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ABSTRACT: In six-coordinate complexes with S > 1, deviations from Octahedral Distortion — Magnetic Anisotropy
perfect O;, geometry lead to magnetic anisotropy. We have studied 4 unique [ReCL ] 3unique [ReBrJ> 1 unique [Rel ]
(NBu",),[Re'X,] (Re—X; X = Cl, Br, I; S = 3/2), including zero-field

splitting (ZFS) in Re—I, by advanced spectroscopies [far-IR magneto-

spectroscopy (FIRMS), high-frequency and -field EPR (HFEPR), and :‘ ﬂ ‘

inelastic neutron scattering (INS)]. AC susceptibility of Re—I shows

field-induced SMM (single-molecule magnet) properties. Unlike Re—1I ¢

with one unique [Rel¢]*” center, there are four and three different ﬂ

[ReX4]?*™ centers in the crystallographic unit cells of Re—CI and Re— :.

Br, respectively. Ab initio calculations determine ZFS parameters and

show that magnetic anisotropies are influenced by deviations from the

O), geometry and by increased covalency from Re—Cl to Re—Br to Re—I. Although Re—X bond lengths increase from Re—Cl to
Re—Br to Re—I, the calculations reveal that the longer Re—I bonds are compensated by the diffuse, better-overlapping orbitals of I™
ligands. The diffuseness in ligand orbitals likely contributes to the SMM performance of Re—I. The calculations also indicate that

deviations from the O, geometry in [ReX4]*~ ions are the sole source of magnetic anisotropy and that there is no heavy-atom effect
from the halide ligands. Spin-phonon couplings in Re—I have been probed by FIRMS using results from DFT phonon calculations.

Bl INTRODUCTION petfect O, or T, ligand field and are influenced by the SOC of

Hexahalorhenates [ReX(]>~ (X = F, Cl, Br, I) have been the unpaired electronzsiin the comp lexes..ﬁ )
studied since the 1960s,' " including their d-d absorption and Octahedral [ReX " complexes are ideal for probing how
charge-transfer spectra as indirect sources of information about
the Re—X bond, based on ligand-field parameters derived from
the spectra.”” These Re'' complexes with three unpaired
electrons (S = 3/2) have been of recent interest as single-
molecule magnets (SMMs), " +72° exhibiting an energy barrier

to the relaxation of magnetization (U) with applications in

structural deviations and the heavy metal atom affect their
magnetic properties. The deviations remove the d-orbital
degeneracies, leading to zero-field splitting (ZFS) of the
quartet spin state (2S + 1 = 4) into two Kramers doublets, M
= +1/2 and Mg = +3/2,*"°" due to second-order SOC.®' ™%
In[ReX4]*", ZFS leads to the splitting of the 4A2g ground state

high-density storage devices and qubits in spintronics.”®~* (Figure 1). SOC is stronger for heavy atoms.”** Sarkar,

One strategy for designing SMMs involves the use of heavy Rajaraman, and coworkers have used ab initio ligand-field

transition-metal ions. ! >*47=56 Complexes of heavier 4d/5d analyses to study magnetic anisotropy in tetrahedral Co''X,

metal ions exhibit strong spin-orbit coupling (SOC)*” and complexes (X = O, S, Se, with the chalcogen atoms bonded to

extended valence orbitals, making them promising SMMs."' the Co" ion),* showing that structural factors are more
Among 5d transition metals, Re''-based complexes, such as important than the presence of heavy atoms.

clusters and single-chain magnets, are leading candidates for

SMMs. 158760 However, the number of reported ReV-based Received: August 6, 2026

mononuclear SMMs (also known as single-ion magnets, SIMs) Revised: ~ September 3, 2026

is limited. The highly anisotropic (NBu",),[ReX,(ox)] (ox = Accepted: September 9, 2026

oxalate; X = Cl or Br)* complexes are prime examples of Re' Published: October 2, 2026

SMMs.”>*° The magnetic properties of mononuclear tran-
sition-metal complexes result from structural deviations from a

. . © 2026 The Authors. Published by . .
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FIRMS spectra in Figure 3

Figure 1. Splitting in Re—Cl and Re—I with easy-axis (D < 0)
anisotropy and E # 0. For Re—Br with easy-plane (D > 0) anisotropy
and E # 0, the energy of the Mg = +1/2 level is lower than that of M;
= +3/2. D and E are axial and rhombic ZFS parameters, respectively.
2D’ = 2(D? + 3E}) V21503157 The spectroscopies in the current work
are marked. When E # 0, mixing of the Mg = +1/2 and Mg = +3/2
states occurs with tan(2f) = /3 (E/D).°*® As a result, the My =
+1/2 character in the Mg = F3/2 states makes the ¢, — ¢, transition
spin-allowed.

The spin Hamiltonian for an § = 3/2 complex”" is given in
eq 1:

~ A2 S A2 A2 A ~
Hg = D(Sz - Z) E(Sx — Sy) + //‘ngBxSx + /ABgyBySy

+ :uBngzSz (1)

where § = spin operator; yg = Bohr magneton; g, g, g, (also
written as g, &y 8 8§ = [gx, &y gz]) = g—factor components;
(B, B, B,) = components of the magnetic induction vector B.
Rojas—Dotti, Martinez-Lillo, and coworkers have shown
slow magnetic relaxation in (PPhy),[ReX,] (X = Br and I) and
studied their ZFS by magnetometry.'> Re-based SMMs with
multicenter heterometallic structures, containing both Re' and
Re' complexes and other paramagnetic ions such as Mn",
Co", Ni'y and Cu', have also been studied.>*™®° Their
magnetic properties must be attributed to the large SOC of Re
ions and low symmetry, leading to larger ground-state spins.
We have focused on the simpler [ReX4]*™ complexes to
clearly understand the connections between electronic and
geometric structures and their magnetic and spectroscopic
properties, both experimentally and theoretically. The
complexes have been studied with the following interests:
(1) How is the deviation from the perfect O, ligand field
reflected in magnetic anisotropy (i.e., ZFS) in the complexes?
(2) What are the natures of the Re—X bonds from the
perspective of ligand field theory? (3) Is there a heavy-atom
effect on ZFS for the complexes containing six heavy halide
ligands, or are the deviations from the perfect O, ligand field
the only source of ZFS in the complexes? (4) Could the degree
of ZFS, i, 2D’ and spin-Hamiltonian (SH) parameters, be
determined by a combined use of advanced spectroscopies,
including far-IR magneto-spectroscopy (FIRMS), high-fre-
quency and -field EPR (HFEPR), and inelastic neutron
scattering (INS)? (5) Could magnetic relaxation in the
complexes be probed through studies of spin-phonon coupling
in FIRMS and AC (alternating-current) magnetic suscepti-
bility? Herein we report comprehensive studies of
(NBu",),[ReX,] [X = Cl (Re—Cl), Br (Re—Br), I (Re—1I)]
to provide answers to these questions.’”***>779=81 pC
(direct-current) susceptibilities of the complexes have also

been studied. Re—I demonstrates SMM behavior, and its
phonon properties (i.e., energies, symmetries, and movies)
have been obtained through DFT (density functional theory)
calculations using the Vienna Ab initio Simulation Package
(VASP).

