and dichotomous classification
scheme becomes muddled when heavier elements are involved
and/or when the electronegativity difference between the two
constituent atoms is large. Alternatively, the nature of the
bonding can be described using the total energy density H,
which is also accessible from the electron density30,31 and is
simply the sum of the potential (V, always negative) and kinetic
(G, always positive) energy densities, where the former reflects
covalency and the latter ionicity. Given the wealth of
information accessible from electron density analysis, we
sought to investigate in detail the chemical bonding within
(Ph4P)2[Co(SPh)4] using this technique, with the goal of
deriving fundamental insight into the electronic structure of the
cobalt(II) center.
Herein, we use electron density to extract the energetic

ordering and occupancy of the d-orbitals and the distribution of
charges, and to quantitate the covalent nature of the Co−S
bonds in [Co(SPh)4]

2−, providing important and previously
lacking experimental corroboration of the current view of the
electronic structure of this complex. Notably, we also find from
these data that the positioning of select hydrogen atoms near

the central Co plays a key role in determining the magnetic
anisotropy of the complex.

■ EXPERIMENTAL METHODS
General Methods. The compound (Ph4P)2[Co(SPh)4] was

synthesized according to a previously reported procedure.11 All
reagents were purchased from commercial suppliers and used as
received.

Single-Crystal X-ray Diffraction. Single-crystal diffraction data
were collected on an Oxford Diffraction Supernova diffractometer
using a microfocus Mo Kα tube (λ = 0.710 73 Å). A single crystal with
the desired dimensions (∼200 μm in all directions) was selected and
mounted on a goniometer head using mineral oil. The crystal was
cooled to 100 K using a Cryosystems Cryostream 700 device prior to
data collection. The program CrysalisPro32 was used to control the
data collection and for the subsequent data reduction. A total of
267 745 reflections were corrected for absorption effects using a
Gaussian approach based on indexed crystal faces. Equivalent
reflections were merged with SORTAV,33 and only reflections
measured more than once were selected to provide a total of 37 498
unique reflections with an internal agreement of Rint = 0.057. The
crystal structure was solved using the direct methods program
SHELXT34 and refined using SHELXL35 in Olex2.36 An ORTEP37

depiction of the molecular structure of the [Co(SPh)4]
2− complex is

shown in Figure 1.

Multipole Modeling. The aspherical electron density distribution
in (Ph4P)2[Co(SPh)4] was modeled using a pseudoatom multipolar
description, as described by Hansen et al.,38 using the XD program
package.39 The multipole model redefines the atomic electron density
using eq 1, separating it into core, spherical valence, and aspherical
valence parts:

∑ ∑ρ ρ ρ κ κ κ θ φ= + + ′
= =

± ±P r P R r P dr( ) ( ) ( ) ( , )
l

l

l
m

l

lm lmatom c c v v
3

0

3

0

max

(1)

In eq 1, the κ and κ′ parameters describe modified radial behavior of
the density functions belonging to the spherical and aspherical valence
parts, respectively, such that when κ < 1 the shell is expanded relative
to the calculated gas-phase atomic reference density. The angular
redistribution of electron density is described by the dlm functions,
which are hydrogenic orbitals with slightly different normalization
constants. A multipolar model consists of refining the population
parameters Plm against the experimental structure factors. After an
initial refinement of scale factors, a high-order independent atom
model (IAM) refinement was performed using only reflections with

