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Organo-Functionalized Lacunary Double Cubane-Type
Oxometallates: Synthesis, Structure, and Properties of
[((M"CI),(V"0),{((HOCH,CH,)(H)N(CH,CH,0))(HN(CH,CH,0),)},]

(M=Co, Zn)

Damola T. Shuaib,” LaSalle Swenson,” James A. Kaduk,”” Tieyan Chang,” Yu-Sheng Chen,”

James McNeely,” and M. Ishaque Khan*®

Organofunctionalized tetranuclear clusters
[(M"C,(V0){((HOCH,CH,)(H)N(CH,CH,0))(HN(CH,CH,0),)1,] (1,
M=Co, 2: M=Zn) containing an unprecedented oxometallacy-
clic {M,V,CI,N,Og} (M=Co, Zn) framework have been prepared
by solvothermal reactions. The new oxo-alkoxide compounds
were fully characterized by spectroscopic methods, magnetic
susceptibility measurement, DFT and ab initio computational
methods, and complete single-crystal X-ray diffraction structure
analysis. The isostructural clusters are formed of edge-sharing
octahedral {VO;N} and trigonal bipyramidal {MO,NCI} units.

Introduction

Transition metal-oxide clusters or polyoxometalates (POMs) are
formed mainly by V, Mo, and W."! The prototypical POM is
completely inorganic, composed of metal cations (e.g., VY, Mo",
W) bridged by oxide ions. POMs have been applied in a range
of technical areas, including acid and (photo-)redox catalysis,"”
biomedicine®™ and magnetism.”! Energy storage and conversion
applications include water splitting,” CO, reduction,® solar
energy conversion,”! Faradaic supercapacitors,” and ion-
insertion® and redox flow"” batteries. Technical applications
are facilitated by the incorporation of POMs as active constitu-
ents in a variety of metal-organic frameworks"" and
supramolecular assemblies.”®'"'? The most common POM
metal nuclearites fall in the range 6-18. Polyoxovanadates are
often mixed valence (e.g., V"-V") species containing d' ions
(V) and are normally investigated for magnetic properties,”
including superexchange interactions between the single-atom-
bridged metal centers. Low nuclearity (ca. <6) polyoxovana-
dates are commonly obtained as organo-functionalized species
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Diethanolamine ligates the bimetallic lacunary double cubane
core of 1 and 2 in an unusual two-mode fashion, unobserved
previously. In the crystalline state, the clusters of 1 and 2 are
joined by hydrogen bonds to form a three-dimensional network
structure. Magnetic susceptibility data indicate weakly antiferro-
magnetic interactions between the vanadium centers [J,-
(VW-VY)=—54(1); —3.92) cm™'], and inequivalent antiferro-
magnetic interactions between the cobalt and vanadium
centers [J,, (V'—Co")=—12.6 and —7.5 cm~'] contained in 1.

by self-assembly through the addition of organic ligands to
POM precursors."® Reports of organo-functionalized vanadium
tetrametalates ([V,0,L])™ " and of their heteronuclear coun-
terparts ([V,M,,O,L]))" """ are sparse. Here we report two
bimetallic, tetranuclear, organo-functionalized, oxo-alkoxide
clusters, [(M"CI),(VV0),{((HOCH,CH,)(H)N(CH,CH,0))(HN-
(CH,CH,0),)},] (1, M=Co; 2, M=Zn) containing the unprece-
dented oxometallacyclic {M,V,CI,N,Og} (M=Co, Zn) framework
and incorporating diethanolamine (DEA) ligands via distinct
metal-ligand bonding modes. Such clusters of definite topology
can be considered model systems in molecular magnetism and
for the study of spin coupling.**'* The new V" clusters contain
coupled d' (1 and 2) and d’ (1) spin centers. (Photo-)redox
active POM show strong charge-transfer bands in the UV.'™
Multiple electronic transitions are indicated by broad UV-vis
absorption bands in each compound. The complex electronic
and magnetic structure of these low metal-nuclearity clusters
makes them both theoretically and technologically intriguing
chemical species. To the best of our knowledge, no mixed-
metal tetranuclear clusters containing the Co—V or Zn-V
combination have been reported.