B RESULTS AND DISCUSSION

Single-Crystal Structures and SHAPE Analyses

Single-crystal structures of Re—Cl, Re—Br, and Re—I at 100 K
from X-ray diffraction have been obtained. Selected bond
lengths and angles are given in Table 1, while the complete list

Table 1. Selected Bond Lengths and Angles

Re—Cl Re—Br Re—1
Re—X length 2.3367(9)— 2.4728(17)— 2.7060(3)—
2.3778(6) 2.5315(9) 2.7562(3)
cis X—Re—X angle 88.53(3)— 86.1(2)— 88.832(9)—
®) 91.19(2) 93.9(2) 91.322(9)
trans X—Re—X angle ~ 177.83(3)—  172.2(5)—180.0  178.259(8)—
°) 179.80(3) 179.836(8)

Shortest Re--Re 9.5231(9) 9.7387(0) 9.7896(5)

distance (A)

of crystallographic data and structure refinement parameters is
given in Table S1. Re—Cl crystallizes in the triclinic P1 (No. 2)
space group (CCDC deposition no. 2348938). Each crystallo-
graphic unit cell contains eight Re—Cl molecules, four of
which are unique. Re—Cl bond lengths vary by 0.04 A, and cis
Cl-Re—Cl angles by 2.7°. Re—Br crystallizes in the
monoclinic C,/c (No. 15) space group (CCDC deposition
No.: 2348939). Each crystallographic unit cell contains 16
Re—Br molecules, three of which are unique. Re—Br bond
lengths vary by 0.07 A, and cis Br—Re—Br angles by 7.8°.
Similar crystal structures of Ir" (100 K)* and PtV (150 K)**
analogs of Re—Br have been reported. Re—I crystallizes in the
monoclinic P2,/n (No. 14) space group (CCDC deposition
No.: 2348940). Each crystallographic unit cell contains four
equivalent (i.e., one unique) Re—I molecules. The structure of
the [Rel¢]*” anion is shown in Figure 2. Re—I bond lengths
vary by 0.05 A, and cis I-Re—I angles by 2.5°. Re—X bond
distances increase in the order of Cl < Br < I, reflecting the

r

—t

Figure 2. Crystal structure of the [Rels]*>” anion in Re—I. Thermal
ellipsoids are depicted at the 50% probability level. Representative
crystal structures of the [ReCls]*~ and [ReBrg]*~ anions in Re—Cl
and Re—Br are given in Figure S2.

https://doi.org/10.1021/acs.inorgchem.6c04158
Inorg. Chem. 2026, 65, 24492—24504

9202 J9quIaAoN 0 U0 Jasn AINN JLV.LS YAIHOT4 Ad Jpd 851 y009 wayobioursoe/g0 L L€289/261¥2/ | ¥/S9/spd-ajonue/feooul/bio soe'sqnd woy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c04158/suppl_file/ic6c04158_si_002.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2348938&id=doi:10.1021/acs.inorgchem.6c04158
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2348939&id=doi:10.1021/acs.inorgchem.6c04158
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2348940&id=doi:10.1021/acs.inorgchem.6c04158
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c04158?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c04158?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c04158?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c04158?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c04158?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c04158?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c04158?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c04158/suppl_file/ic6c04158_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c04158?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Table 2. Summary of Spin-Hamiltonian (SH) Parameters for Re—Cl, Re—Br, and Re—I from CASSCF/NEVPT2 Calculations

and Spectroscopies for Re—I

Complex Method” g
Re-1I Spectroscopies [19, 1.9, 1.8]
Calculations [1.8, 1.8, 1.8]
Re—Br Calculations
Re(1) [1.8, 1.8, 1.8]
Re(8) [18, 1.8, 1.8]
Re(15) [158, 1.8, 1.8]
Re—Cl Calculations
Re(2) [18, 1.8, 1.8]
Re(61) [1.8, 1.8, 1.8]
Re(121) [1.8, 1.8, 1.8]
Re(234) [1.8, 1.8, 1.8]

D (ecm™) IEl (cm™) |E/DI 2D’ (cm™)
-13.1° 3.02° 0.23 28.3(5)
5.39 120 0.22 116
1.11 0.06 0.05 223
7.65 1.90 024 17.19
6.81 1.14 0.17 14.18
—421 —0.50 0.12 8.60
—8.67 —2.08 024 18.74
7.90 231 0.29 17.72
5.15 1.35 0.26 11.31

“The spectroscopic data for [Rels]*~ (Re—1I) refer to the parameters determined from HFEPR, FIRMS, and INS. Calculations refer to computed
parameters derived from CASSCF/NEVPT?2, giving values for each magnetically inequivalent Re" center in the unit cell. bFor the spectroscopic
methods, D and E values are determined through the E/D ratio from HFEPR and 2D’ from FIRMS and INS. The sign of D is based on the HFEPR

results. 2D’ values from FIRMS and INS were found to be identical.

increase in ionic radii from Cl to I The structural data are
similar to the (PPh,),[ReX,] (X = Br, I) analogs reported by
Rojas—Dotti, Martinez-Lillo, and coworkers."®

Structures of the complexes deviate from the perfect O,
symmetry in part because of the NBu"," cations, giving rise to
ZES. Deviations of [ReX4]*™ anions in Re—Cl, Re—Br, and
Re—1 by SHAPE are given in Table $4.** Re—Br shows the
largest average distortion from O,, followed by Re—I, with
Re—Cl as the least distorted. This feature is probably
associated with the o-bonding energy in Re—Br, as discussed
below, where the decrease in bond energy allows for greater
distortion. Minimal-distortion interconversion pathways be-
tween O; and several other geometries (e.g., trigonal
prism)*>* have also been analyzed by SHAPE.** Such a
pathway is the interconversion route between two ideal
geometries with minimal distortion.*”** The assignment of
an ideal polyhedron to an observed structure is typically
challenging. Thus, the analysis of the pathways by SHAPE
offers a useful description of the observed structure, giving the
percentage of distortion/conversion, known as the generalized
interconversion coordinate, from O, to other possible shapes
of six-coordinate complexes.”® The results, including Figure
S16, are given in the Supporting Information (SI). For Re—Cl,
distortions of its four unique Re' sites from O, range from
0.9% to 2.8%, which are slightly smaller than 2.1-3.1%
observed for the single Re'" site in Re—L The three unique
sites in Re—Br show 3.1%—8.0% distortions.

