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Abstract
Transition metal-based single-molecule magnets (SMMs) with local C3 or higher 

symmetries on the metal centers have garnered significant interest due to their unique magnetic 

properties. With rhombic anisotropy parameters E = (or ) 0 for such highly symmetric 

complexes, quantum tunneling in magnetic relaxation is eliminated or reduced, enhancing the 

performance of the SMMs. Zero-field splitting (ZFS) in metal complexes has been probed by 

various advanced methods, including spectroscopies such as far-infrared magneto-

spectroscopy (FIRMS), high-frequency and -field electron paramagnetic resonance (HFEPR), 

and inelastic neutron scattering (INS). Studies of the trigonal bipyramidal SMM complex with 

local C3v symmetry, (Me4N)[Co(MST)(OH2)] (Co-MST-H2O, MST3− = N,N′,N″-[2,2′,2″-

nitrilotris(ethane-2,1-diyl)]tris(2,4,6-trimethylbenzenesulfonamido)), give the following spin-

Hamiltonian parameters: axial (D = 25.3 cm1) and rhombic (E = 0) ZFS values, g = 2.23, and 

g|| = 2.045. Phonon properties of Co-MST-H2O have been studied by INS and DFT phonon 

calculations, yielding phonon symmetries, energies, and movies. Phonons here refer to either 

molecular vibrations (internal modes) or lattice vibrations (external modes or intermolecular 

vibrations) in the crystalline solid. Intermolecular interactions in Co-MST-H2O have been probed 

by Hirshfeld surface analysis, revealing strong interactions between the [Co(MST)(OH2)] anion 

and solvents (H2O and CH2Cl2) in the crystal lattice. The DFT phonon calculations of Co-MST-
H2O have also generated the spin density on the Co2+ ion and other atoms in the molecule. For 

(Me4N)[Ni(MST)(OH2)] (Ni-MST-H2O), FIRMS and INS studies did not show the magnetic 

transitions among the spin sublevels. Spin-Hamiltonian parameters (D, E, and g value) of Ni-
MST-H2O, determined by magnetometry, were reported earlier (K.A. Schulte, K.R. Vignesh, 

K.R. Dunbar, Chem. Sci., 2018, 9, 9018). In the absence of magnetic resonance or INS results 
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for the magnetic transitions in Ni-MST-H2O, magnetometry is the viable technique to determine 

spin-Hamiltonian parameters for the compound. Hirshfeld surface analysis of Ni-MST-H2O 

shows strong interactions of the [Ni(MST)(OH2)] anion with lattice solvent H2O and the cation 

Me4N+.

Introduction
Magnetic properties of transition metal complexes have been of intense recent interest 

for their potential uses as quantum materials with applications in spintronics, data storage, and 

quantum computing.1-20 d-Block complexes with at least two unpaired electrons (S  1) and 

quenched first-order spin-orbit coupling (SOC), showing a barrier (U) to spin reversal (or 

magnetic relaxation) are considered single-molecule magnets (SMMs).13, 21 One research area 

is to find SMMs with large and tunable U. Magnetic anisotropy of transition metal complexes is 

far more tunable than lanthanide complexes, as the ligand field effects are more easily tuned in 

the former than the spin-orbit coupling (SOC) in the latter.3, 4, 16, 17, 22-24 Transition metal 

complexes with many unpaired electrons (and thus large spins) are favored, as the increase in 

the spin (S) leads to the increase in the energy barrier (U) for spin reversal. Because of ligand 

field or Jahn-Teller distortion, many transition metal complexes have quenched angular orbital 

momentum of the unpaired electrons. The magnetic properties of such complexes are governed 

by the second-order SOC, as represented by zero-field splitting (ZFS).25-36 The magnitude of the 

ZFS for a transition metal complex is given by axial (D) and rhombic (E) anisotropy parameters, 

as defined by spin Hamiltonian in Eq. 1:

𝐻𝑆 = 𝐷[𝑆2
𝑧 ― 𝑆(𝑆 1)

3 ] + 𝐸 𝑆2
𝑥 ― 𝑆2

𝑦 + 𝜇𝐵𝑔𝑥𝐵𝑥𝑆𝑥 + 𝜇𝐵𝑔𝑦𝐵𝑦𝑆𝑦 + 𝜇𝐵𝑔𝑧𝐵𝑧𝑆𝑧 (1)

where Ŝ is the spin operator, μB is the electron Bohr magneton, gx,y,z are the g-factor 

components, and B = (Bx, By, Bz) is the applied magnetic field vector.37-39 In Eq. 1, the last three 

terms show the Zeeman effect on the zero-field split states.

For complexes with at least C3 crystallographic point group symmetry at the metal site 

(or the paramagnetic center), spin Hamiltonian is given in Eq. 2: 

𝐻𝑆 = 𝐷[𝑆2
𝑧 ― 𝑆(𝑆 1)

3 ] + 𝜇𝐵𝑔||𝐵𝑧𝑆𝑧 + 𝜇𝐵𝑔
�
(𝐵𝑥𝑆𝑥 + 𝐵𝑦𝑆𝑦) (2)

Page 2 of 40New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3

where g|| and g are the g-tensor components parallel and perpendicular, respectively, to the 

unique z axis.