Results and Discussion

Synthesis and structure

The organofunctionalized clusters 1 and 2 were synthesized by
solvothermal methods (see the Supporting Information for
synthesis procedure) in 49 and 58% yields, respectively. X-ray

diffraction crystal structure analysis revealed that 1 and 2 are
molecularly and crystallographically isomorphous. Crystallo-
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graphic data is shown in Table 1. In each case, the structure is
composed of a novel metallocyclic core {M,V,CI,N,05} (M=Co,
Zn) incorporating four DEA ligands in two distinct ligating
modes (Figure 1). The core of each cluster consists of two
distorted {VO;N} octahedra sharing a single edge; and two
distorted {MO;NCI} trigonal bipyramidal units, each sharing an
edge with both vanadium octahedra (Figure 1b). Each vana-
dium octahedra contains the nitrogen atom (V—N, 2.138 A, 1;
2121 A, 2) and four bridging oxygen atoms of the {HN-
(CH,—CH,—0),} ligands; and a terminal oxygen atom (V=0; V-0,
1.610 A, 1; 1.593 A, 2), which is a structural feature characteristic
of polyoxoanions. The distorted trigonal bipyramidal geometry
around the M (M=Co, Zn) centers is defined by a peripheral
terminal chlorine atom (M—Cl, 2.282 A, 1; 2.236 A, 2); each M is
also bound to the nitrogen atom (M—N, 2.172 A, 1; 2.127 A, 2)

(b)

Figure 1. Ball-and-stick representation of the bimetallic tetrametalate clus-
ters of a) [(Co"Cl),(V"0),{((HOCH,CH,)(H)N(CH,CH,0))(HN(CH,CH,0),)},] (1)
and b) ([(Zn"CD,(V"0),{((HOCH,CH,)(H)N(CH,CH,0))(HN(CH,CH,0),)},] (2); Fig-
ure S1a). The tetrametalate core {Co,V,CI,N,Oq} of 1 ({Zn,V,CI,N,Og}; Fig-

ure S1b). The displayed thermal ellipsoids represent 50 % displacement
probability. Hydrogen atoms are omitted for clarity. Selected bond lengths
[A] and angles [°]: 1; Co1-01 1.933(3), Co1-03 1.934(3), Co1-N1 2.172(3),
Co1-CI1 2.282(11), V1-02 2.011(3), V1-03 1.979(3), V1-05 1.601(3), V1-N2
2.138(3), Co1-V1 3.178, CI1-Co1-N1 100.160(9), CI1-Co1-01 124.810(9),
Cl1—Co1-03 123.300(9).

Table 1. X-ray crystal data of compounds 1 and 2.

Molecular formula
M, [g/mol]

Crystal system
space group

T[K]

a, b, clAl

B

VA%

z

Radiation type

wu[mm™]

Pcalcd [g cm’3]
Crystal size [mm]
Data collection

Diffractometer
Absorption correction

Tmir\' Tmax

No. of measured, inde-
pendent and observed
[I> 20())] reflections

le
(SiN 6/A) o [A']
Refinement

[a] RIF? > 20(F?)], [b] wR-
P, s

H-atom treatment

[eA]

data/restraints/parameters

largest diff. peak and hole

C16H35C1,C0,N, 04V,
737.14

monoclinic

P2,/n

295

9.808(3), 13.142(4),
11.252(3)

112.76(10)
1337.55(7)
4

synchrotron,
1=0.8854 A

3.94
1.83
0.024x0.018%0.013

Bruker D8
goniometer

multi-scan, SADABS
2016/2

0.683, 0.746
7781,1207,1122

0.068
0.527

0.029, 0.083, 1.120

1207/0/165

H-atom parameters
constrained

0.37, —0.39

CyeH35C1H,ZN,N,010V,
750.02

monoclinic

P2,/n

100

9.7379(19
12.947(8)
)

112.76(3
1295.17(5)
4

)
11.140(7)

synchrotron,
2=041328 A

0.63
1.92
0.15x0.05x0.05

Bruker D8
goniometer

multi-scan, SADABS
2016/2

0.911, 0.969
18966, 4411, 2630

0.130
0.760

0.0636, 0.154,
0.890

4411/0/165

H-atom parameters
constrained

1.10, —0.80

[a] R1 = XIIF,—IFII/SIFol. [b] wR2 = [SIw(F > —F.2)*/SIw(F, )12
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and a single oxygen atom of the {HN-
Crystal data ! 2 (CH,—CH,—0)(CH,—CH,—OH)} ligand (Figure S1 in the Supporting
aere 2081072 2142846 Information). The inorganic core may be described as com-

posed of two face-sharing Cubans, each missing a vertex. The
coordination geometries of cobalt and vanadium and orthogo-
nal views of the cluster compound in 1 with space-filled
representations of cobalt and vanadium are shown in Figure 2.