The SHAPE analysis gives deviations of Re—X bond lengths
from the average, as well as of cis (a’) and trans (f') angles
from 90° and 180°, respectively, yielding more detailed
information about the distortion from the ideal O, symmetry
(Table S4). The data suggest that distortions along the cis (a’)
and trans (f’) angles dominate the lowering of the O,
symmetry, with values of da’ and 8" decreasing from Re—
Br to Re—Cl and then Re—I. There is no systematic
correlation with respect to variations in the sign and magnitude
of D. We thus decided to compute the SH parameters using
CASSCF/NEVPT2 and Re—X geometries from X-ray data.
These are included in Table 2, in comparison with the
experimental values . For Re—I with a unique [Rel¢]*” unit, D
turns out to be positive in the calculations, implying easy-plane
anisotropy superimposed by a sizable rhombic E/D ratio
(0.22). Positive but widely varying values of calculated D for

the three different Re(1), Re(8), and Re(15) sites in Re—Br
(1.11, 7.65, and 6.81 cm™', respectively) result in sizable and
variable rhombic E/D ratios among the different sites. For the
four different Re sites of Re—Cl, varying signs of D are
computed [—4.21, —8.67, 7.90, and 5.15 cm™" for Re(2),
Re(61), Re(121), and Re(234), respectively], with large
thombic E/D ratios, which are close to the limiting value of
E/D = 1/3 for the Re(121) site (0.29). Results of the
calculations indicate that all three complexes deviate
significantly from the limit of a D,;, axial geometry, which is
important for the magnetic properties. We have also analyzed
whether there is a correlation between the distortions along
different minimal-distortion interconversion pathways in Re—
Cl, Re—Br, or Re—I and their ZFS values. The analysis is given
in the SI (Figure S16 and Table SS).

FIRMS, HFEPR, and INS

The magnetic transitions between the Mg = +3/2 and M; =
+1/2 levels, shown in Figure 1, have been probed using
powder samples by FIRMS and HFEPR (two advanced
spectroscopies at the National High Magnetic Field Laboratory
(NHMFL)) and by INS on VISION (Vibrational Spectrom-
eter) at Oak Ridge National Laboratory (ORNL).*” The
spectroscopic studies of Re—I have also yielded its SH
parameters (D, E, and g). The transitions between the M;
levels are magnetic dipole-allowed.**®” The use of FIRMS,
HFEPR, and INS to study magnetic anisotropy has been
recently reviewed.””*””°

In FIRMS, the energy range of 12—720 cm™' is probed at
0—17 T. Magnetic transitions in Figure 1 shift in energy with
changes in the field due to the Zeeman effect, while phonons
do not. Thus, FIRMS helps identify magnetic transitions,
yielding 2D’ = 2(D* + 3E*)!/? values from the spectra. Using
powder samples in the current work made the experiments
relatively easier to conduct than using single crystal samples.
However, obtaining additional information such as the E/D
ratio or § values requires the use of other techniques such as
HFEPR."” Here, phonons refer to both external (intermo-
lecular) and internal (intramolecular) vibrations.” = Internal
and external modes often couple as they originate from the
same governing equations.”””> Thus, we do not distinguish
between external and internal modes in the current work and
refer to all vibrations as phonons.

24494 https://doi.org/10.1021/acs.inorgchem.6c04158
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In HFEPR, the energy of the transition is fixed (e.g., at a
frequency of 68 GHz, corresponding to 2.3 cm™), and the
magnetic field is swept from 0 to 14.5 T to observe the
transition from the Mg = —3/2 state to the Mg = +3/2 state
(within the Mg = +3/2 doublet). Using the 2D’ value from
FIRMS (and INS, below), D, E, and g-values are indirectly
determined through simulation of the HFEPR spectrum.

In INS, when an incident neutron beam hits a sample, the
spins of neutrons and unpaired electrons in the sample
interact, leading to the excitation of the sample from the
ground Mg = +3/2 state to the excited Mg = +1/2 state. The
energy difference between the incoming and outgoing neutrons
was measured, giving the energy of the excited state, i.e., 2D’.
The incident neutron beam may also lead to vibrational
excitations of atoms, giving phonon peaks. In contrast to
FIRMS, which relies on external magnetic fields of 0—17 T
(and S K alone) to distinguish the magnetic peak from those of
phonons, INS may not need a magnetic field to reveal the
magnetic peak. Instead, variable-temperature (VT) INS spectra
in the current work are analyzed to identify the magnetic peak
from the excitation of the unpaired electrons (spin = 1/2),
which, as fermions, follow the Boltzmann distribution (or
Maxwell-Boltzmann statistics). In contrast, phonons/vibra-
tions (spin = 0) are bosons following Bose—Einstein statistics.
Thus, magnetic and phonon peaks show different temperature
profiles, which are used to identify the magnetic peak. DFT
phonon calculations give phonon energies, their symmetries,
and a calculated phonon INS spectrum. Comparison between
the experimental INS spectra, which have both magnetic and
phonon peaks, and the calculated INS phonon spectrum helps
identify the magnetic peak in the experimental spectra.
Neutron scattering for coordination chemistry research,
including features of different neutron instruments, has been
discussed recently.”

Figure 3-top shows far-IR spectra of Re=I at 0 and 17 T. In
the spectrum at 0 T, the smoothly rising baseline from the
instrument is superimposed by several absorption dips from
the sample. Among these dips, one corresponds to the
absorption from the zero-field transition (from the ground
Mg = +3/2 state to the excited Mg = +1/2 state). A
comparison of the spectra at 0 and 17 T reveals slight
mismatches in the dips due to the Zeeman effect. To highlight
these changes, the transmission at each magnetic field is
normalized by dividing it by the average transmission across all
fields. The result is presented as an energy vs. magnetic field
plot (also known as a heatmap) in Figure 3-bottom. One
feature at 28.3(5) cm™' exhibits a significant shift to higher
energy. This behavior, along with the absence of the
corresponding absorption dip in the 17 T spectrum (Figure
3-Top), suggests that it is from the Mg = +3/2 — +1/2
transition at 0 T or 2D’ = 28.3(5) ecm™.