Using the ZFS parameters, the energy barrier (U) for a compound is given by Eqs. 3-4: 

𝑈 =  |𝐷|(𝑆2 ― 1
4) for non-integer spins (3)

𝑈 =  |𝐷|(𝑆2) for integer spins (4)

Penta-coordinate Co2+ complexes have been actively studied to use their magnetic 

anisotropies in the search of SMMs.22, 24, 26, 35, 37, 40-56 For complexes with at least C3 

crystallographic point group symmetry of the metal site (or the paramagnetic center), the 

rhombic ZFS parameter E = 0.24, 37, 55, 56 Five-coordinate Co2+-based SMMs with such 

crystallographic symmetries are typically trigonal bipyramidal in the C3v
49, 53, 54 or D3h

33 point 

group. These symmetries give d orbital configuration in Figure 1a with quenched first-order 

SOC. Thus, mixing of the MS = 1/2 and MS = 3/2 states (to give 1, 2, 3, and 4, as shown in 

Figure 1b which leads to quantum tunneling) does not occur. Five-coordinate Co2+-based SMMs 

with crystallographic C3v or D3h symmetry through the metal ion are therefore highly desirable. 

However, there are few five-coordinate Co2+ SMMs with such high symmetries.33, 49, 53, 54 

Instead, some five-coordinate Co2+ SMMs have approximate (or local) C3
22, 34, 45, 53, 57-59 or C4

26, 60 

symmetries of the metal sites. Either crystallographic space groups26, 34, 45, 53, 57-59 in, e.g., 

monoclinic unit cells (with C2 or C2h symmetry), or the ligands22, 60 such as N3
 or NCS with bent 

structures, lower the symmetries of the complexes. In addition, five-coordinate Co2+ SMMs with 

planar, tri-dentate ligands such as Co(terpy)X2 (terpy = terpyridine)61, 62 or analogs52, 63-68 have 

approximately C2v symmetry around the metal ions. For such complexes in which the 

crystallographic point group symmetry of the metal site is lower than C3, E ≠ 0 and 2D = 2(D2 + 

3E2)½, giving the ground-state quartet level in Figure 1b, in which mixing of the MS = 1/2 and 

MS = 3/2 states (to give 1, 2, 3, and 4) occurs, potentially leading to quantum tunneling and 

fast magnetic relaxation. These are undesirable properties for SMMs. 
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Figure 1. (a) Ligand field splitting diagram for a 5-coordinate, high-spin Co2+ complex in 

crystallographic C3v or D3h symmetry through the metal ion. (b) Ground-state quartet spin levels 

in high-spin, d7 complexes with at least C3 crystallographic point group symmetry of the metal 

site (D > 0; E = 0) and lower symmetry (D > 0; E ≠ 0). When the symmetry is lower then C3, E ≠ 

0 and there is a mixing of states to give 1, 2, 3, and 4. The mixing coefficients a = cos β and b 

= sin β are described by the mixing angle β obtained from the spin-Hamiltonian (S = 3/2).39, 69 

Mixing depends on the rhombicity as tan 2β = √3 (E/D). (c) Ligand field splitting diagram for a 

high-spin Ni2+ complex in C3v geometry with the Jahn-Teller distortion.20, 70 (d) Ground-state 

quartet spin levels in high-spin, d8 complexes with at least at least C3 crystallographic point 

group symmetry of the metal site (D < 0; E = 0 before the Jahn-Teller distortion) and lower 

symmetry (D < 0; E ≠ 0) after the Jahn-Teller distortion.

Penta-coordinate d8 Ni2+ complex with crystallographic C3v symmetry through the metal 

ion has been reported.20, 70 However, Jahn-Teller distortion leads to the splitting of degenerate d 

orbitals (Figure 1c). There are also penta-coordinate Ni2+ complexes with approximate (or local) 

C3v
35, 57, 71-75 or C4v

76, 77 symmetries. Their crystal structures or ligands lower the symmetries of 

the complexes.

A series of transition metal complexes containing the tripodal ligand N,N′,N″-[2,2′,2″-

nitrilotris(ethane-2,1-diyl)]tris(2,4,6-trimethylbenzenesulfonamido) (MST3−, Figure 2) were 
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reported by Lacy, Lau, Borovik and coworkers, revealing catalytic activities.74, 78, 79 

Later, magnetic properties of [NMe4][Co(MST)(OH2)] (Co-MST-H2O) and [NMe4][Ni(MST)(OH2)] 

(Ni-MST-H2O) were reported by Schulte, Vignesh, and Dunbar, showing slow magnetic 

relaxation and SMM properties.57 Although the local symmetry for both [NMe4][Co(MST)(OH2)] 

(Co-MST-H2O) and [NMe4][Ni(MST)(OH2)] (Ni-MST-H2O) is C3v, the crystallographic symmetry 

of the two complexes at 100 K is triclinic P1̅  (No. 2; point group C1).57 ZFS parameters were 

determined from reduced magnetization data, giving spin-Hamiltonian parameters for Co-MST-

H2O (D = 24 cm1, E = 0.001 cm1, g = 2.40) and Ni-MST-H2O (D = 209 cm1, E = 1.8 cm1, 

g = 2.81). 