Figure 1. ORTEP drawing of the structure of the [Co(SPh)4]
2−

complex, as determined by X-ray diffraction analysis of a single crystal
of (Ph4P)2[Co(SPh)4], showing 50% probability ellipsoids. A drawing
of the full asymmetric unit can be found in the Supporting
Information.
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sin(θ)/λ values above 0.7 Å−1. This refinement included only
positional and anisotropic thermal parameters for non-H atoms. All
C−H bond distances were fixed to 1.09 Å.40 After this, the C−H bond
length constraint was temporarily lifted, and hydrogen positional and
isotropic thermal parameters were refined using only reflections with
sin(θ)/λ values below 0.7 Å−1. These refinements laid a structural
foundation for the forthcoming refinements. An ionic scattering factor
for Co2+ was used,41 while the remaining atoms were described using
neutral scattering factors.42 The overall charges for the two (Ph4P)

n+

cations and the anionic [Co(SPh)4]
m− complex were fixed to n = 1, 1

and m = 2 from the sum of the valence population parameters, and
these values were maintained throughout subsequent refinements to
ensure overall charge neutrality.
Subsequently we performed refinement of all κ values along with

monopole population parameters. Multipole population parameters
were then refined stepwise, up to hexadecapoles for Co, S, and P (lmax
= 4) and octupoles for C (lmax = 3). Hydrogen atoms were refined with
one monopole and a single dipole along the bond direction.
Refinement of κ′ was attempted but was found to give unrealistic
values for Co and S, and so this parameter was only refined for P and
C, while for Co and S the values were fixed to unity. Symmetry
restrictions were removed for Co and S, and all multipole functions
were refined up to l = 4. This refinement included 1982 parameters.
Finally, all positional and thermal parameters were refined for non-H
atoms.
A pattern of residual density characteristic of unmodelled

anharmonic thermal motion43 was found around the sulfur atoms
and atom S2, in particular. This residual density could be substantially
reduced by inclusion of anharmonic thermal parameters for S2. The
associated probability density was everywhere positive and thus
physically sensible. In addition to the sign of anharmonicity in the
atomic vibrations, the final analysis revealed a localized region of large
residual density distant (>2 Å) from all other atoms and closest to a
hydrogen atom. We ascribed this residual density to a peculiar result of
the presence of random errors in the data, as there is minimal
possibility for any atom (even partially occupied) to be present at this
position. Examination of the thermal parameters from the final model
showed that all bonds are rigid, fulfilling Hirshfeld’s rigid bond test,44

with the average difference of mean-square displacement amplitudes
equal to 6.4 × 10−4 Å2. An analysis of the residual density distribution
using the fractal dimensionality approach of Henn and Meindl45,46 was
performed to quantify the featurelessness of the data. This analysis
clearly showed that the remaining residuals can be ascribed to random
errors in the data (see Figure S1); as mentioned above, the largest
residual density (0.44 e Å−3) is located in a region far from any atom
and is therefore not a sign of unmodelled disorder, although it does
bias the parabola toward positive values. Table 1 outlines the pertinent
crystallographic details, while more details can be found in the
Supporting Information.

■ RESULTS
No significant differences were found between the crystal
structure of [Co(SPh)4]

2− published in ref 11 and the structure
presented here, and we note that, as found previously, the
geometry around the cobalt(II) center exhibits a large
distortion from idealized tetrahedral coordination, with S−
Co−S angles that range from 96.6(1)° to 119.9(1)° (Table 2).
Even still, the [Co(SPh)4]

2− moiety can be approximated as a
tetrahedron (the continuous shape measure calculated using
SHAPE software47 is 1.15), and to some extent the phenyl rings
lie within the two nearly perpendicular planes formed by S1−
Co−S3 and S2−Co−S4, with only the phenyl ring attached to
S3 significantly distorted out of its respective plane (Figure 2).
This distortion results from the combined rotation around the
S−C bonds, giving torsion angles (C−C−S−Co) of −2.5°,
4.1°, 27.4°, and −18.5° for S1 to S4, respectively, and a rotation
around the Co−S3 bond. The effect is that the hydrogen atom
(H18A) on the Cα atom of the phenyl ring on S3, which is