The HFEPR spectrum of Re—1I at 68 GHz (2.3 cm™) in
Figure 4 is consistent with the ¢); — ¢, transition (Figure 1).
The spectra at different fields are simulated with DI = 13.1
cm™} |El = 3.02 cm™ (IE/DI = 0.23) for two cases: D > 0 (red
trace) and D < O (blue trace), with g = [1.9, 1.9, 1.8]. The
experimental spectra align well when D is negative. The SH
parameters from HFEPR (Table 2) are used to simulate the
changes in the FIRMS heat map (Figure 3-bottom) using
EasySpin, giving colored lines in the plot that show good
agreement between FIRMS and HFEPR. The lines represent
so-called turning points95 along the , y, and z directions of the
D tensor.
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Figure 3. (Top) Far-IR transmission spectra of Re—I at 5.5 K for 0
and 17 T. (Bottom) FIRMS heat map, revealing the Mg = +3/2 —
+1/2 transition and 2D’ = 28.3(5) cm™, and the evolution of this
transition under magnetic field. Red, blue, and black lines are results
of EasySpin simulations using the SH parameters determined
experimentally by FIRMS and HFEPR: D = —13.1 cm™), IEl = 3.02
em™!, g = [1.9, 1.9, 1.8]. The I, II, and III labels are indicated in
Figure 1. FIRMS results from another sample of Re—I, showing the
magnetic transition, are given in Figure S6 in SL

For INS spectra, VISION offers detectors for forward- and
backscattered neutrons.*””* Forward-scattering detectors are
associated with low Q (Q is the magnitude of the momentum-
transfer Q vector’®), while backscattering detectors are
associated with high Q. Magnetic transitions are more
pronounced in forward scattering at low Q.”* The Bose
correction to INS spectra highlights magnetic peaks by
applying frequency- and temperature-dependent normalization
to phonons that follow Bose—Einstein statistics.

The INS experiment was conducted without an external
magnetic field, revealing directly the Mg = +3/2 — +1/2
transition (or ZFS = 2D’) in Figure 1. VT, Bose-corrected INS
spectra of Re—I in Figure 5 show a magnetic transition at 28
cm™". The signal-to-noise ratios for the peaks above 25 K are
small. However, several features support its assignment as
magnetic. This transition is more pronounced in the forward-
scattering spectra than in the backscattering VT spectra in
Figure S9-Top. This peak also increases in intensity as the
temperature decreases because of the Boltzmann distribution
of molecules in the two doublets (Mg = +3/2, +1/2),
indicating that the peak is magnetic. For example, the intensity
of the 28 cm™" peak increases significantly from 125 to S K,
while the intensities of other peaks do not show substantial
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Figure 4. HFEPR spectrum (black trace) of Re—I powders at S K and
67 GHz, which is an average of crystallites in the «, y, and z directions.
dX"/dH = first derivative of the absorption X” vs H. The spectrum is
simulated using IDI = 13.1 ecm™, |El = 3.02 cm™ (IE/DI = 0.23) for
two cases: D > 0 (red trace) and D < 0 (blue trace), and g = [1.9, 1.9,
1.8]. The single-crystal line width used in the simulations was 0.1 T
for the parallel turning point”™ and 0.4 T for the perpendicular turning
points, with a 50:50 Gaussian/Lorentzian shape. Comparison of the
simulated spectra with the experiment strongly suggests that D < 0.
The narrow isotropic resonances over g = 2.25-2.00 belong to
impurities.
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Figure S. Bose-corrected, forward-scattering, VT INS spectra of Re—I
at 0 T. The arrow points to the magnetic transition.

changes. Also, the calculated phonon spectrum (Figure S9-
bottom) does not show this peak, supporting its magnetic
origin. FIRMS of Re—I in Figures 3 and Figure S6 in SI
discussed earlier, show the magnetic transition at 28.3(5)
cm™.

FIRMS spectra of Re—Br and Re—Cl near the detection
limit of ~10 cm™ of the far-IR spectrometer are given in
Figure S7. Analyses of these spectra were not conclusive, as
magnetic transitions most likely appear below the far-IR
detection limit. In addition, the presence of three and four
unique Re—Br and Re—Cl molecules in their respective

crystallographic unit cells precluded the analysis of magnetic
features (i.e, ZFS) in each unique molecule, as the FIRMS
measurements yielded spectra averaged over the different
molecules. Attempts to simulate HFEPR spectra of Re—Cl and
Re—Br (Figure S8) were not successful. Most likely, the
spectra are also complicated by the presence of multiple
magnetically inequivalent centers. Additional discussion is
given in the SI.

Magnetometry Studies

SH parameters may be determined from fitting DC magnetic
susceptibility data, although the results are often erroneous.
DC susceptibility data for Re—X were simulated using SH
parameters obtained from spectroscopies (FIRMS, HFEPR, or
INS) for Re—I or from ab initio calculations (see below) for
the three complexes for comparison. AC susceptibilities are
needed to determine whether a complex is an SMM and by
which pathway its molecules relax from magnetically excited
states. For Re—Cl and Re—Br complexes with multiple
centers, the experimental magnetic susceptibility reflects an
average of the contributions of centers.

DC magnetic molar susceptibility (v, data were collected
under an applied field of 0.1 T at 2—150 K (Figure 6). For
each complex, the y3T maxima occur at 150 K and are
approximately 1.54 (Re—Cl), 1.74 (Re—Br), and 1.40 (Re—I)
cm® mol™ K. Comparing these values to y,T = 1.875 for a
typical S = 3/2 system suggests possible distributions of spin
over the Re—X bonds and nonmetal atoms, especially X~ ions,
in the molecules. This interpretation is supported by calculated
spin densities in Re—I from VASP (Vienna Ab initio Simulation
Package) calculations. In addition to providing phonon modes
and energies for Re—I discussed below, the DFT calculations
by VASP also provide spin densities for each atom in the
molecule (Table S2), including 2.284 on the Re'Y ion, 0.218 on
the six I” ligands, and 0.028 on the C, H, and N atoms of
NBu"," cations with a sum of 2.530. For the S = 3/2 complex
(with a spin density of 3), the remaining 0.47 density is
expected to be distributed on chemical bonds in the molecule
and mostly on the six Re—I bonds.