Magnetometry is an indirect, non-resonant method for determining ZFS parameters. 

There are several reported spectroscopic techniques for directly determining ZFS,80, 81 including 

high-frequency and -field electron paramagnetic resonance (HFEPR),26, 29, 31, 36, 46, 54, 65, 67, 82-87 

far-IR magneto-spectroscopy (FIRMS),29, 47, 70, 88-100 and inelastic neutron scattering (INS).101-117 

HFEPR is a powerful tool to measure ZFS up to approximately 32 cm1 for non-Kramers ions, 

and 15 cm–1 for Kramers spin species using, e.g., the facilities at the US National High Magnetic 

Field Laboratory (NHMFL).80, 82, 91, 118 For ZFS >32 cm1, a combined use of HFEPR and 

FIRMS81 has been adopted to determine large spin-Hamiltonian parameters.29, 46, 65, 67, 84, 92, 93, 95-

98 FIRMS is far-IR spectroscopy conducted with variable magnetic fields, helping reveal 

magnetic transitions in the spectra.81 Phonon properties of metal complexes and intermolecular 

interactions are important to the understanding of spin-phonon coupling and magnetic 

relaxation. Indirect-geometry time-of-flight (TOF) INS spectroscopy has been widely used to 

probe both magnetic and vibrational transitions.103 Incident neutrons (with spin ½) interact with 

both unpaired electrons and nuclei of atoms in the sample, leading to magnetic and vibrational 

transitions, respectively.103 Unlike HFEPR and FIRMS that use external magnetic fields to probe 

magnetic transitions, indirect-geometry INS spectroscopy can distinguish magnetic transitions in 

spectra from vibrational transitions (also known as phonons) without the use of external 

magnetic fields. Phonons here refer to either molecular vibrations (internal modes) or lattice 

vibrations (external modes or intermolecular vibrations) in crystalline solids of compounds. 

Phonons are bosons following Bose-Einstein statistics, while electrons, giving magnetic 

transitions, are fermions following Boltzmann statistics. Thus, in variable-temperature (VT) INS 

spectra, magnetic and phonon peaks show different temperature profiles, leading to their 

identifications. Another unique feature of INS is that it does not have symmetry-based selection 

rules for phonons/vibrations, unlike optical IR and Raman spectroscopies each with its own 

selection rules.103 Thus, all phonons are observed in INS spectra. In addition, powerful DFT 
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phonon calculations give calculated phonon symmetries, energies, and INS phonon spectra. 

Thus, INS and the calculations together are very useful to probe magnetic and phonon 

properties of metal complexes.103 Direct determination of ZFS and spin-Hamiltonian parameters 

by the advanced spectroscopies has led to their increased use.25, 82, 84, 101, 104, 119-124 The DFT 

phonon calculations also give spin densities on atoms in the molecules.

Hirschfeld surface analysis is a unique technique to probe intermolecular interactions in 

the context of crystal packing.121, 125 It has been extensively used to probe such interactions in 

metal complexes, including SMMs and other magnetic compounds.68, 126-148 Thus, Hirschfeld 

surface analysis and phonon studies, which include lattice vibrations (external modes), provide 

an understanding of intermolecular interactions from two perspectives.

MN

N

N

N

MesO2S SO2Mes

SO2Mes

O

M = Co2+; Ni2

H2

Mes = 2,4,6-trimethylphenyl

C

Figure 2. Structures of the anions in Co-MST-H2O and Ni-MST-H2O. Both show local C3v 

symmetry.

We have studied Co-MST-H2O and Ni-MST-H2O to answer the following: (1) Could the 

ZFS and other spin-Hamiltonian parameters be determined using advanced spectroscopies? 

How are the results compared with those from DC magnetic susceptibility and reduced 

magnetization? (2) What are the phonon properties of the two complexes, including their 

symmetries, as revealed by inelastic neutron scattering (INS) spectroscopy and DFT phonon 

calculations? (3) How do molecules of the two complexes interact in their crystalline solids? Our 

studies are reported here.

Results and discussion
[NMe4][Co(MST)(OH2)] (Co-MST-H2O)

Co-MST-H2O has been probed by far-IR magneto-spectroscopy (FIRMS), HFEPR, INS, 

DFT-phonon calculations, and Hirschfeld surface analysis.
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FIRMS

The FIRMS we have used has a typical energy range of 12–720 cm−1. Since the energy 

gaps between the spin sublevels in SMMs are often in that energy range, far-IR (i.e., FIRMS) is 

selected to probe them. A transition from ground MS = 1/2 sublevel to the excited MS = 3/2 

sublevel is magnetic dipole-allowed.81, 149, 150 IR-active phonons are also observed in far-IR. To 

identify the magnetic peaks from phonon peaks in far-IR spectra, variable magnetic fields are 

used. The former shift with the fields because of Zeeman effect (Figure 1), while the latter do 

not. The experimental set up in FIRMS is analogous to that of a typical IR experiment, except 

that the sample is placed inside a magnet and, in our studies, at 5 K. Powders of the sample 

were made to a mull in n-eicosane, a waxy substance transparent in the far-IR range.

