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We present a combined experimental and density functional theory study that
characterizes the charge and spin density in [NiX2(3,5-lutidine)4] [X = Cl, Br, and
I]. In this material, magnetic exchange interactions occur via Ni2+-halide· · · halide-
Ni2+ pathways forming one-dimensional chains. We find evidence for weak halide-
halide covalency in the iodine system, which is greatly reduced when X = Br,
and is absent for X = Cl; consistent with the reported ‘switching-on’ of magnetic
exchange in the larger halide cases. Our results are benchmarked against den-
sity functional theory calculations on [NiHF2(pyrazine)2]SbF6, in which the pri-
mary magnetic exchange is mediated by F-H-F bridging ligands. This comparison
indicates that, despite the largely depleted charge density found at the centre of
halide· · · halide bonds, these through-space interactions can support strong mag-
netic exchange gated by weak covalency, and enhanced by significant electron
density overlapping that of the transition metal centres.

1. Introduction

Coordination polymers self-assemble from versatile ‘building
blocks’ that span both an enormous chemical space and broad
range of physical properties. Crucially, if enough is known
about each component, the target material properties might
be anticipated from the sum of its parts. The study of low-
dimensional magnetism has especially benefited from this mate-
rials design approach, where specific magnetic properties such
as anisotropy or dimensionality have been designed from the
outset, or the Hamiltonian parameters of a particular quantum
model of interest have been fine tuned [1–3].

The majority of coordination-polymer quantum magnets are
based on transition-metal (TM) magnetic centres that inter-
act via nearest-neighbour magnetic exchange mediated by the
molecular orbitals of organic bridging ligands such as formate
[4,5], pyrazine [6,7], or pyrimidine [8,9]. However, fundamen-
tal details of the interactions remain a topic of debate. This
issue is especially pertinent in understanding how to increase
the strength of magnetic exchange interactions in coordination-
polymer quantum magnets with a view to application in devices.
For example, it has been suggested that exchange could be
enhanced by engaging π-orbitals of aromatic rings [10], which

provide a continuous electron density spanning the whole bridg-
ing ligand. Alternatively, it may be that molecular orbitals with
electron density depleted in the centre of the ligand, but bunched
towards the binding site, give rise to the strongest interactions
on account of the larger overlap with the TM orbitals [4].
These opposing theories come into the spotlight when seem-
ingly impossible magnetic exchange is mediated through-space
between non-bridging ligands.

In [NiX2(3,5-lutidine)4] [X = Cl, Br, and I], Ni2+ ions are
octahedrally coordinated with four equatorial 3,5-lutidine neu-
tral ligands and two apical X− anions (Figure 1a). Ni2+ is a 3d8

S = 1 ion, and in this coordination one anticipates fully occu-
pied (non-magnetic) t2g orbitals and half occupied eg orbitals.
The ion is therefore not Jahn-Teller active, and superexchange
interactions may occur via all coordinating ligands. The com-
pound crystallises in a well-ordered tetragonal crystal struc-
ture (space group P 4

n nc) composed of interleaved [NiX2(3,5-
lutidine)4] units (Figures 1b and 1c) forming staggered lay-
ers, with opposing X· · ·X ions spanning an entire layer (Fig-
ure 1c). For X = Cl, Br, and I long-range magnetic order has
not been observed down to the lowest measured temperatures
[11, 12]. However, the temperature and field dependence of the
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magnetic susceptibility clearly indicated one-dimensional mag-
netic correlations in the Br and I samples at low temperature,
which based on the atomic connectivity must be associated with
through-space magnetic exchange along -Ni2+-X· · ·X-Ni2+-
chains. Analysis of the magnetic susceptibility data gave anti-
ferromagnetic Heisenberg exchange coefficients (J) of ∼ 0,
0.8(1), 17.5(1) K for X = Cl, Br, and I, respectively [11, 12],
demonstrating a dramatic ‘switching-on’ of magnetic exchange
in samples with larger halide anions. Furthermore, values for
the single-ion-anisotropy parameter, D, were found to be 9.6(7),
6.1(5), and -1.2(3) K for X = Cl, Br, and I, respectively, where
negative D corresponds to easy-axis anisotropy parallel to the
crystallographic c-axis [11, 12].

In this paper, we analyse both charge and spin degrees of
freedom in the electron density of [NiX2(3,5-lutidine)4], with
X = Cl, Br, and I, in order to understand the nature of mag-
netic exchange via through-space Ni2+-halide· · · halide-Ni2+

interactions. We note that this approach has proven successful
in providing critical insight into the nature of exchange medi-
ated by bridging ligands in coordination polymers [4–6,13,14].
We establish highly accurate empirical crystal structures using
single-crystal synchrotron X-ray diffraction and Hirshfeld atom
refinement (HAR). These structures are then used in density
functional theory (DFT) calculations to determine the electron
density for all three materials. The superior diffraction data
obtained from the iodine compound permitted experimental
determination of the charge density, which we use to confirm
the validity of the DFT results. We benchmark our analysis of
the chemical bonding in [NiX2(3,5-lutidine)4] against calcula-
tions on the well-studied compound, [NiHF2(pyrazine)2]SbF6,
in which the strongest magnetic exchange is mediated via F-
H-F bridging ligands [15]. We show evidence for weak halide-
halide covalency in the iodine compound, which facilities rel-
atively strong magnetic exchange despite a largely depleted
charge density at the centre. Our results suggest that through-
space interactions in coordination polymers could facilitate very
strong exchange interactions as they naturally result in charge
density predominantly overlapped with the transition metal cen-
tres, so long as they are close enough to establish even a small
degree of covalency.