exposed to Co, is moved further away from Co (dCo···H = 3.11
Å) compared to the similar H atoms on the other three rings
(where the Co···H distances range from 2.68 to 2.84 Å).
However, in this position, H18A is also placed directly between
the Co−S bonds when viewed as in Figure 2b. This positioning
is of relevance for the interpretation of the d-orbital populations
below.
An extensive range of intermolecular interactions occur

between the sulfur atoms and the phenyl rings, both of the C−
H···S type as well as several intra- and intermolecular π···π
interactions. The sum of these weak interactions contributes to
the cohesive energy of the crystal structure, but considering the
charged nature of the constituent ions, the electrostatic energy
is likely a more important factor dictating the lattice energy.
The abundance of intermolecular interactions is found only
between two neighboring phosphonium ions or between a
[Co(SPh)4]

2− complex and a phosphonium ion. The nearest
Co···Co distance is on the order of 10 Å, and previous magnetic
characterization of a sample of [Co(SPh)4]

2− diluted within a
matrix of isostructural, diamagnetic [Zn(SPh)4]

2− complexes
revealed no change in the static magnetic behavior. Given the
absence of any pathways for strong magnetic communication
between Co sites, we do not discuss intermolecular interactions
further.
Experimental electron density analyses of single-crystal

structural data can provide a complete analytical description
of the electronic accumulation and depletion that occurs at a

Table 1. Crystallographic Parameters

(Ph4P)2[Co(SPh)4]

formula C72H60CoP2S4
weight, g mol−1 1174.31
crystal system orthorhombic
space group Pca21
Z 4
a, Å 17.4010(2)
b, Å 13.6160(1)
c, Å 24.6260(3)
V, Å3 5834.7(1)
T, K 100
ρ, g cm−3 1.336
μ, mm−1 0.536
dmin, Å 0.50
Nmeas, Nuniq 267 745, 37 499
Rint 0.0573
Rrim, Rpim 0.0640, 0.0156
Nobs, Nvar 27 748, 1982
R(F), Rw(F

2), all data 0.051, 0.037
goodness-of-fit 0.892
Δρmax, Δρmin (e Å−3) −0.25, 0.44

Table 2. Selected Geometrical Parameters for [Co(SPh)4]
2−

bond d (Å) angle degree (deg)

Co−S1 2.3273(2) S1−Co−S2 112.8(1)
Co−S4 2.3254(2) S1−Co−S3 96.6(1)
Co−S3 2.3327(2) S1−Co−S4 116.2(1)
Co−S2 2.3132(2) S2−Co−S3 119.9(1)
S1−C1 1.7630(8) S2−Co−S4 98.6(1)
S2−C7 1.7658(10) S3−Co−S4 113.9(1)
S3−C13 1.7588(9)
S4−C19 1.7679(8)
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metal site upon chemical bonding. To visualize the intricate
effects of bonding, it is instructive to plot the static model
deformation density, which is simply the difference between the
modeled (and experimental) aspherical electron density and the
unperturbed (and thus calculated) atomic densities. Such maps
are shown in Figure 3 for four S−Co−S planes of the CoS4

unit. Inspection around Co reveals that the regions of electronic
depletion and accumulation (relative to neutral Co and S

atoms) are asymmetrical with respect to the different bonds.
The Co−S2 line passes directly through an electron depletion
zone (indicated by red dashes) near Co, in contrast to the Co−
S1 bond, which passes through a region where the deformation
density is nearly zero. This difference is fully reflected in the
location of the lone pair on the S atoms, which for all atoms
face the depletion zones on Co.
The discrepancy in deformation densities for the Co−S

bonds suggests varying degrees of covalency that are
corroborated by the variation in bond distances of the four
Co−S bonds (see Table 2) and the fact that the shortest bond
(Co−S2) is the one that most directly faces a charge depletion
region on Co. This latter observation is particularly relevant;
because the detailed distribution of the valence electron density
around Co (i.e., the pattern of charge depletion and
accumulation regions) is a direct result of the d-orbital
populations, it may be that the small but significant asymmetry
in the Co−S bond distances is the determining factor for the
splitting of the d orbitals.
The above-mentioned visual signs of asymmetry in the Co−S

bonding are reflected in the topological analysis of the electron
density (Table 3), where the Co−S2 bond is found to be
markedly different from the other three Co−S bonds. This
particular bond exhibits a slightly higher ρbcp value and a larger
positive Laplacian (∇2ρbcp) magnitude, which is in accordance
with previous observations suggesting that a more positive
value of ∇2ρbcp accompanies an increase in bond strength.48,49