Changes by the external magnetic fields in FIRMS spectra of Co-MST-H2O at 0 and 17 

T are observable in Figure 3a. To distinguish the magnetic transitions from the phonon peaks, 

all spectra were normalized to the reference spectrum, which is the average spectrum for all 

magnetic fields at 0-17 T. Figure 3b shows the normalized 2D plot (known as the heatmap or 

contour map). In the 2D plot, a magnetic peak is clearly observed at 50.6(6) cm1, which blue-

shifts as a result of transitions from the Zeeman-split sublevels. The magnetic peak at zero field 

is the MS = 1/2  MS = 3/2 transition (Figure 1b). That is, ZFS for Co-MST-H2O: 2D = 2(D2 + 

3E2)½ = 50.6(6) cm1. However, determining the D and E values requires additional results from 

HFEPR discussed below. Also, no spin-phonon coupling is obvious, as no avoided crossing is 

clear in Figure 3b. In addition to the dominant zero-field transition at 50.6(6) cm1, another broad 

transition was observed at 65(1) cm1 (Figure 3c-d). It has a very low signal/noise (S/N) ratio 

and we would be reluctant to claim it is a real resonance, but it coincides very well with the 

magnetometric result for D of the de-hydrated complex [NMe4][Co(MST)] (Co-MST) (2D = 66 

cm1)57 and is corroborated by HFEPR (see below). We thus tentatively identify it as originating 

from the dehydrated derivative Co-MST. Given the propensity of Co-MST-H2O to lose the 
coordinated water molecule, it is conceivable that the sample of Co-MST-H2O partially lost 

water during the sample cooling process which involves pumping on it, to give a small amount 

of Co-MST.
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8

 

Figure 3. FIRMS of a powder sample of Co-MST-H2O. (a) Spectra at 5 K and 0 and 17 T. (b) 

Contour plot of the normalized (by average) transmission, showing blue shifting of the magnetic 

peak at 50.6(6) cm1. The red arrows point to the magnetic transitions. The black arrow points to 

a shot noise in the spectra. There is no clear spin-phonon coupling or avoided crossings. (c) 

Turning points for the magnetic peak at 50.6(6) cm1 as solid lines simulated by EasySpin in the 

powder spectra using g-values from HFEPR. (d) Turning points for the weak magnetic peak of 

Co-MST at 65(1) cm1 as solid lines simulated by EasySpin in the powder spectra using g-

values from HFEPR. Additional FIRMS results of Co-MST-H2O are given in Figure S2 (ESI).

HFEPR

HFEPR is a field-domain version of magnetic resonance, and can deliver information 

complementary to FIRMS. When applied to compound Co-MST-H2O in a loose polycrystalline 

form, at low temperatures, it delivers spectra such as shown in Figure S4 in ESI. The shape of 

(b
)

(a
)

(c)

(d
)
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the spectra strongly suggests that the compound torques (aligns) with magnetic field, a 

phenomenon well known to HFEPR spectroscopists.83 The spectra are thus similar to those of a 

single crystal. However, in such a case one would expect a single resonance corresponding to 

the intra-Kramers transition between the MS = ±1/2 sublevels while two resonances of unequal 

intensities are actually observed. This observation suggests the presence of two different spin 

species. The frequency dependence of the two resonances (Figure S5) shows that the two 

species differ by their g-values. We can thus tentatively attribute the resonances to complexes 

Co-MST-H2O and its anhydrous derivative (Me4N)[Co(MST)] (Co-MST) produced by the loss of 

the axial water ligand. We tentatively attribute the lower-intensity resonance with higher g value 

to the anhydrous species.

Given that the field-aligned spectra were uninformative with regard to spin-Hamiltonian 

parameters, we proceeded to prevent the torquing by pressing Co-MST-H2O in a pellet with n-

eicosane. The resulting spectra at 203 GHz are shown in Figure 4 and can be recognized as 

originating from a powder rather than a single crystal. At low temperatures (10 K in Figure 4a), 

the powder pattern corresponds to a single species, which is assigned to 

[NMe4][Co(MST)(OH2)] (Co-MST-H2O), as proved by the simulation that uses the 2D-value 

obtained from FIRMS, 50.6 cm–1. The other spin-Hamiltonian parameters used in the simulation 

are: E = 0, g = 2.23, g|| = 2.045. The ZFS and g-tensors are thus strictly axial and the D value 

obtained from FIRMS is equal to D.

Raising the temperature (40 K in Figure 4b) causes an emergence of a second parallel 

turning point in the spectrum at ca. 6.2 T, of lower intensity. The perpendicular turning point 

remains unsplit at the same position (3.3 T). This corresponds to a second spin species whose 

spin-Hamiltonian parameters were obtained through simulation: E = 0, g= 2.23, g|| = 2.33. 