2. Methods

2.1. Synthesis

Single crystals of [NiX2(3,5-lutidine)4] with approximate
dimensions 5×5×5 microns (X = Cl, Br) and 100×100×100
microns (X = I) were synthesised following the procedures
described in [11,12]. Single crystals of [NiHF2(pyrazine)2]SbF6
with dimensions 100×100×100 microns were synthesised fol-
lowing the procedure described in the Supplemental Material
of [15].

2.2. X-ray diffraction

X-ray diffraction data were collected at beamline I19 at Dia-
mond Light Source using the fixed-χ 3-circle diffractometer
equipped with a Pilatus 2M detector and Oxford Cryostream

flow cryostat [16]. The X-ray energy was set to the Zr K edge to
have a wavelength of 0.68890 Å. As-grown single crystals sam-
ples were mounted on kapton loops. Redundant data sets up to
0.40 Å resolution (Appendix A) were collected at 100(2) K for
all samples. Standard data sets [17] were collected carrying out
a 360 ◦ Φ-scan at 2θ position 0 using 0.002% and 1% beam
transmission to collect accurate Bragg reflections and thermal
diffuse scattering respectively in the 100 - 300 K range in steps
of 0.1◦.

Figure 1
Crystal structure of [NiX2(3,5-lutidine)4] a) highlighting the coordination of
Ni2+ centres, and a single unit cell viewed b) down the c-axis and c) viewed
down the a-axis. X = Cl, Br, and I anions are superposed in (c) using green,
yellow, and purple spheres, respectively.

Integration, scaling and correction for Lorentz polarization
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and absorption of the data were carried out using the Dials rou-
tines implemented in Xia2 [18]. Reconstraction of reciprocal
space planes were obtained using CrysAlisPro software [19].

For all samples, independent atom models (IAM) were
refined against the X-ray diffraction data using olex2.refine in
Olex2 [20]. The obtained structural models were then used as
a starting point for HAR using NoSperaA2 [21] and Orca [22],
as implemented Olex2. For this refinement the asymmetric unit
was expanded to a [NiX2(3,5-lutidine)4] cluster and calculated
at the R2SCAN/def2-TZVP level of theory using the triplet con-
figuration and a slow convergence criterion.

For [NiI2(3,5-lutidine)4] the Hansen–Coppens multipolar
model [23] was refined in XD2016 [24]. Isotropic extinction
was estimated according to the Becker–Coppens equation [25].
All multipoles up to hexadecapoles, and contraction and expan-
sion parameters κ and κ′, were refined for all non-hydrogen
atoms. Independent sets of κ and κ′ were refined for dif-
ferent elements. Anharmonic motion up to the fourth-order
was refined only for Cu and I atoms, whereas second order
anisotropic thermal parameters were refined for all other non-
H atoms. Hydrogen atoms were also described aspherically
by refining a dipole along their bond. The hydrogen κ and
κ′ parameters were constrained to the standard value of 1.2.
Selected crystallographic data and refinement details are sum-
marized in Table 1, and a residual density analysis is shown in
Figure 4 of Appendix A. Topological properties of the electron
density and integrated atomic charges were calculated using the
XDPROP module of XD2016 software, shown in Figure 5 of
Appendix A. This analysis was not possible for the X = Cl or
Br materials, as beam damage to these smaller samples under
prolonged exposure prevented data collection with sufficiently
high statistics. Hydrogen positions were set to theoretical dis-
tances using the hydrogen riding model, and isotropic thermal
parameters were refined for all hydrogen atoms.

2.3. Density functional theory

The experimental geometries obtained from HAR refine-
ment were used in all DFT calculations. The energy difference
between ferromagnetic (FM) and antiferromagnetic (AFM) spin
configurations along the Ni2+-X· · ·X-Ni2+ or Ni2+-FHF-Ni2+

pathways was calculated using CRYSTAL23 [26] with the
B3LYP functional and POB-TZVP-REV2 basis set. The energy
difference was converted into Heisenberg exchange coefficients
(J) according to a single-J convention using the following rela-
tionship:

J =
EAFM − EFM

N × S(2S + 1)
(1)

where N is the number of exchange interactions in the
unit cell and S is the total atomic spin. Spin-density dis-
tribution maps were obtained using the property module of
CRYSTAL23. The electron density of Ni2X4(3,5-lutidine)8
and Ni2(HF2)3(pyrazine)8 clusters, which include the complete
superexchange pathway between Ni2+ ions, was calculated
with Gaussian16 using 6-311G(d,p) basis set with B3LYP and
wB97XD functionals. Chemical-bonding analysis was carried
out with the quantum theory of atoms in molecules (QTAIM)

[27] as implemented in AIMQB [28] using a fine IAS mesh and
the ’auto’ integration radius.