The isostructural clusters 1 and 2 crystallize in the
monoclinic space group P2,/n. In the crystalline state, the
clusters are joined by hydrogen bonds to form a 3D network
structure (Figures 3 and S3). Each secondary amine ligand of M
(M=Co, Zn) acts as a (hydrogen) donor to a hydroxy group
oxygen of a neighboring cluster to form a hydrogen bond
(N1—H1C--04). Each chlorine atom acts as a bifurcate hydrogen
acceptor, accepting a hydrogen atom from a secondary amine
ligand of V (N2—H2 C--ClI1) on a neighboring cluster, while also

(a) (b)

Figure 2. Capped-stick representations of a) the distorted trigonal bipyrami-
dal cobalt coordination sphere and b) the distorted octahedral vanadium
coordination sphere in
[(Co"CI),(VYO){((HOCH,CH,)(H)N(CH,CH,0))(HN(CH,CH,0),},] (1) shown along
the crystallographic b-axis. c)-e) Orthogonal views of a cluster of compound
1 with space-filling representations of cobalt and vanadium. Color code:

Co =purple, V=green, Cl=yellow, N=blue, O=red, C=gray, H=white.
([(Zn"CD,(VVO),{((HOCH,CH,) (HIN(CH,CH,0))(HN(CH,CH,0),)};] (2); Figure S2).
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Figure 3. Stick representation of the unit cell content in the crystals of a) 1
and b) 2 viewed along the a-axis. Intercluster hydrogen bonds are indicated
in turquoise and hydrogen bond distances [A] are shown adjacent. Color
code: Co=purple, V=green, Cl=yellow, N=blue, O=red, C=gray,
H=white.

accepting a hydroxy group hydrogen (04—H4C--Cl1) on a
separate neighboring cluster. In this way each nucleophilic
chlorine atom maximizes its interaction with positive charge
centers. The 04-H4C-Cl1 and N1-H1C--O4 hydrogen bonds
are interconnected through the o-bond of the shared hydroxy
group (Cl1-+-H4C—04--H1C—N1). Each cluster is linked to six
other clusters through twelve hydrogen bonds. The hydrogen-
bonding motif observed in the condensed state shows that the
peripheral nucleophilic chlorine atoms of distributed clusters
can interact with positive charge centers. In analogy to Type lll
POMs, which contain nucleophilic terminal oxygen atoms, the
terminal chlorine atoms of 1 and 2 should coordinate a variety
of transition metals,!'¥ facilitating (electro-)catalytic activity and
the formation of coordination polymers. Much of the applica-
tion scope of active clusters relies on cluster heterogenation,
often through electrostatic cluster-support interactions."” The

Chem. Eur. J. 2023, 29, €202301389 (3 of 7)

chemical topology of the clusters 1 and 2 anticipates facile
heterogenation through soft chemical methods.

Characterization

The infrared absorption spectra of 1 and 2 (Figures 4 and S4)
contain bands associated with the oxometallate core and the
DEA ligands. The likeness of the spectra is consistent with
isostructural molecules differing only in the identity of a single
atomic constituent. Typical IR absorption spectra of polyoxome-
talates contain strong bands associated with stretching modes
of the terminal metal-oxygen bond (M=0O,), and weaker bands
associated with bridging oxygen (M—O,—M) vibrational modes.
Band assignments are facilitated by spectral comparisons to
previously studied DEA™ and triethanolamine (TEA)" function-
alized hexavanadate structures containing vanadium coordina-
tion octahedra like that observed in 1 and 2. The strong band
at around 958 cm™' is attributed to the symmetric stretch of the
terminal vanadium-oxygen bond (v,,,,V=0,). Multiple bands
associated with (V—O,—V) vibrational modes are expected and
observed below about 800 cm™'. Multiple bands associated
with DEA functionalization are expected and observed in the
1000-1500 cm™' range. Two distinct N—H stretching bands,
corresponding to the vanadium and cobalt metal centers in 1
(V"_N—H and Co"-N—H) and the vanadium and zinc metal
centers in 2 (V"-N-H and Zn-N-H), are present in the
respective spectra (see Figure S5 and associated discussion).
Comparison of the IR spectrum of 1 to
[NaV"s04(OCH,CH,),NH),]* (DEA-NaV,)"® reveals distinct bands
at 989, 642, 562, and 497 cm™'. Because terminal bonds are
expected to have the most (nearly) pure stretching vibrations,
and thus the highest IR absorption, we provisionally attribute
the strong band at 989 cm™' (Figure 4) to the symmetric stretch
of the Co—Cl bond of the Co-centered polyhedra. Comparison
of the IR spectrum of 2 to that of DEA—NaV, reveals distinct
bands at 985, 639, 564, and 489 cm™'. We provisionally attribute

—
Q
—

Transmittance (arb. units)

_
=

1600

1

1400

1 o L | I " J

1200 1000 800 600 400
Wavenumber (cm)

Figure 4. FTIR spectra of a) 1 and b) 2 in the 1600-450 cm™' region.
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the band at 985 cm™' (Figure 4) to the symmetric stretch of the
Zn—Cl bond of the Zn centered polyhedra.