Apparently, embedding the sample in an n-eicosane pellet did not fully prevent it from losing 

water under vacuum. Alternatively, the pressure exerted on the sample while making the pellet 

may have caused a release of coordinated water, creating the de-hydrated species Co-MST. 

The simulation of that extra species used the tentative D-value of the second spin species, i.e., 

32.5 cm1 observed by FIRMS. This species thus has a much larger g|| value than the first one 

but the same g value. For both species, the rhombicity factor E/D remains zero within the 

linewidth of the perpendicular turning point.
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Figure 4. (Top) HFEPR spectrum of Co-MST-H2O embedded in an n-eicosane pellet at 10 K 

and 203 GHz (black trace) accompanied by a powder simulation (red trace) using spin-

Hamiltonian parameters: D = 25.3 cm–1, E = 0, g = 2.23, g|| = 2.045. (Bottom) HFEPR spectrum 

of the same sample at 40 K (black trace) accompanied by simulations. For species A (red 

trace), the simulation parameters are the same as at 10 K; for species B (blue trace), the 

parameters are: D = 32.5 cm–1, E = 0, g = 2.23, g|| = 2.33. d / dH is the first derivative of the 

absorption  vs the external magnetic field H.

INS

As discussed earlier, variable-temperature (VT) INS (without using external magentic 

fields) is required to differentiate between vibrational/phonon and magnetic excitations. As 

phonons and electrons respond differently to temperature changes, the use of Bose-corrected 

VT-INS may determine which excitations are magnetic or phonon/vibrational.103

INS of Co-MST-H2O was conducted using Vibrational Spectrometer, known as VISION, 

at Oak Ridge National Laboratory (ORNL). There are forward- and back-scatterintg detectors at 

VISION, which are 45° and 135° from the incident neutrons, respectively.103 The sample was 

sealed inside a sample can under a helium atmosphere in a glovebox and spectra were 

collected at 5, 25, 50, 75, 100, and 125 K. Bose-corrected VT INS are given in Figure 5, where 

Bose correction is a numerical normalization that highlights non-phonons by applying 

normalization to phonons that follow Bose-Einstein statistics. The peak at 48.5 cm1 is assigned 

to the magnetic transition in Co-MST-H2O, which is slightly shifted from 50.6 cm1 observed in 
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FIRMS likely due to instrument errors. Spin-Hamiltonian parameters determined by the 

advanced techniques: D = 25.3 cm1, E = 0, g = 2.23, and g|| = 2.045, are very close to D = 24 

cm1, E = 0.001 cm1, g = 2.40 determined using magnetometry by Schulte, Vignesh, and 

Dunbar.57
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Figure 5. (a) Bose-corrected INS spectra of Co-MST-H2O at 20-80 cm1. Forward-scattering 

spectra are given in Figure S6. (b) INS spectrum at 5 K in comparison to the calculated INS 

spectrum in the 5-1500 cm1 range.

DFT phonon and spin density calculations

The phonon INS spectrum for Co-MST-H2O was calculated using the periodic DFT 

VASP (Vienna Ab Initio Simulation) program. The calculated INS spectrum is compared with the 

experimental INS spectrum at 5 K. Ab initio (also known as first-principle) DFT calculations 

allow for predictions of interatomic force constants. For Co-MST-H2O, the calculated spectrum 

overall matches experimental spectrum well.

Calculated symmetries and energies of phonons are given in Table S1 in ESI. There are 

four phonons (47.65, 50.62, 53.95, and 54.59 cm1) near the magnetic excitation at 48.5 cm1, 

as predicted by VASP calculations. Among the four phonons (listed in Table 1), only the 54.59 

cm1 phonon has the u symmetry which is far-IR active. However, there is no observable spin-

phonon coupling with this phonon in FIRMS (Figure 3) as avoided crossing. Movies of these 

calculated phonons are given in electronic supplementary material (ESI).
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The DFT calculation of phonons produced phonon movies for the four phonons in Table 

1, which are given in ESI. These phonon movies of the anion (Co-MST-H2O) in Co-MST-H2O 

show small changes in the location of the Co2+ ion of the molecule. Larger changes in the 

mesityl positions in the MST3 ligand and shifting of the water molecule are the more noticeable 

in the phonon movies.

The DFT phonon calculations also determined the spin density, ρs, on the Co2+ ion in 

Co-MST-H2O, providing a quantitative scale, revealing how the spin is dispersed onto Co2+ ion 

and atoms in the ligand.151 VASP partitions electrons according to the Wigner-Seitz radius ae in 

Eq. 5:152

ae = (3/4πne)1/3 (5)

where ne is the particle density of electrons; ae is the radius “occupied” by one atom in a sample, 

and each atom is considered as a sphere. 

The calculations do not include the spin densities residing in the bonds, but rather just 

the densities in individual atoms. The range of spin densities for each atom type is presented in 

Table 2. Detailed spin densities are given in Table S2. The total spin density (sum of those on 

all atoms) on the Co-MST-H2O molecule is 2.863 which is lower than 3 (= 3 unpaired electrons). 