3. Results and Discussion

3.1. Crystal structures

X-ray diffraction experiments at 100 K provided high-quality
data for all samples up to at least 0.6 Å resolution, with the final
structural models obtained by HAR refinement (Appendix A).
For the investigated materials this approach gives bond lengths
that are very similar to those obtained by standard refinement
techniques for all atoms but hydrogen, as expected.

Table 1 reports selected inter-atomic distances in the
[NiX2(3,5-lutidine)4] and [NiHF2(pyrazine)2]SbF6 materials.
Surprisingly, the distance between Ni2+ ions along the chains
varies only slightly on halide substitution, and is in fact
inversely proportional to the halide radius. This result implies
that the space-filling lutidine scaffold fixes the the Ni-Ni dis-
tance, to good approximation. As a result, as the Ni-X distances
increase with the size of the halide, the X-X distances become
shorter. We note that while the I-I distance is still larger than
the sum of the iodine van der Waals radii, it is smaller than
the sum of their anionic radii [29]. For Cl and Br the X-X
distances are larger than the sum of their van der Waals radii
and ionic radii. By comparison, the Ni2+-FHF-Ni2+ pathway
in [NiHF2(pyrazine)2]SbF6 is much shorter, with the F−-F−

distance (including the bonded H atom) being approximately
half the I-I distance in [NiX2(3,5-lutidine)4]. Similarities can be
found in the TM-halide bond lengths, but these distances alone
indicate an altogether different scenario of magnetic exchange
in [NiX2(3,5-lutidine)4] and [NiHF2(pyrazine)2]SbF6, where
in the latter strong chemical interactions are expected within
the exchange pathway mediated by a single molecular ligand.
Remarkably, however, similar values of exchange coefficients
are found for Ni2+-I· · · I-Ni2+ and Ni2+-F-H-F-Ni2+ interac-
tions (Table 4). Importantly, the electronic properties of the
equatorial ligands lutidine and pyrazine are expected to be sim-
ilar, being both neutral N donor 6-membered aromatic ligands.
This is reflected in the similar Ni-N bond distances found for
all materials, which implies that differences in the exchange
coefficients are established by differences along the exchange
pathway in question.

Table 1
Selected bond lengths of [NiX2(3,5-lutidine)4] and [NiHF2(pyrazine)2]SbF6,
determined by HAR analysis of synchrotron X-ray diffraction data measured at
100 K. The asterisk indicates that the X-X data corresponds to a F-H bond.

Ni-Ni (Å) X-X (Å) Ni-X (Å) Ni-N (Å)

[NiHF2(pyz)2]SbF6 6.4357(8) 2.2851(8)* 2.0753(4) 2.1040(3)
NiCl2(3,5-lut)4 10.5513(2) 5.6395(3) 2.4559(2) 2.1279(5)
NiBr2(3,5-lut)4 10.1909(1) 4.9256(2) 2.6326(2) 2.1254(5)
NiI2(3,5-lut)4 9.9896(1) 4.3146(2) 2.83750(7) 2.1292(3)

3.2. Thermal diffuse scattering (X=I)

In addition to the Bragg peak intensities analysed in the
previous section, significant and highly textured thermal dif-
fuse scattering (TDS) intensity was observed in the [NiX2(3,5-
lutidine)4] single-crystal synchrotron X-ray data. We note that
the diffuse intensity was over 3 orders of magnitude weaker
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than the Bragg peaks, and therefore did not affect integration
of Bragg intensities within the statistical uncertainty. Here, we
focus on the X = I compound as an exemplary case for which
TDS was best measured on account of the larger crystal size and
heavier scattering element. No diffuse scattering was observed
in the data measured from [NiHF2(pyrazine)2]SbF6.

Figure 2 shows X-ray scattering in the hk0 (top right) and h0l
(bottom right) reciprocal lattice planes integrated over ±0.25
reciprocal lattice units in the normal direction (the hk1 and hk2
planes are shown in Appendix B). The left hand side of each
pane shows the result of TDS calculations detailed in Appendix
B. In these model calculations we assumed that the phonons
responsible for TDS were predominantly associated with near-
est neighbour interactions between [NiX2(3,5-lutidine)4] rigid
units, and we note that the observed rapid intensity fall-off as
a function of Q is consistent with a scattering form factor of
extended, rigid structural units. There are two molecules per
unit cell, each with 3 degrees of freedom. Hence, we antici-
pate 6 eigenmodes; 3 acoustic and 3 optic phonons, where the
acoustic phonons will dominate the TDS scattering at lower
temperatures. Our model is based on stretch/compression and
shear distortions of intermolecular bonds projected into the ab
plane (with respective force constants K⊥1 and K⊥2), and shear
distortions of bonds projected onto the c-axis (force constant
K∥). The thermal diffuse scattering intensity was then refined
against the thermal diffuse scattering data in the hk0, hk1, hk2,
and h0l planes, with the three force constants that enter into the
dispersion realtions (see Appendix B) free to vary. The num-
ber of unit cells in the sample was estimated to be 4.8 × 1015,
and the incident flux was taken to be 1 × 109. In this case,
values of K⊥1 = 22.9(4) Nm−1, K⊥2 = 5.9(1) Nm−1, and
K∥ = 7.3(1) Nm−1 were obtained. We note, however, that
the flux value is strongly correlated with the average ampli-
tude of the above force constants, and its value was chosen to
give phonon dispersions in the typical range ∼ 1 − 10 THz.
Hence, the absolute values of these force constants should be
taken lightly. However, the qualitative agreement between cal-
culation and experimental data is excellent (Figure 2). While
the true phonon spectrum is far more complex, our rigid-body
analysis strongly supports the expectation that crystallisation of
this material is based on weakly interacting coordination com-
plexes, and that the chemical interactions between units, includ-
ing X· · ·X pathways, are weak compared to intra-molecular
bonds.