A simulation of the yT vs T curves was performed using
the PHI program by Chilton and coworkers,” yielding
temperature-independent paramagnetism (TIP) coefficients
of 0.0002 (Re—Cl), 0.0024 (Re—Br), and 0.0015 (Re—I) cm®
mol™' K. These values are in agreement with data for
[Re'VX(]>~ complexes with different counterions.'”> The
gradual drop of yyT below 100 K in all three complexes
shows good agreement with computed nonzero D and E
values. For Re—Cl, a reasonable agreement between the
experimental and CASSCF-computed y,T was achieved.
However, there are discrepancies for Re—Br and Re—I,
probably due to mixing between Sd° ligand-field multiplets
and Sd*ligand charge-transfer states, which decreases in energy
from Re—Cl to Re—Br to Re—I and leads to an increase in
Re—X bond covalency in this order, as discussed below. Even
though the four unique [ReClz]*" sites in the Re—Cl unit cell
have different geometric distortions (with D and E parameters
varying in sign and magnitude), they do not induce drastic
changes in yyT. The simulated y,T plot for Re—I using
spectroscopic SH parameters (Table 2) yields better agree-
ment with the experimental curve than that using ab initio-
calculated parameters (Figure 6, right).

Magnetic relaxation dynamics were probed by AC
susceptibility studies at 1.8—3.0 K under a 0.15 T field. Re—
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Figure 6. DC magnetic susceptibility at 0.1 T (Exp.) and values computed using spin-Hamiltonian parameters from CASSCF/NEVPT2 (Cal.) in

Table 2: (Left) Re—Cl, (Middle) Re—Br, (Right) Re—I. For Re—I,

parameters. Inset is the magnetization at 2.5, 4, 6, and 8 K.

simulated (Sim.) susceptibility was also calculated using spectroscopic SH

I in Figure 7 displays a nonzero, out-of-phase AC signal (y,")
that gradually increases and shifts to lower frequencies as the

— 18K
—20

100 1000
v (Hz)

10000

Figure 7. Frequency-dependent out-of-phase AC susceptibility at
1.8—3.0 K under a 0.15 T static DC field for Re—1I.

temperature decreases, indicating that, upon lowering the
temperature, magnetic relaxation slows down. Re—Cl (Figure
S12-Top) and Re—Br (Figure S12-Middle) show high-
frequency, nonzero, out-of-phase signals, but no maxima
were observed up to 10 kHz. Therefore, analysis of the
relaxation time for Re—Cl and Re—Br was not possible.
Additional AC plots are provided in the SIL

The y," data of Re—I were processed by the CC-FIT2
program to give 7 and T values.”” Three peaks were identified
in Figure 7 and a fourth one was obtained through
extrapolation. The relaxation data were fitted to the Raman
mechanism in eq 2”°

T =cr" 2)
where C = constant for the Raman process; 7 = relaxation time.

The In 7 vs In T plot (Figure S14) gives C=8.9(4) s™' and n
= 9.9(5) (R* = 0.991). For the Raman process, n = 9 is
expected for Kramers ions. Cole—Cole plots (Figure S15) and
discussions are given in the SI

Studies of Spin-Phonon Couplings and Calculated Phonon
Modes in Re—I

Spin-phonon coupling leads to magnetic relaxation and
therefore loss of memory in SMMs. The space group of Re—I
is monoclinic P2,/n (No. 14) in the C,, point group, giving

67,71

phonons A, B, A,, or B, symmetry. The u-phonons are far-IR/
FIRMS-active. We earlier studied spin-phonon couplings in
Co(acac),(H,0),"” which crystallizes in the monoclinic P2,/c
(No. 14) space group’”'*’ in the C,, point group. The Co"
ion in Co(acac),(H,0), is at the inversion center i, giving the
molecule C,;, symmetry. In contrast, molecules of Re—I do not
have the C,, symmetry.

Spin-phonon couplings in Re—I are observed in FIRMS as
avoided crossings between magnetic and phonon transitions.
Through this coupling, the original magnetic and phonon
transitions gradually hybridize, acquiring each other's charac-
ter, as the field increases. Eventually, the magnetic transition
becomes a phonon, while the phonon transition becomes
magnetic, shifting to higher energy (to the right of the heat
map in Figure 8). Figure 8 is reproduced from Figure 3-bottom
to highlight spin-phonon couplings.

While spin-phonon couplings between magnetic and u-
phonon transitions in Re—I have been probed by FIRMS,
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Figure 8. Fits to spin-phonon coupling in the Re—I FIRMS heat map
using the Maple program.'®" Black solid lines are the fits for the
magnetic peak (A) and phonon peaks (B-J). The red solid line is a
linear fit for the approximate position of the magnetic transition
between 0 and 17 T. At 0 T, peaks A and B likely undergo spin-
phonon coupling, pushing peak A to the left. Phonon K was not
included in the fit, as the 17 T field was not sufficient to observe its
avoided crossing.
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Table 3. Energies and Symmetries of Calculated Phonons in Re—I and Spin-Phonon Coupling Constants A

A (sp) B C D
Energy (cm™) FIRMS 28.3(5) 30.9(5) 35.6(5) 37.7(5)
Cald 31.8 359 36.1
Ag-Ay (em™) 1.1(5) 1.0(5) 1.0(S)
Mode A, B A,

U u u

E F G H I J
38.7(5) 40.3(5) 41.6(5) 42.6(5) 47.2(5) 49.4(S)
387 39.8 41.8 42.1 47.9 50.2
1.0(5) 1.0(5) 1.0(5) 0.8(5) 1.0(5) 1.0(5)
A B B A B B

u u u U u u

phonon properties of the complex have been studied by INS.
Unlike IR and Raman, which have different symmetry-based
selection rules for phonon transitions, INS is a unique
technique in which all phonon transitions are observable
with no symmetry-based selection rules, as it is based on kinetic
energy transfer between incident neutrons and the sample.”””!
In addition, DFT phonon calculations with VASP provide an
INS phonon spectrum, as well as the symmetries and energies
of the phonon modes. The calculated phonon energies and
their symmetries in Re—I are given in Table S3. Movies of
selected calculated phonons near the magnetic transition are
provided in the Supporting Information (SI), offering an
opportunity to visualize the phonon motions.