The total spin density here is similar those in, e.g., in Co(PPh3)2Cl2 (2.797),84 Co(PPh3)2Br2 

(2.783),84 and Co(PPh3)2I2 (2.747).84 The remaining spin densities are dispersed in the bonds in 

the Co-MST-H2O molecule. No spin densities are present in the atoms of the cation NMe4
+ or 

lattice solvents (H2O and CH2Cl2). In other words, the unpaired electron spins appear to be 

entirely on the Co2+-containing anion [Co(MST)(OH2)]. We have used the current DFT 

calculation method to obtain spin densities in several Co2+ SMMs (Table 2).46, 84 It is the first 

Table 1. List of calculated phonons near the magnetic transition in Co-MST-H2O and their 

symmetries from VASP calculations

Frequency (cm1) Symmetry

47.65 Ag

50.62 Ag

53.95 Ag

54.59 Au
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time that spin densities entirely on the metal-containing anion have been observed. 

Most of the spin densities, 2.627 (87.6% of the 3 unpaired electrons) of the total 2.863, is 

concentrated on the Co2+ ion. This is understandable as the unpaired electrons are in the Co2+ 

ion. Then, the axial N atom (N3 in Table S2) bound to the Co2+ ion has the next highest spin 

density of 0.045, followed by the 3 equatorial N atoms (N1, N5, N7; spin densities: 0.036-0.037) 

and the O atom of the water ligand (O3; 0.030) that all bind directly to the Co2+ ion. After these  

atoms (bound to Co2+),  atoms have much smaller or no spin densities, including 0.004-0.005 

for S atoms, 0.001 for the C atoms (C13, C23, C33) bound to the 3 equatorial N atoms, 0.001 

to 0 for the C atoms (C5, C21, C31) bound to the axial N atom, and 0 for the 2 H atoms of the 

water ligand. The negative spin densities here indicate that these (small) spins are in the 

opposite direction as the 3 unpaired electrons on the molecule. Some of the other atoms of the 

ligand, including a few H atoms, carry small spin densities (Table S2). A comparison of 

calculated spin densities on Co2+ ions in a few complexes and their ZFS D′ values are given in 

Table 2.

Table 2. Correlation between calculated spin densities on the Co2+ ions and ZFS parameters of 

the complexes/coordination polymer (CP)

Complexes Spin densities on the Co2+ 
ions (and percentage of 3 

unpaired electrons)

D values 

(cm1)

Refs

Co(PPh3)2I2 2.553 (85.1%) 13.63(10) 84

Co(AsPh3)2I2 2.558 (85.3%) 27 a

Co(PPh3)2Br2 2.570 (85.7%) 13.83(2) 84

Co(PPh3)2Cl2 2.585 (86.2%) 14.89(2) 84

Co-MST-H2O 2.627 (87.6%) 25.3 Current work

Co-TODA (CP) 2.68-2.69 (89.3%-89.7%) 40.2 46

Co(acac)2(H2O)2 2.81 (93.7%) 57.0 153

[Co(12-crown-4)2](I3)2 2.82 (94.0%) 24.7 a

a SMM behaviors of [Co(12-crown-4)2](I3)2 and Co(AsPh3)2I2 were probed by Saber and Dunbar 

in ref. 154 and by Chen et al. in ref. 155, respectively. Their D values determined by advanced 

spectroscopies were reported in refs. 47 and 123, respectively. Spin densities of [Co(12-crown-
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4)2](I3)2 and Co(AsPh3)2I2 have been calculated and are reported here for comparison. Tables 

listing the spin densities for these complexes are given in Tables S3-S6.

Hirshfeld surface analysis

Hirschfeld surface analysis121, 125 is especially effective to examine which parts of a 

molecule interact most strongly with neighboring molecules in the crystal solid.68, 126-148 A 

Hirshfeld surface is an isosurface calculated from the weight function w(r) of the sum of 

spherical atom electron densities (Eq. 6):

𝑤(𝒓) =
𝜌𝑝𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒(𝒓)
𝜌𝑝𝑟𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙(𝒓) =

𝐴∈𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
𝜌𝐴(𝒓)/

𝐴∈𝑐𝑟𝑦𝑠𝑡𝑎𝑙
𝜌𝐴(𝒓)                   (6)

where promolecule(r) is the sum of the molecular electron density over the atoms in the molecule 

or ions under consideration (the promolecule) and procrystal(r) is the similar sum over the crystal 

(the procrystal).121, 125

The isosurface here separates a molecule (promolecule) or ion from its nearest 

neighbors (procrystal) at a given density level. Distances to the nearest atoms outside 

(external), de, and inside (internal), di, are defined from the Hirshfeld surface, giving a 3-D 

representation of the intermolecular, close contacts in the crystal using the CrystalExplorer 

software by Spackman and coworkers at the University of Western Australia.121, 125. Also, the 

Hirshfeld surface could be made into a 2-D histogram with a unique fingerprint plot for 

intermolecular interactions.