3.3. Charge density and bonding analysis

The experimental structures obtained from HAR refinement
were used to perform density functional theory calculations
of the electron density distribution in Ni2X4(3,5-lutidine)8 and
Ni2(HF2)3(pyrazine)8 clusters. These clusters contain the first
coordination sphere of Ni2+, with the respective magnetic
exchange pathways shown schematically in Figure 3, and as
HOMO orbitals for each halide species in Figure 6 of Appendix
A. Quantum theory of atoms in molecules (QTAIM) [27] was
used to provide a description of the chemical bonding based on
the topological analysis of the calculated electron density (see

Table 2), which can then be used to identify changes introduced
by different halides and the molecular ligand HF−

2 .

Figure 2
Thermal diffuse scattering measured (right) and calculated (left) in the a) hk0
and b) h0l reciprocal lattice planes at 300 K.

The bond critical point (bcp) is defined as the point between
two atoms where the gradient of the electron density is min-
imal in the direction of the bond, and maximal in directions
perpendicular to the bond. The properties of the electron den-
sity at these points characterise the bond, and therefore reflect
the type of interaction. We found that the electron density, ρ, at
the metal-ligand bcps is the same order of magnitude for both
metal-halide and metal-nitrogen interactions, the latter being
the larger of the two and similar across all materials (Table
2). The electron density, ρ at the Ni-X bcps is also similar for
all materials, with a monotonic decrease with increasing bond
length (I→Cl). All metal-ligand interactions have a positive
value of the Laplacian, ∇2ρ, indicating a depletion of charge
at the bcp, as is found for coordinative interactions. The inter-
actions within the molecular ligands, as shown in the Table 2
by the N-C, C-H, C-C and F-H entries, have values of ρ that
are nearly an order of magnitude larger than those observed in
the metal-ligand bonds. These values indicate charge accumu-
lation at the bcps, as confirmed by the negative values of the
Laplacian.

Compared to all other bonds, the X-X interactions in
[NiX2(3,5-lutidine)4] show very small values of ρ (∼ 0 for X
= Cl) and a very flat charge distribution. However, there occurs
an increase in ρ of over an order of magnitude on substitut-
ing iodine for chlorine, indicating the onset of weak chemi-
cal interactions. Bonding parameters based on the experimental
charge-density analysis of [NiI2(3,5-lutidine)4] (summarised in
Figure 5 of Appendix A) are also given in Table 2. The values
for charge density are in excellent agreement with those cal-
culated above. The signs and general trends of the Laplacian
are also consistent, but the experimental amplitudes were found
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to be larger. This is likely due to the acute sensitivity of the
Laplacian amplitude to the structural geometry, as it depends
inversely on the 5th power of distance, while the charge density
depends inversely on the 3rd power.

Figure 3
The magnetic exchange interaction pathways of a) [NiX2(3,5-lutidine)4] and b)
[NiHF2(pyrazine)2]SbF6. X = Cl, Br, and I anions are superposed in (c) using
green, yellow, and purple spheres, respectively.

The wavefunction obtained in the calculation of the elec-
tron density allows one to derive the delocalisation index (DI)
for each interacting pair of atoms by integrating the probabil-
ity density in the atomic regions. The DI is a measure of the
electrons shared between two atoms and as such provides an
estimate of the covalent character of their interaction and bond
order [30]. The C-C and C-N bonds in the aromatic rings are
classical examples of covalent interactions, and we find consis-
tent DI values of ∼1e. Here, the DI confirms the similar elec-
tronic properties of lutidine and pyrazine ligands. The cova-
lency of all Ni-N and Ni-X interactions is similar, except for
Ni-F which was found to be significantly smaller and close to
that of the F-H interaction in the HF2 molecular ligands. While
the X· · ·X interactions are expected to be dominated by Van
der Waals forces, the trend in DI values from ∼0 to ∼0.1 e
by substituting chlorine for iodine indicates the onset of weak
covalency.

The integrated charges within the atomic basis defined by the
gradient of the electron density are given in Table 3. The charges
of the organic ligands are consistent with their expected neutral-
ity, however the charges of the cations and anions show a con-
siderable departure from their formal ionic charges indicating
the important role of covalency in the magnetic exchange path-
ways. Indeed, of all the anions the calculated charge of iodine
deviates the most from its formal charge of -1.

Table 2
Bond analysis parameters for [NiX2(3,5-lutidine)4] and
[NiHF2(pyrazine)2]SbF6 obtained using the quantum theory of atoms in
molecules. The asterisk indicates that the X-X data corresponds to a F-H bond.
Charge-density, ρ, and the Laplacian, ∇2ρ are given in units e.Bohr−3 and
e.Bohr−5, respectively.