Multiple phonons are observed to be involved in spin-
phonon couplings. As magnetic transition A is blue-shifted
(i.e., shifting to higher energy) with increasing magnetic field,
it encounters phonon B. B progressively picks up the magnetic
features, while A gradually becomes a phonon. This process is
repeated with subsequent phonons. The coupling between the
magnetic transition and each of the phonons can be simulated
using the Hamiltonian in eq 3 consisting of the diagonal matrix
elements of the expected energies of the spin (E,) and phonon
(Epp) excitations, along with the off-diagonal spin-phonon
coupling energy (A):

E, A

Diagonalizing the matrix gives two eigenvalues, E,,
producing the shift associated with the extent of interaction
in eq 4:

E,—E A

=0
TR )
Expanding the model to 9 phonons, B-J, gives a 10 X 10
matrix (eq S), assuming the phonon—phonon interactions (off-
diagonal elements) are zero. Using eq S gives the fit in Figure 8
and the spin-phonon coupling constants Ag, A, ..., /Ay in Table
3.

A E,,

E, Ay Ac - A
Ay Eg 0 -0
H=|Ac 0 E. - 0

A

) ©)

Selected VASP-calculated phonon symmetries and energies
of Re—I are given in Table 3. A full list of calculated phonon
energies and symmetries is included in Table S3. The selected
modes are those near the magnetic transition. All modes in this
region are intermolecular in nature, involving long-range
collective motion of atoms. “Wagging”/“twisting” are used to
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describe the local picture of the motions and should not be
considered “intramolecular vibrations.”

Phonon movies in the SI are provided to visualize the
calculated modes. Vectors in the movies represent the
magnitudes of the vibrations. The vibration amplitudes are
scaled by a factor of 10 in the inset to highlight the motion at
the metal center.

Phonon B at 31.8 cm™" (4,) is primarily C—H wagging of
NBu"," ions. The Bu" groups show moderate counterclockwise
cyclical twisting. Although the [Rel¢]*” motion is weak, a
twisting motion is observed when enhanced in the movie.
Phonon C at 35.9 cm™ (B,) is primarily the wagging of three
Bu" groups with moderate twisting of the fourth group. The
[Rel¢]*” anion also undergoes a twisting motion. Phonon D at
36.1 cm™ (A,) is the omnidirectional wagging of Bu" groups,
leading to twisting of the NBu"," unit, with [Rels]*” in a
twisting motion. Phonon E at 38.7 cm™ (4,) is a wagging
motion of both NBu"," cations with moderate twisting in
opposite directions. The [Rels]*” anion undergoes bending, as
two cis I atoms move away from each other and the
perpendicular I atoms bend toward them. Phonon F at 39.8
cm™ (B,) is similar in motion to phonon C, except that the
twisting motion of the NBu"," units is slightly different.
Phonons G and H at 41.8 (B,) and 42.1 cm™ (A,) show
strong unidirectional wagging of the NBu",* cations with
twisting of the [Rels]>” anion. Phonons I and J at 47.9 (B,)
and 50.2 cm™' (B,) are similar in motion to phonon E, except
that the C—H wagging motion is moderately different.

Vibrations around the first coordination sphere of [Relg]*~
may have a greater impact on the structure, leading to
magnetic relaxation. From the analysis of phonons B-J, two
distinct motions about [Rel¢]*>™ are observed, independent of
the overall phonon symmetry. Phonons E, I, and J exhibit
bending motion, whereas other phonons exhibit twisting
motion. No distinctive correlation has been identified between
the symmetry or vibrational motion and the extent of spin-
phonon coupling.

Re—X (X = Cl, Br, 1) Bonding through the Eyes of
Correlated Multireference Wavefunctions

To quantify and offer an insight into the chemical bonding in
[ReX4]*" from the perspective of ligand field theory, we have
computed electronic energy levels derived from the Sd°
configurations. There are 10 S = 3/2 and 40 S = 1/2
electronic states spanned by these configurations. Ab initio
ligand field theory (AILFT) allows us to extract the S X §
matrices of the ligand field, the electron-repulsion (Racah)
parameters B and C, and the spin-orbit coupling constant {.
Separations between states having the maximum multiplicity
are a function of the Racah parameter B,'°*'% which
approximates the bond strength between the ligands and the
metal ion. Racah parameter C indicates the energy difference
between states of different multiplicity.'">'*® In [ReX;]*",
lone-pair electrons on the X~ ligands participate in 7 bonding
to the metal ion. In such an octahedral ligand field, only one
parameter, 10Dq (ligand-field splitting parameter, also called

https://doi.org/10.1021/acs.inorgchem.6c04158
Inorg. Chem. 2026, 65, 24492—24504

9202 J9quIaAoN 0 U0 Jasn AINN JLV.LS YAIHOT4 Ad Jpd 851 y009 wayobioursoe/g0 L L€289/261¥2/ | ¥/S9/spd-ajonue/feooul/bio soe'sqnd woy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c04158/suppl_file/ic6c04158_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c04158/suppl_file/ic6c04158_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c04158/suppl_file/ic6c04158_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c04158/suppl_file/ic6c04158_si_001.zip
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Table 4. Ligand Field Parameters for [ReX;]>” (X = Cl, Br, I) and the Re" Ion from Ab Initio Analyses of CASSCF/NEVPT2

of Wave Functions and Energy Eigenvalues

[ReCl¢]*™
10Dgq (cm™) 28702
[29000]“
B (em™) 482
(4421
C (em™) 1765
¢ (em™) 2652
e, (cm™) 16577
e, (em™) 5278
D (em™) =71
5B% = [BRéH _ B‘”’"P’”‘) x 100 34
Bpa+
5C% = [CRQH ~ Com I”‘) X 100 4
Cra+
CRrétt

“Ref 1.