This same trend is observed for the topological bond path,
which is the unique line departing from the bond critical points
toward the two atoms joined by these points, and along which
the gradient of the density changes most rapidly. The length of
the bond path for Co−S2 is nearly identical to the interatomic
line, while significant deviations are seen for the other three

Figure 2. Definition of the two nearly perpendicular planes describing the first coordination sphere around the Co atom in the [Co(SPh)4]
2−

complex.

Figure 3. Deformation density in the different S−Co−S planes.
Positive contours are shown with solid blue lines; negative contours
are shown with dashed red lines. The contour interval is 0.1 e Å−3.

Table 3. Topological Parameters in the Co−S Bondsa

bond dCo−S LBP Δd ρbcp ∇2ρbcp V H

Co−S1 2.3273(2) 2.3424 0.0151(0.6%) 0.45 5.92 −0.56 −0.07
Co−S2 2.3132(2) 2.3428 0.0043(0.2%) 0.48 6.19 −0.61 −0.09
Co−S3 2.3327(2) 2.3613 0.0286(1.2%) 0.44 5.98 −0.55 −0.07
Co−S4 2.3254(2) 2.3297 0.0296(1.3%) 0.44 5.76 −0.55 −0.07

aThe Co−S distance, dCo−S, the length of the bond path, LBP, and the difference between the two, Δd, are given in angstroms, while the relative
difference is given as a percentage. The value of ρbcp is given in e Å−3, the Laplacian in e Å−5, while the energy densities V and H are given in Hartree
au−3.
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bonds. Figure 4 shows the bond paths for the four Co−S bonds
and clearly illustrates the linear behavior of the Co−S2 bond

path, in particular, while the bonds from Co to S1 and S3 are
slightly bent.
The topological analysis also provides an estimate of the total

energy densities in the bonds. All the values are negative, which
suggests some degree of covalency in the bonds, and again the
bond to S2 is set apart by its slightly larger values. As always,
however, caution is required in the interpretation of these
values due to the approximations made in their derivation.26 A
list of topological properties for all bonds is provided in the
Supporting Information.
Before we address the d-orbital populations and hence the

magnetic properties, it is relevant to first examine the atomic
charges, as expressed by the integration over the zero-flux
surface defined atomic basins (Table 4). First, the summed

atomic charges for the three independent complex ions that
make the neutral (Ph4P)2[Co(SPh)4] compound are −1.37,
+0.52, and +0.92. Focusing on the magnetic complex, we find
that Co has an atomic charge of +1.0 e, which is achieved
without any electrons in the 4s shell, leading to a configuration
that could be interpreted as 3d8. However, this integrated
charge over the Co basin includes those electrons donated from
dative bonds with the sulfur-based ligands.

■ DISCUSSION
Turning to the estimated d-orbital populations, which afford
the most direct insight into the magnetic properties,27,50 we
emphasize that they should not to be interpreted as akin to any
experimental observation of orbitals (which are not quantum
mechanical observables) but merely result from the framework
of the multipole model. This model employs spherical
harmonics as its basis functions, which have a very clear
correspondence to the angular functions used to describe the d-
orbitals. In this analysis, we adhere to the local coordination
system used in ref 11, which is defined such that the z-axis
exactly bisects the S1−Co−S3 angle, and is thus parallel to the

direction along which the first coordination sphere around Co
is slightly elongated, constituting the approximate D2d

symmetry axis. The x-axis and y-axis are then chosen to align
with the approximate C2′ rotation axes of the D2d point group,
such that the x-axis bisects the S1−Co−S4 angle, and the y-axis
very nearly bisects the S1−Co−S2 angle, as shown in Figure 5.