DFT Exp.
ρ NiHF2(pyz)2SbF6 NiCl2lut4 NiBr2lut4 NiI2lut4 NiI2lut4

X-X 0.1762* 0.0003 0.0011 0.0047 0.004(0)
Ni-X 0.0487 0.0474 0.0406 0.0364 0.031(0)
Ni-N 0.0679 0.0637 0.0641 0.0643 0.061(1)
N-C 0.3367 0.3378 0.3379 0.3312 0.348(3)
C-H 0.3009 0.3026 0.3054 0.2946 0.287(6)
C-C 0.3209 0.3129 0.3136 0.3112 0.321(3)

∇2ρ
X-X -0.1173* 0.0002 0.0005 0.0028 0.010(0)
Ni-X 0.0806 0.0327 0.021 0.0144 0.094(0)
Ni-N 0.0782 0.0734 0.0737 0.0615 0.276(0)
N-C -0.2628 -0.2656 -0.2654 -0.2188 -0.904(3)
C-H -0.2951 -0.2968 -0.3022 -0.2649 -0.751(5)
C-C -0.2376 -0.2222 -0.2234 -0.2177 -0.772(2)

DI [e]
X-X 0.249* 0.004 0.019 0.096 -
Ni-X 0.241 0.402 0.407 0.414 -
Ni-N 0.380 0.366 0.373 0.366 -
N-C 1.288 1.285 1.283 1.247 -
C-H 0.898 0.899 0.898 0.892 -
C-C 1.297 1.321 1.321 1.321 -

Table 3
Integrated charges within the atomic basis defined by the gradient of the elec-
tron density for [NiX2(3,5-lutidine)4] and [NiHF2(pyrazine)2]SbF6, obtained
using the quantum theory of atoms in molecules.
Q NiHF2(pyz)2SbF6 NiCl2lut4 NiBr2lut4 NiI2lut4

Ni2+ 1.318 1.19 1.15 1.06
X−/HF−

2 -0.88 -0.74 -0.71 -0.67
pyz/lut 0.13 0.06 0.08 0.06

3.4. Spin density and magnetic exchange

Here, we verify that the experimental geometries obtained
from HAR refinement, used above to analyse chemical bond-
ing, could be used to reproduce the experimental trends in the
Heisenberg exchange coefficients of the Ni2+-X· · ·X-Ni2+ and
Ni2+-FHF-Ni2+ pathways. The coefficients were obtained from
the energy difference of the FM and AFM spin configurations,
as described in Section 2. Table 4 reports the calculated values,
which are in very good agreement with those found experimen-
tally. It is perhaps surprising that the Ni2+-I· · · I-Ni2+ and Ni2+-
FHF-Ni2+ pathways mediate a similar magnitude of exchange.
To understand this coincidence further, we used our calcula-
tions to obtain the spin density localised on the magnetic Ni2+

ions, and delocalised on the binding atoms of the ligands (Table
4 and Figure 7 of Appendix A). The amount of spin density
delocalised onto equatorial nitrogen ligands is remarkably con-
stant across the series. The F− ions of the F-H-F molecular lig-
ands carry very little delocalised spin density, while the halide
ions in [NiX2(3,5-lutidine)4] host significant delocalised spin
density that increases monotonically on substituting chlorine,
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for bromine and then iodine. These results indicate stronger
magnetic interactions between Ni2+ and the halide ligands
in [NiX2(3,5-lutidine)4] compared to [NiHF2(pyrazine)2]SbF6,
which we suggest is due to the reduced electron density at the
X· · ·X bond centre (characteristic of the through space interac-
tion), which in turn supports a larger overlap with the magnetic
transition-metal orbitals. This effect compensates for the appar-
ent lack of orbital overlap in the through space interaction com-
pared to the Ni2+-FHF-Ni2+ system, and implies that very large
interactions may be possible in other materials that host X· · ·X
interactions.

Table 4
Exchange coupling constants and spin density, calculated using density func-
tional theory, and evaluated local to Ni2+ cations and delocalised on the bond-
ing atoms of its ligands.

NiHF2(pyz)2SbF6 NiCl2lut4 NiBr2lut4 NiI2lut4

J (K) 12.18 0.12 1.09 15.60
Ni2+ 85.9 % 82.8 % 81.6 % 79.7 %
X− 0.7 % 3.4 % 4.0 % 4.9 %
N 2.8 % 2.7 % 2.7 % 2.6 %

4. Conclusions
In summary, we have established highly accurate crystal struc-
ture parameters for [NiX2(3,5-lutidine)4], with X = Cl, Br, and
I, based on HAR analysis of synchrotron X-ray diffraction data.
These parameters have then been used in density functional the-
ory calculations of charge and spin density, which have been
corroborated by empirical charge-density analysis of the iodine
compound. Our results provide evidence for the development of
weak halide· · · halide covalency in the iodine system, in which
significant magnetic exchange along Ni2+-I· · · I- Ni2+ chains
has been reported. We find a largely depleted electron density
at the halide· · · halide bond centre, and we propose that remark-
ably strong through-space magnetic exchange interactions in
coordination polymers can occur when the exchange pathway
is ‘switched-on’ by very weak covalency, enhanced by a charge
density that is naturally localised on the ligand’s atoms that
bond to the magnetic metal ions.
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Appendix A
Crystallographic data, refinement details and

electron density analysis

In Table 1 we report the complete run list used to collect
single-crystal diffraction data on beamline I19 (Experimental

hutch 1) at Diamond Light Source. Crystallographic data and
agreement factors for independent atom model (IAM), Hirsh-
feld atom model (HAR) and Hansen–Coppens multipolar model
(MM) are given in Table 2 and Table 3.