[ReBrg]*™ [Relg]*™ Re'
27144 26112

[28000] [26000]“

459 436 728
[414]¢ [404]°

1621 1353 3072
2415 2055 3480
16099 16649

5319 6016

—64 -57

37 40

47 56

31 41

A, as shown in Figure S1 in SI), given by the energy
difference between the ¢ and 7 Re—X antibonding orbitals e *
and £,.*, respectively, governs the Sd-orbital splitting pattern
and the energies of the multiplets. These parameters are listed
in Table 4. Computed values of 10Dq compare well with
reported data extracted from the spectra in Ref. 1. In Table 4,
we also report parameters B, C, and { for an uncoordinated
Re' ion. A decrease of these parameters in a complex is a
measure of the covalency of the Re—halide bond, i.e., the so-
called cloud-expansion (nephelauxetic) effect. Percentage
reductions of B, C, and { as defined in Table 4 reflect an
increase in the Re—X bond covalency from the lighter to the
heavier ligands: Re—Cl < Re—Br < Re—I For example, the
reduction in B is 34% for the Re—Cl, 37% for the Re—Br, and
40% for the Re—I bonds. Compared with corresponding 3d
Mn'" complexes, covalency is greatly enhanced for the heavier
Re'Y—X in comparison with the more ionic Mn"'—X bonds.'**
Similar conclusions emerge from variations in C and in the
spin-orbit coupling constant {. The reason for this dependence
is the proximity of ligand-to-metal charge-transfer states, which
mix intensively into the lower-lying states of Sd° character. The
nearly octahedral geometry of ReX,>~ did not allow extraction
of the angular overlap model parameters e, and e, (which
quantify the o- and 7-antibonding parameters), respectively,
from the energies of molecular orbitals dominated by Sd
atomic orbitals. To this end, we have carried out calculations
on distorted complexes by applying a 3° compression of each
ReX,”~ octahedron along one of the four equivalent trigonal
axes. By applying the same distortion to all three complexes,
we were able to study the net effect of spin-orbit coupling on
the magnetic anisotropy, quantified by D. The computed
values D = —71, —64, and —57 cm™! in Table 4 for ReCl*,
ReBrg®”, and Rels*”, respectively, reflect a decrease of the
magnetic anisotropy across the series. Values of e, and e,
resulting from such analysis are also included in Table 4. High
e, values of 16577, 16099, and 16649 cm™' for the Re—Cl,
Re—Br, and Re—I bonds, respectively, do not show a
monotonic trend within the triad. This most probably reflects
the increase in the Re—X bond distance from Re—Cl to Re—Br
(correlating with a lowering of ¢,) which is overcompensated

by more diffuse and better-overlapping ligand orbitals in the
case of Re—I. In contrast, e, increases monotonically across the
series from CI™ to Br™ to I", thus reflecting the corresponding
increase in Re—X bond covalency.

We have also carried out electronic structure calculations on
Re—1 after extending the active space from the traditional
CAS(3,5) (three electrons distributed over the five 3d
molecular orbitals) to CAS(13,10) (having the three electrons
and their bonding partners—the five bonding molecular
orbitals occupied by two electrons each, which establish the
chemical bonding in the complex). This resultedina3 +2 X §
= 13 electrons over 5 + 5 = 10 orbitals model space for
CASSCF. However, these calculations did not result in a
negative value for D. The positive value 5—6 cm™ came as a
stable result.

A possible reason for the discrepancy is that I-to-Re charge
transfer is very low-lying in energy because of strong mixing
between 1™ and Re'" orbitals. Thus, the d® configuration is
relatively ill-defined. In such a case, even the extended
CAS(13,10) active space is still not enough to capture the
strong Re—I bond covalency. Furthermore, the possibility of a
temperature-dependent structural change was ruled out by the
observation of no significant differences in the powder neutron
diffraction (PND) between S and 100 K, as shown in Figure
S3.

Whether the heavy-atom effect contributes to ZFS in Re—X
has been considered. Spin-orbit coupling (SOC) constants for
Cl, Br, and I atoms were computed in a model in which closed-
shell CI”, Br™ and I” ions have lost one of the p-electrons in
the excited ligand-to-metal charge-transfer configuration,
leading to Cl, Br, and I atoms with one hole in the 2p5 shell
in a P ground state. The CAS(5,3) active space was used to
compute the 2P1= 12 and 2P]= 32 states, showing that the
energy separation E(*P;_ ;) — E(*P;_ 3),) is just —(3/2)¢,
where { is the SOC constant. The resulting { values for the Cl,
Br, and I atoms are —574 cm ™}, —2243 cm™}, and —4689 cm ™},
respectively. The results on the halogen X atoms here suggest
the following: (1) The negative { values imply that ] = 3/2 is
below ] = 1/2 for the X atoms, which is also expected for the
more-than-half-filled p° ground-state configurations of the
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halogen X atoms. (2) SOC dramatically increases from the
lighter Cl atom to the heavier I atom. The SOC { value for the
free Re™ ion, in comparison, is +3480 cm™! (Table 4). Here,
the J = 3/2 ground state is below the ] = 5/2 excited state for
the Re'Y ion, and ¢ is positive, as expected for a 5d° ion that is
less than half-filled.

If the heavy-ligand effect of the six halide ligands is present
in the ReX*™ complexes, SOC in the X~ ligands would add
constructively to that of the free Re" ion. In other words, the
SOC values in the ReX¢*~ complexes are expected to increase
from Re—Cl Re—Br, to Re—I. However, calculations [Table 4,
fourth row: ¢ = 2652 cm™ (ReCls*™), 2415 cm™ (ReBrg*"),
2055 cm™! (Rel*™), 3480 cm ™! (free Re™ ion)] show that the
trend is just the opposite. This is consistent with the values of
D (Table 4 and the above discussion), which show a decrease
in magnetic anisotropy in the same order. The results indicate
that, upon formation of Re—X bonds in the complexes, SOC
effects of the Cl, Br, and I atoms subtract from that of Re!".
Such behavior was also reported for a series of tetrahedral Ni"!
complexes, showing a vanishingly small { value in the case of
NiI42_.105 The decrease in the { values from Re—Cl, Re—Br, to
Re—I in our calculations suggests that there is no heavy-atom
effect of the halogen atoms here. The current work is a rare
study of the heavy-atom effect on ZES, especially for SMMs.*®
The results here suggest that the structures of the complexes
and ligands are more important contributors to ZFS (and to
the potential barriers for spin reversal in SMMs) than the
heavy atoms of the ligands.