The estimation of d-orbital populations from multipole
parameters is associated with some uncertainty, as it is assumed
that the full electron density described by the functions
centered on the central Co belong to the metal atom. In other
words, even if metal-based electron density results in part from
ligand donation, it is treated here as having originated on the
metal. Note that there are ways to obtain d-orbital populations
from theoretical calculations, which deviate from the currently
used procedure, for instance, by calculation of ab initio ligand
field parameters.51 However, we expect that all of these
approaches should provide a coherent picture of the orbital
populations without necessarily agreeing numerically, and we
are currently exploring this issue in our research. The
experimental d-orbital populations that result from the current
approach are given in Table 5.
Table 5 also provides approximate theoretical d-orbital

populations (in percentages of the total valence electron
count), which were adapted directly from the d-orbital splitting
diagram reported in ref 11 (also reproduced in Table 5). We
note that, in the original publication, the two ml = ±2 orbitals
(dx2−y2 and dxy) are nearly degenerate, and the effect of this
degeneracy would be to approximately equate the observed d-
orbital populations. Indeed, this qualitative picture matches the
results of our model, as the demonstrated distribution of charge
at the cobalt atom arises from dx2−y2 and dxy orbitals that are
nearly equally populated. The sum of the populations for these
ml = ±2 orbitals (39%) is close to that expected for 3/7
electrons (42.9%), with the model yielding a dx2−y2 orbital
slightly lower in energy than dxy. The dz2 orbital, which is lowest
in energy from ref 6, is fully populated from our model (27.2%,
∼2/7 electrons = 28.6%). Finally, the two remaining d orbitals
having ml = ±1, dxz and dyz, possess populations of 15.8 and
18.1%, respectively, slightly above that expected for a 1/7 d
electrons occupancy (14.3%). By scrutinizing the crystal
structure in more detail, we can identify two plausible reasons
why these two latter populations differ. First, the angle between
the two planes defined by S1−Co−S3 and S2−Co−S4 deviates
3.7° from 90°, meaning that the x-axis and y-axis cannot be
exactly identical relative to the sulfur atoms, and with the
chosen axes, the x-axis points along the larger angle between
Co−S bonds (see Figure 5). This positioning of the ligands

Figure 4. Electron density gradient trajectory plots in the plane of S1−
Co−S2 (left) and S3−Co−S4 (right); the plots include 60 gradient
paths starting from each nuclei. The blue circles indicate the bond
critical points, and green circles are ring critical points, while the black
lines show the bond paths.

Table 4. Atomic Charges Integrated over the Zero-Flux
Surfaces

atom/group Q

Co +1.03
Co molecule −1.37
cation1 +0.52
cation2 +0.92
⟨SPh groups⟩ −0.60

Figure 5. Illustration of the local coordinate system on Co. The view is
down the y-axis.
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could potentially slightly destabilize the dyz orbitals relative to
the dxz, although that contradicts the observed distribution, and
thus if anything such destabilization is a minor effect.
An alternative explanation as to why the dxz and dyz