Table 1
Data collection run list for beamline I19 (Experimental hutch 1) at Diamond
Light Source for detector distance 160 mm.
ω/ϕ rotation ω/ϕ (◦) 2θ (◦) Axis start (◦) Axis end (◦) step (◦)
ϕ 0.0 0.0 0.0 360.0 0.1
ω 0.0 25.0 -150.0 20.0 0.1
ω 120.0 25.0 -150.0 20.0 0.1
ω 240.0 25.0 -150.0 20.0 0.1
ω 0.0 45.0 -130.0 40.0 0.1
ω 60.0 45.0 -130.0 40.0 0.1
ω 120.0 45.0 -130.0 40.0 0.1
ω 180.0 45.0 -130.0 40.0 0.1
ω 240.0 45.0 -130.0 40.0 0.1
ω 300.0 45.0 -130.0 40.0 0.1
ω 0.0 65.0 -110.0 60.0 0.1
ω 120.0 65.0 -110.0 60.0 0.1
ω 240.0 65.0 -110.0 60.0 0.1
ω 0.0 85.0 -90.0 80.0 0.1
ω 60.0 85.0 -90.0 80.0 0.1
ω 120.0 85.0 -90.0 80.0 0.1
ω 180.0 85.0 -90.0 80.0 0.1
ω 240.0 85.0 -90.0 80.0 0.1
ω 300.0 85.0 -90.0 80.0 0.1

Table 2
Crystallographic data collected at 100 K, lattice parameters and agreement fac-
tors for refinemnt of independent atom model (IAM) and Hirshfeld atom model
(HAR) on [NiHF2(pyrazine)2]SbF6 and [NiCl2(3,5-lutidine)4].

[NiHF2(pyrazine)2]SbF6 [NiCl2(3,5-lutidine)4]
empirical formula NiSbF10N5C10H11 NiCl2N4C28H36
formula weight (g/mol1) 571.66 558.21
symmetry tetragonal tetragonal
space group, Z P4/nmm, 8 P4/nnc, 8
a,b(Å) 9.9063(1) 11.5371(1)
c (Å) 6.4357(1) 10.5513(1)
volume (Å3) 631.57(1) 1404.43(3)
F(000) 471.1 589.5
2θ range (deg) 5.6 - 48.8 4.8 - 70.1
index ranges -23 ≤ h ≤ 24 -28 ≤ h ≤ 28

-24 ≤ k ≤ 24 -22 ≤ k ≤ 21
-15 ≤ l ≤ 15 -16 ≤ l ≤ 26

reflections(unique) 106972(889) 109001(1711)
Rint 0.0836 0.0621
I/sigma 65.7 70.8

IAM refinement up to 0.6 Å resolution
data/parameters 889/38 1711/44
GooF on F2 1.04 1.00
R1 [all data](%) 1.18 2.80
wR2 [all data] (%) 3.31 7.72
largest diff peak/hole (e/Å3) 0.6/-0.4 0.6/-0.5

HAR refinement up to 0.6 Å resolution
GooF on F2 - 1.05
R1 [all data](%) - 1.12
wR2 [all data] (%) - 2.67
largest diff peak/hole (e/Å3) - 0.4/-0.3
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Table 3
Crystallographic data collected at 100 K, lattice parameters and agreement fac-
tors for refinement of independent atom model (IAM) and Hirshfeld atom
model (HAR) on [NiBr2(3,5-lutidine)4] and [NiI2(3,5-lutidine)4], and the
Hansen–Coppens multipolar model (MM) on [NiI2(3,5-lutidine)4] only.

[NiBr2(3,5-lutidine)4] [NiI2(3,5-lutidine)4]
empirical formula NiBr2N4C28H36 NiI2N4C28H36
formula weight (g/mol1) 647.11 741.11
symmetry tetragonal tetragonal
space group, Z P4/nnc, 8 P4/nnc, 8
a,b(Å) 11.7571(1) 12.0231(1)
c (Å) 10.1909(1) 9.9896(1)
volume (Å3) 1408.68(2) 1444.04(1)
F(000) 652.5 731.1
2θ range (deg) 4.7 - 70.0 4.6 - 70.1
index ranges -22 ≤ h ≤ 20 -29 ≤ h ≤ 29

-21 ≤ k ≤ 22 -28 ≤ k ≤ 29
-19 ≤ l ≤ 19 -24 ≤ l ≤ 24

reflections(unique) 75665(1718) 236805(1764)
Rint 0.0496 0.0556
I/sigma 80.6 108.6

IAM refinement up to 0.6 Å resolution
data/parameters 1718/66 1764/44
GooF on F2 0.98 1.01
R1 [all data](%) 1.90 1.27
wR2 [all data] (%) 6.12 3.57
largest diff peak/hole (e/Å3) 1.1/-0.5 0.7/-0.5

HAR refinement up to 0.6 Å resolution
GooF on F2 0.95 1.04
R1 [all data](%) 1.65 0.78
wR2 [all data] (%) 5.61 1.96
largest diff peak/hole (e/Å3) 1.1/-0.5 0.3/-0.4

MM refinement up to 0.45 Å
GooFw on F2 - 0.93
R1 [all data](%) - 1.25
wR2 [all data] (%) - 2.60
largest diff peak/hole (e/Å3) - 0.34/-0.6

Figure 4
a) Residual density distribution and b) fractal dimension analysis after the MM
refinement for [NiI2(3,5-lutidine)4].