B CONCLUSION

This is a comprehensive study of structures, magnetic
anisotropy, phonons, spin-phonon coupling, and magnetic
relaxation in transition-metal complexes using multiple state-
of-the-art techniques as well as advanced ab initio analyses and
DFT phonon calculations. Distortion from O, in
(NBu",),[ReX,] (Re—Cl, Re—Br, Re—I) leads to magnetic
anisotropy, and the covalency of the Re—X bond influences the
anisotropy. Advanced spectroscopies (FIRMS, HFEPR, and
INS) enable the determination of SH parameters for Re—I that
agree well with DC susceptibility data. There is a significant
drop in SMM performance from Re—I to Re—Cl and Re—Br.
This performance is reflected by the large, negative D in Re—1I,
whereas the D values in Re—Cl and Re—Br are relatively small
and variable in sign. Re—Cl and Re—Br have multiple
inequivalent metal centers that may contribute to a decrease
in SMM performance. Spin-phonon couplings were probed by
examining phonons near the magnetic transition, which may
lead to a dominant Raman-mediated relaxation in Re—I. Ab
initio analyses extracted ligand-field parameters showing large
SOC and an increase in covalency from Re—Cl to Re—Br to
Re—1

B EXPERIMENTAL SECTION

All reagents were received from commercial sources and used without
further purification unless otherwise specified. Potassium perrhenate
(KReO,, 99%) and hydroiodic acid (HIL, 57%, stabilized with 1.5%
hypophosphorous acid) were purchased from Alfa Aesar. KX salts
were purchased from Mallinckrodt. Concentrated HCl and HBr were
purchased from Fisher Scientific. Tetrabutylammonium hydroxide
(NBu",OH, 55% in water) was purchased from Oakwood Chemicals.

Syntheses of Re—X

(NBu",),[ReX,] (Re—Cl, Re—Br, Re—I) were prepared according to
literature methods, with slight modifications.”>'*® KReO, (1.0 g 3.5

24500

mmol) and KX [X = Cl (0.26 g), Br (0.42 g), I (0.58 g), 3.5 mmol]
were combined in 10 mL of concentrated HX, followed by gentle
boiling for 2 h. The solvent was reduced by heating, and the
concentrated solution was cooled to room temperature and then
chilled in an ice bath. The solid product (K,ReX) was then extracted
from the solution by vacuum filtration using a glass-fritted funnel in
yields of 58—78%. Paper filtration is not advised, as concentrated
acids decompose the filters. Metathesis of K,ReX¢ [X = CI (1.0 g), Br
(1.5 g), I (2.1 g), 2.0 mmol] with excess NBu",OH (>4 mmol) in
aqueous 0.1 M HX solution at room temperature gives precipitates,
which are collected by filtration, washed with water, and dried with
Et,0 in yields of 74—92%. A minimal amount of insoluble black solid,
which is metallic Re, sometimes forms during the reaction. This solid
was removed by dissolving the mixture in acetone and collecting the
filtrate.

For (NBu",),[Rels] (Re—I), an alternative synthesis was
performed by combining K,Rels and NBu"I in a 1:2 molar ratio in
acetone, stirring for 2 h at room temperature, and then adding
hexanes to precipitate the product. This alternative procedure was
later used to minimize decomposition of Re—I, which was found to
decompose over time.

Single-Crystal X-ray Diffraction

Suitable single crystals of Re—Cl, Re—Br and Re—I were coated in
Paratone oil and mounted on a MiTeGen loop under a cold stream of
nitrogen (100 K). Single-crystal X-ray diffraction data were collected
using a Bruker D8 Venture diffractometer with a PHOTON 100
detector (Mo K, radiation, 4 = 0.71073 A). Frames were collected
with the APEX2 program and reduced using the Bruker SAINT
software, with absorption correction by the SADABS multiscan
program. Structures of Re—Cl, Re—Br and Re—I were solved with
SHELXS and refined with SHELXL-2014. The CIF files of the single-
crystal structures are available from the Cambridge Crystallographic
Data Centre (CCDC): Deposition Nos. 2348938 (Re—Cl), 2348939
(Re—Br), and 2348940 (Re—I).

Details of DC/AC magnetometry measurements, FIRMS, HFEPR,
and INS, as well as phonon and INS calculations, are given in the SI.

Ab Initio Calculations of Spectroscopic and Magnetic
Properties and Bonding Analysis

Calculations of scalar-relativistic energies and wavefunctions were
carried out with the ORCA package'” "% using coordinates
obtained from the X-ray crystallographic data. Many-particle wave-
functions and energy eigenvalues of electronic states spanned by the
5d* configuration of Re"™ were computed using the state-averaged
complete active space self-consistent field method (SA-
CASSCF).""%™""> To account for dynamical correlation, we have
used the n-electron valence perturbation theory to second order
(NEVPT2)."*~""° Scalar relativistic effects were incorporated,
employing the Douglas-Kroll-Hess (DKH) approximation.''® Here,
we have employed the DKH-adapted version of the def2-TZVP basis
set for Re, Cl, Br, N, C, and H atoms."'”'® The DKH—adagted
version of the Sapporo basis set was employed for the I atom.""” Ab
initio ligand field theory (AILFT) analyses were performed to examine
the d-orbital ligand field splitting pattern.”'**'*° To further quantify
the nature of the Re-X bond, 5 X 5 one-electron ligand-field matrices
were fitted with e, and e, parameters defined in the Angular Overlap
Model (AOM).

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c04158.

Movies of VASP-calculated phonons of Re—I in the
28.76—52.81 cm™! range (ZIP)
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partial MO diagram in [ReX4]*” and ZFS in the Dy,
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https://doi.org/10.1021/acs.inorgchem.6c04158
Inorg. Chem. 2026, 65, 24492—24504

9202 J9quIaAoN 0 U0 Jasn AINN JLV.LS YAIHOT4 Ad Jpd 851 y009 wayobioursoe/g0 L L€289/261¥2/ | ¥/S9/spd-ajonue/feooul/bio soe'sqnd woy papeojumoq


https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2348938&id=doi:10.1021/acs.inorgchem.6c04158
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2348939&id=doi:10.1021/acs.inorgchem.6c04158
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2348940&id=doi:10.1021/acs.inorgchem.6c04158
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c04158/suppl_file/ic6c04158_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c04158?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c04158/suppl_file/ic6c04158_si_001.zip
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

FIRMS, HFEPR, INS results, additional magnetic
susceptibility data, calculated spin densities in Re—I,
calculated phonon modes in Re—I and their symmetries,
distortion of [ReX4]*™ analyzed by SHAPE, and input
for ORCA calculations (PDF)

Accession Codes

Deposition numbers 2348938—2348940 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via the joint Cambridge Crystallo-
graphic Data Centre (CCDC) and Fachinformationszentrum
Karlsruhe Access Structures service.
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