populations differ may be that short interactions between Co
and proximate H atoms influence the electron density of the
former atom. Notably, there are four hydrogen atoms in close
proximity to Co (H2A, H8A, H18A, and H24A from the
phenyl rings attached to S1 to S4, respectively; see Figure 2b).
Topological analysis of the electron density excludes the
possibility that any of these hydrogen atoms participate in a
Co−H chemical bond, as no bond critical points are found
between them. Three of these H atoms experience relatively
short Co···H separations (2.68 to 2.84 Å) and are also located
near one of the two S−Co−S planes described previously (the
distance to the closest plane is ∼0.4 Å; see Figure 2b). Because
of their location near these planes, we do not anticipate that the
hydrogen atoms interact appreciably with either the dxz or dyz
orbitals, and therefore we do not expect these long-range Co···
H interactions to contribute significantly to the observed
difference in dxz/dyz populations. On the contrary, the fourth H
atom, H18A, which is separated from Co by 3.105(1) Å, is
oriented in the direction of both the dx2−y2 and dxz lobes, which
suggests that this interaction may influence the energy of both
these orbitals. An appreciable interaction will lift the degeneracy
of the dxz/dyz pair, increasing the energy of the dxz orbital and
consequently lowering its population. Indeed, this observation
is supported by the dxz/dyz orbital populations given in Table 5.
Similarly, the location of H18A would increase the energy of
the dx2−y2 orbital, such that dxy and dx2−y2 would approach
degeneracy, which is also confirmed in the experimental
populations in Table 5.
The deformation density in the xy plane is illustrated in

Figure 6 and clearly shows anisotropy in the electron density
around Co arising from an uneven occupation of relevant d-
orbitals. Three negative regions can be seen in the figure, but
the fourth, approximately along the negative y-axis, is limited to
a very small region close to the nucleus. If all four negative
regions had been of equal size this would resemble what is
found for a (dx2−y2)

2(dxy)
1 configuration. However, in addition

to the near absence of the fourth region of negative
deformation density, the three negative lobes near Co are not
exactly perpendicular, suggesting that the electron density near
Co does not originate purely from d-orbitals.

■ CONCLUSIONS
The foregoing results highlight the utility of applying electron
density studies to elucidate the electronic structure of metal

ions and, specifically, the potential influence of longer-range
interatomic interactions. The experimental electron density for
the single-molecule magnet [Co(SPh)4]

2− corroborates the
partly covalent nature of the Co−S bonds as previously
suggested by spectroscopic analysis.7 The estimated d-orbital
populations distinguish the lower-lying, fully occupied dz2
orbital from the pair of dxy and dx2−y2 orbitals, of which the
latter is slightly more populated. This distribution of d electrons
is notably influenced by the presence of one hydrogen atom
located at a distance of 3.1 Å from Co, belonging to the only
phenyl ring significantly tilted with respect to the two
perpendicular S−Co−S planes defining the approximate D2d
point-group symmetry. This H atom exerts an electrostatic
influence on the electronic structure of the Co atom without
engaging in chemical bonding to the extent that would be
visible by the presence of a topological bond critical point. One
extremely important effect of this interaction is an increase in
energy of both the dx2−y2 and dxz orbitals, such that dx2−y2 and dxy
become nearly degenerate and thus equally populated, while
the energy of dxz is increased above that of dyz). We are
currently exploring means for altering the position of this H
atom to confirm its influence on the electronic (and thus
magnetic) properties of the [Co(SPh)4]

2− complex. For
example, application of external pressure would modify the
torsion angles within the molecular unit, while deuteration
would have a smaller but perhaps appreciable influence as well.
Investigation of the [Co(OPh)4]

2− anion using the approach
detailed here may also be of interest to identify whether a
stronger ligand field, completely devoid of any π-activity, would
translate into an increased splitting of the dx2−y2, dxy, and dxz
orbitals at intermediate energies.

Table 5. Experimental d-Orbital Populations Derived from the Refined Multipole Population Parameters and the Definition of
the Local Coordinate Systems As Showna in Figure 5

aWith the x-axis and y-axis parallel to C2′ and x toward larger angles. To the far right is shown the original energy diagram and electron configuration
for (Ph4P)2[Co(SPh)4] based on an angular overlap model as given in ref 11.

Figure 6. Deformation density in the xy-plane near Co. Positive
contours are shown with blue solid lines, and negative contours are
shown with red dashed lines. The contour interval is 0.1 e Å−3.
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