Figure 5
Results from the MM in terms of a) charge density distribution at the 0.1 eÅ−3

contour level, b) static deformation density at the 0.2 eÅ−3 contour level where
blue and red represent, respectively, the excess and depletion of electron den-
sity with respect to the spherical atom distribution, c) Laplacian function of
the charge density with positives contours drawn as solid blue lines indicating
regions of charge concentration and negative contours shown as red dotted lines
highlighting regions of charge depletion with contours at ±2.0·10n , ±4.0·10n
and ±8.0·10n (n = -2, -1, 0, +1)eÅ−5, and d) highlight of the the Laplacian in
the Ni-I· · · I region.

Figure 6
Highest occupied molecular orbital shown at contour level 0.03 e/Å3 for a)
[NiCl2(3,5-lutidine)4], b) [NiBr2(3,5-lutidine)4] and c) [NiI2(3,5-lutidine)4] as
obtained from the Gaussian16 calculations.
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Figure 7
Electron spin-density distribution calculated with Crystal23 for the AFM
configuration in a) [NiCl2(3,5-lutidine)4], b) [NiBr2(3,5-lutidine)4] and c)
[NiI2(3,5-lutidine)4] and shown between ±0.02 e/Å3 with 0.001 step size.

Appendix B

Thermal diffuse scattering calculations

We begin by calculating the phonon dispersion. The eigenvalue
equation to be solved is

Dei = ω2
i (k)ei (2)

where D is the dynamical matrix for nearest neighbour interac-
tions between NiX2lut4 molecular units, and ω2

i is the squared
k-dependent dispersion of the ith phonon eigenmode, ei. We
have two molecules in the unit cell, each with 3 degrees of free-
dom corresponding to displacements along x, y, and z (see Fig-
ure 8). Hence, we anticipate 6 eigenmodes; 3 acoustic and 3
optic phonons. The elements of the dynamical matrix can be
calculated using the expression

Dη,η′

j, j′ (k) =
1
m

∑
n′

Φ j,n, j′,n′exp(−ik · (r j′n′ − r jn)) (3)

where m is the mass of a molecular unit, and j and j′ are near-
est neighbour molecules in unit cells n and n′, respectively, sep-
arated by the vector (r j′n′ − r jn) [31]. It is sufficient to con-
sider only nearest neighbour interactions of the two molecules
(labelled 1 and 2) in the zeroth unit cell. Hence, in the follow-
ing we can set n = 0, j = 1, 2, j′ = 1, 2, and n′ runs over the
neighbouring unit cells 1 to 14, as shown in Figure 8.

Figure 8
The nearest neighbour interactions included in the calculation of the dynamical
matrix. Site 1 is red, site 2 is blue. Unit cells indexed 0-6 lie in the zeroth ab
plane. Cells indexed 7-10 lie below the zeroth plane, and those indexed 11-14
lie above.

Φ j,n, j′,n′ is the differential of the total energy with respect to
the atomic displacements of molecules (n, j) and (n′, j′) along a
given direction (we will assume zero coupling between orthog-
onal displacements). It can be shown that

Φ j,0, j′,n′ = −ϕ j,0, j′,n′ + δ j, j′δ0,n′
∑
k′,m′

ϕ j,0,k′,m′ (4)

where ϕ j,0, j′,n′ is the differential of an individual bond energy
associated with the relative displacements of molecules (0, j)
and (n′, j′).

It is convenient to identify 2 different types of nearest neigh-
bour bonds, labelled α and β in Figure 8. When projected into
the ab plane the α and β bonds are aligned along x and y, respec-
tively. In this case Equation 4 yields

Φ1,0,1,0 = Φ2,0,2,0 = 4(ϕα + ϕβ) (5)
Φ1,0,2,0 = Φ1,0,2,9 = Φ1,0,2,5 = Φ1,0,2,7 = −ϕα (6)
Φ1,0,2,4 = Φ1,0,2,10 = Φ1,0,2,6 = Φ1,0,2,8 = −ϕβ (7)
Φ2,0,1,0 = Φ2,0,1,13 = Φ2,0,1,2 = Φ2,0,1,11 = −ϕα (8)
Φ2,0,1,1 = Φ2,0,1,14 = Φ2,0,1,3 = Φ2,0,1,12 = −ϕβ (9)

where ϕ depend only on bond type.
We now consider parallel displacements in the three orthog-

onal directions x, y, and z. For displacements along x, the α
bonds are stretched and compressed, while the β bonds are in
shear. We associate the former bond distortion with a force con-
stant ϕα = K⊥1, and the latter distortion with a force constant
ϕβ = K⊥2. The opposite is true for displacements along y, i.e.
ϕα = K⊥2 and ϕβ = K⊥1. Displacements along z have all
bonds in shear, giving ϕα = ϕβ = K∥. The dynamical matrix
can then be written