Surfaces (Figure 6) and fingerprint plots (Figure S12) for the [Co(MST)(OH2)] anion 

(named Co-MST-H2O) show interactions with neighboring molecules, cation Me4N+, and lattice 

solvents (CH2Cl2 and H2O), while the average surface reveals low to moderate intensity. The 

strongest interactions are from those of the O atoms of the sulfonyl groups interacting with 

solvents in the lattice (CH2Cl2 and H2O through hydrogen bonds), as shown by the red spots in 

Figure 6b. The interactions of the anion with the cation NMe4
+ are present but not strong, as 

there are no nearby red spots near NMe4
+ in Figure 6b. Interactions of H atoms with other Co-

MST-H2O molecules, the solvents, and the cation NMe4
+ take the largest share (83.9%) of close 

interactions with neighboring molecules, as shown in Table 3.
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Figure 6. (a) Hirshfeld surfaces of the Co-MST-H2O ion showing surface interactions as heat 

maps. Red zones indicate strong interactions with closer distances between de and di atoms, 

while blue zones are indicative of larger distances and less strong interactions. (b) 

Representations of the closest and more intense interactions of the Co-MST-H2O Hirschfeld 

surface, showing that lattice H2O forms hydrogen bonds with the O atoms in the MST3 ligand. 

The H atoms of lattice CH2Cl2 also interact fairly strongly with O atoms of ligand. The CH2Cl2 

molecule is disordered.

Table 3. Hirshfeld surface coverage based on interactions of atoms on the M-MST anion with 

all nearby atoms of neighboring molecules and Me4N+ cation. Most of the interactions are from 

H atoms of the M-MST anion with surrounding atoms. 

Co-MST-H2O Ni-MST-H2O

H close contacts 83.9% 79.7%

C close contacts 8.6% 9.8%

O close contacts 7.5% 10.5%

N close contacts >0.1% >0.1%

S close contacts >0.1% >0.1%

M close contacts >0.1% >0.1%

H close contacts C close contacts O close contacts(a)

(b)
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[NMe4][Ni(MST)(OH2)] (Ni-MST-H2O)
Phonon properties of Ni-MST-H2O have been studied by INS, DFT-phonon calculations, 

and Hirschfeld surface analysis. HFEPR was not used for Ni-MST-H2O as the effective range 

for HFEPR using current instrumentation is up to ~30 cm1, while the expected transition from 

previously reported magnetometry is near 209 cm1.57 Repeated attempts to probe powder 

samples of Ni-MST-H2O by FIRMS (Figure S13) did not show any magnetic peaks. VT INS 

spectra of powder samples in Figure 7 also did not clearly reveal magnetic peaks in the spectra. 

VT profile of the shoulder peak at ∼208 cm1 indicates that it is mostly phonon in nature with 

possible magnetic contributions to the intensity. Both FIRMS and INS spectra show strong, 

broad phonon peaks at ∼210 cm1. We speculate that the following may lead to the results in 

the current studies: (1) The magnetic transitions among the ZFS states in Figure 1d are possibly 

too weak to be observed by both FIRMS and INS; (2) The magnetic transitions undergo spin-

phonon couplings with the nearby strong phonons, dividing the magnetic features over several 

phonons, making the direct observation of the magnetic transition difficult. For future 

spectroscopic studies, the use of single crystals in FIRMS and deuterated Ni-MST-H2O samples 

in VT INS is expected to help revealing magnetic transitions in Ni-MST-H2O.

Earlier, Schulte, Vignesh, and Dunbar determined spin-Hamiltonian parameters of Ni-
MST-H2O using DC magnetic susceptibility and reduced magnetization.57 The current results 

suggest that the magnetometry remains the only viable technique to determine spin-Hamiltonian 

parameters for Ni-MST-H2O. We have thus focused on the phonon properties of Ni-MST-H2O 

revealed by INS, DFT phonon calculations, and Hirshfeld surface analysis.
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Figure 7. (a) Bose-corrected INS spectra of Ni-MST-H2O from 100-500 cm1. There are no 
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strong magnetic features in this region. (b) INS spectra showing calculated and experimental 

phonons at 5–1500 cm1 of Ni-MST-H2O. Additional regions of the experimental and calculated 

INS are given in Figures S16-S18.

INS spectra of Ni-MST-H2O are given in Figure 7. DFT calculated INS spectrum is given 

in Figure 7b in comparison with the experimental INS spectrum, showing a good fit between the 

two spectra.

Surfaces (Figure 8) and fingerprint plots (Figure S19) for the [Ni(MST)(OH2)] anion 

(named Ni-MST-H2O) show intense interactions between the anion and the lattice solvent H2O 

(through hydrogen bonds) and the cation Me4N+ through the O atoms of the sulfonyl groups, as 

shown by the red spots in Figure 8b. In comparison, the interactions between Co-MST-H2O 

and its cation NMe4
+ are not as strong, as discussed earlier and shown in Figure 6b. The 

interactions of the anion with the other solvent, ethyl ether Et2O, are present but not strong, as 

there are no nearby red spots around Et2O in Figure 8b. Interactions of H atoms with other Ni-
MST-H2O molecules, the solvents, and the cation NMe4

+ take the largest share (79.7%) of close 

interactions with neighboring molecules, as shown in Table 3.
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Figure 8. (a) Hirshfeld surfaces of the Ni-MST-H2O anion showing surface interactions as heat 

maps. Red zones indicate strong interactions with closer distances between de and di atoms, 

while blue zones are indicative of larger distances and less strong interactions. (b) 

Representations of the closest and more intense interactions of the Ni-MST-H2O Hirschfeld 

surface, showing that H2O solvent molecule and the Me4N+ cation form hydrogen bonds with the 

O atoms in the MST3 ligand. The ethyl ether Et2O solvent molecule, in contrast, does not show 

strong interactions with the Ni-MST-H2O anion. The Me4N+ cation is disordered.