D =
4
m


a 0 0 −c 0 0
0 a 0 0 −d 0
0 0 b 0 0 −e
−c 0 0 a 0 0
0 −d 0 0 a 0
0 0 −e 0 0 b

 (10)
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defined in the basis (ex1, ey1, ez1, ex2, ey2, ez2), where

a = K⊥1 + K⊥2 (11)
b = 2K∥ (12)
c = cos(πl) (K⊥1 cos(π(h + k)) + K⊥2 cos(π(h − k)))

(13)
d = cos(πl) (K⊥2 cos(π(h + k)) + K⊥1 cos(π(h − k)))

(14)
e = 2 cos(πl)K∥ cos(πh) cos(πk) (15)

Diagonalisation of D then gives the eigenmodes

e1 = (−1, 0, 0, 1, 0, 0) (16)
e2 = (1, 0, 0, 1, 0, 0) (17)
e3 = (0,−1, 0, 0, 1, 0) (18)
e4 = (0, 1, 0, 0, 1, 0) (19)
e5 = (0, 0,−1, 0, 0, 1) (20)
e6 = (0, 0, 1, 0, 0, 1) (21)

which correspond to acoustic modes with displacements along
x, y, and z (e2, e4, and e6, respectively) and optic modes with
displacements along x, y, and z (e1, e3, and e5, respectively).
The eigenvalues are

ω2
1 =

4
m
(K⊥1(1 + cos(π(h + k)) cos(πl))

+ K⊥2(1 + cos(π(h − k)) cos(πl)) (22)

ω2
2 =

4
m
(K⊥1(1 − cos(π(h + k)) cos(πl))

+ K⊥2(1 − cos(π(h − k)) cos(πl)) (23)

ω2
3 =

4
m
(K⊥2(1 + cos(π(h + k)) cos(πl))

+ K⊥1(1 + cos(π(h − k)) cos(πl)) (24)

ω2
4 =

4
m
(K⊥2(1 − cos(π(h + k)) cos(πl))

+ K⊥1(1 − cos(π(h − k)) cos(πl)) (25)

ω2
5 =

8
m

K∥(1 + cos(πh) cos(πk) cos(πl)) (26)

ω2
6 =

8
m

K∥(1 − cos(πh) cos(πk) cos(πl)) (27)

The thermal diffuse scattering intensity is

I =
Nh̄
2

∑
i

1
ωi(k)

coth
(

h̄ωi(k)
2kBT

)
|Fi(Q)|2 (28)

where N is the number of unit cells in the sample, i labels the
phonon modes, and

Fi(Q) =
∑

j

1√
m

f j(Q)[Q · ei, j]e−⟨u j⟩2Q2/3 (29)

where f j(Q) is the molecular form factor and e−⟨u j⟩2Q2/3 is
the Debye-Waller factor [32]. The sum is taken over the two
molecules in the unit cell; j = 1, 2. We note that this expression

is often given with an additional factor exp[iQ · r j]. Whether or
not this factor should be included depends on the definition of
dynamical matrix.

A value of ⟨u j⟩2 = 0.07 Å
2

was estimated based on atomic
displacement parameters refined against Bragg intensities mea-
sured at 300 K. Similarly, in the calculation of f j(Q) fractional
coordinates and lattice parameters refined against Bragg inten-
sities were used.

Equation 28 was simplified by taking the first two terms in the
Taylor expansion of coth(x) about zero. This serves as a good
approximation for moderate to high temperatures, and gives

I = NkBT
∑

i

(
1
ω2

i
+

1
12

(
h̄

kBT

)2
)
|Fi(Q)|2 (30)

The incident flux, Φ, and classical electron radius, r0, were
added as prefactors to achieve the correct units for I, while
experimental factors such as absorption and detector efficiency
were ignored. The thermal diffuse scattering intensity was then
calculated for the acoustic phonon modes only, with 3 free
parameters, K⊥1, K⊥2, K∥, which enter into the dispersion rela-
tions, ωi. N = 4.8 × 1015 was estimated based on the sample
size, and the incident flux was taken to be 1×109. The flux value
is strongly correlated with the average amplitude of the above
force constants. Its value was chosen to give phonon dispersions
in the typical range ∼ 1 − 10 THz.

A background of the form

Ibkgd = A
sin2(wQ)

(wQ)2 (31)

was added, where A and w were free parameters. A slight Gaus-
sian broadening of the calculated thermal diffuse scattering was
included, where the Gaussian width was free to vary, and a
range mask was applied to both data and calculation to ‘punch-
out’ Bragg intensities.

The values K⊥1 = 22.9(4) Nm−1, K⊥2 = 5.9(1) Nm−1, and
K∥ = 7.3(1) Nm−1 were refined against the thermal diffuse
scattering data in the hk0, hk1, hk2, and h0l planes. In each case
reciprocal space slices were taken with a thickness of ±0.25
reciprocal lattice units, and the fitting results are shown in Fig-
ures 2 and 9.
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Figure 9
Thermal diffuse scattering measured (right) and calculated (left) in the a) hk1
and b) hk2 reciprocal lattice planes at 300 K.
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