Conclusions
In this work, the use of advanced spectroscopies to probe magnetic transitions in Co-

MST-H2O has delivered spin-Hamiltonian parameters for that compound. INS studies also give 

phonon properties of the complex. DFT phonon calculations give calculated INS spectrum that 

fits well with the experimental INS spectrum. The calculations also determined phonon 

symmetries, their energies, and phonon movies. In addition, the DFT phonon calculations yield 

spin density on the Co2+ ion and other atoms in Co-MST-H2O. Hirshfeld surface analysis reveals 

how the Co-MST-H2O anion interacts with its cation, solvent molecules, and neighboring Co-

(a) H close contacts C close contacts O close contacts

(b)
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MST-H2O molecules. For Ni-MST-H2O, phonon properties and intermolecular interactions have 

been studied by INS, DFT phonon calculations, and Hirshfeld surface analysis. FIRMS and INS 

studies of Ni-MST-H2O did not show its magnetic transitions. Thus, the current work on 

Co-MST-H2O offers a very good comparison (between results from magnetometry and 

spectroscopic techniques). For Ni-MST-H2O, magnetometry is the viable technique to 

determine spin-Hamiltonian parameters for the compound in the absence of magnetic 

resonance or INS results.

Experimental
Synthesis

Synthesis of the H3MST ligand was completed using commercial materials with no 

further purification following a reported procedure.156 Co-MST-H2O and Ni-MST-H2O were 

prepared following reported procedures.57, 78

FIRMS
Far-IR magneto-spectroscopy was completed at the National High Magnetic Field 

Laboratory in Tallahassee Florida using a Bruker Vertex 80v Fourier-transform infrared (FT-IR) 

spectrometer coupled with a 17.5 T, vertical-bore superconducting magnet. The experimental 

setup is equipped with a mercury lamp and a composite silicon bolometer (Infrared 

Laboratories), as an incoherent (sub)-THz radiation source and detector, respectively. The THz 

radiation propagates in freespace inside the optical beamline, connecting the output of the 

spectrometer and top of the sample probe. The radiation then passes through the brass light-

pipe through a 2.5 m distance to the field center. The probe and beamline are evacuated to 

eliminate strong parasitic absorptions of the air. Samples were prepared by mixing with 

eicosane under a heat lamp to make a slurry, making a solid layer of polycrystalline sample. 

Measurements were conducted at 5 K with the sample and bolometer being cooled by low 

pressure He gas. Spectrum transmitted through the samples was collected between 10 and 720 

cm-1 with a resolution of 0.3 cm1.

HFEPR
HFEPR spectra were collected at the National High Magnetic Field Laboratory in the 

EMR facility using a spectrometer previously described,157 modified with the use of VDI sources. 

The spectrometer is associated with a 15/17 T warm-bore superconducting magnet. Co-MST-
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H2O was measured both “as is” and as a pellet pressed with n-eicosane to prevent torquing 

effects of the sample in the magnetic field. 

Inelastic neutron scattering (INS)
Variable-temperature INS spectra was collected at Oak Ridge National Laboratory using 

VISION, an indirect-geometry vibrational spectrometer.103 About 500 mg of sample was used for 

data collection, sealed in a vanadium can within a helium environment. VISION has two detector 

banks; magnetic transitions are more intense in the forward scattering detectors for their low 

scattering angle dependence.

Phonon and INS calculations
DFT calculations were performed using the Vienna Ab ignition Simulation Package 

(VASP).158 Lattice parameters and atomic coordinates from published structures were used for 

the structure. Atomic force constants were calculated by VASP using finite displacement 

method, and vibrational eigen-frequencies and modes were calculated using Phonopy and 

OCLIMAX software was used to convert DFT calculated phonon results to the simulated INS 

spectra.159-164

Hirshfeld surface analysis
Surfaces were generated using Crystal Explorer.121, 125 Surfaces for this analysis were 

generated from reported structures.57 Only atoms within the SMM complex were selected to 

allow for determination of interactions with counter ions and nearby SMM complexes within the 

crystal structure. Charges for the metal complexes in Co-MST-H2O and Ni-MST-H2O were set 

to -1 while the NMe4 counter ion was set to +1.

Associate Content
ESI including powder X-ray diffraction data of the samples, additional FIRMS, HFEPR, 

and INS results, additional Hirschfeld surfaces and fingerprint plots, and spin densities. Phonon 

movies of the anion in Co-MST-H2O. 
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