Bond valence sum calculations®” indicate metal oxidation
states of V¥, Co", and Zn", consistent with the X-ray structural
data and charge balance requirements of 1 and 2. Polyoxovana-
dates often occur as mixed valence (e.g., VV-V") species and
exclusively reduced vanadium (V") is often observed in low-
nuclearity (e.g., n<6) clusters functionalized with organic
ligands, for example.''*?" TGA profiles (Figures S6 and S7) of 1
and 2 overlay well until around 330°C; decomposition initiates
around 300 °C. This result is consistent with the identical nature
of the organic moieties contained in each compound. 1 and 2
have comparable thermal stability to previously studied DEA-
and TEA-functionalized hexavanadate compounds."*'® Diver-
gence of the TGA profiles following initial decomposition
implies that heteroatom identity (Co/Zn) has a marked effect on
the chemical transformations accompanying thermal decom-
position. (See the Supporting Information for a detailed analysis
of the TGA.)

Both compounds are stable in air as confirmed by FTIR.
Reflectance spectra covering the UV, visible and a portion of
the near-IR range of compounds 1 and 2 are plotted as pseudo-
absorbances (1-R) in Figure 5. Broad bands are present in the
UV, vis and NIR ranges for both compounds. In POMs, UV bands
are associated with charge transfer processes between terminal
oxygen atoms and (usually) octahedral metal centers; these are
present in the V' octahedra of 1 and 2. The redox activity of
certain POM species is attributable to this process."™ We
previously found both UV and visible absorption bands in
hexavanadate clusters containing V" coordination octahedra
like those found in 1 and 2.7 The shape and breadth of the
UV absorption bands suggests an additional contribution from
M—Cl (M=Co, Zn) charge transfer processes. Visible bands are
associated with d-d and intervalence transitions arising from

100

90

80

70
900 1000 1100
100 A (nm)

90

80

"]

50
40

200 300 400 500 600 700 800
A (nm)

900 1000 1100

Figure 5. UV-Vis-NIR (220-1100 nm) reflectance spectra of 1 (top) and 2
(bottom). A reflectance fraction (R) was obtained by comparison to a
reflectance standard, and pseudo absorption spectra were derived by
subtracting R from unity (plotted). Error bands represent + one standard
deviation over 20 scans.
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reduced metal cations (e.g., V¥).?? In this regard we observe
that compound 1, containing (formally) Co(d’) has a broader
visible absorption spectrum than compound 2, which contains
zinc with a (formally) full d-subshell. Thus the spectra are
consistent with the structure and metal oxidation states of the
compounds.

Magnetic properties

The magnetic susceptibilities of 1 and 2 are shown in Figure 6a.
The exchange couplings are defined in Figure 6b, and axes
systems for the V"V and Co" centers are found in Figure 6c. The
susceptibility for 1 was successfully modeled (EasySpin®) with
gL,=194, ¢ =203, 257, 252, J;=-535cm’, J'=
—1258cm ™!, J,"=—7.48 cm™', D' =25.1 cm™', and E/D=0.04.
The spin Hamiltonian (SH) parameters were also reasonably
reproduced with multi-reference NEVPT2 calculations (see the
Supporting Information for details) performed with ORCA.2*
The computationally predicted parameters were g¥::1.96,
950, =2.02, 239, 234, J;=—139cm™, J;'=—1302cm ", J,"=
—4.11em™", D' =39.1 cm ™', and E/D=0.06. Furthermore, these
parameters can be predicted to be g% =1.96, gf;L:z.OO, 242,
2.26, D°' =293 cm™', and E/D=0.24 using ligand-field theory
based on energies and spin-orbit coupling constants derived
from ab-initio ligand field theory (AILFT). For 2, the experimen-

tal/computational/LFT SH parameters were found to be g;’f;z:

(a)
6 000
1
5.
Ta
[}
£
v
ME3
)
-
=2 g
2

.
) 50 100 150 200 250 300
Temperature (K)

(b) (©)
1 N 2 N
X
CI/‘ 3" cL vav)
: Co 2 Zn
J2 o/,"‘.\ o | "o z y
N\\’?/O\“ 0 N |/O\ 0O
ZH v v Ad-=vZ
A NS Co(I1
A TINC
ol o~y o o
Co\/ 2 Sz y
J2 cl |\CI 2
N N

Figure 6. a) Temperature dependence of the xT product for 1 () and 2 (e) at
0.1 T. Fits with parameters shown in the text are in red. b) Definition of the
exchange coupling constants used in this work. ¢) Coordinate systems used
to describe the Co" and V" centers.
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1.98, 1.99, 2.00/1.93, 1.98, 1.98/1.92, 1.98, 1.98 and J=-3.91/
—-19cm™.

The isotropic g value extracted from the susceptibility is
standard for V" centers in pseudo-octahedral environments. In
particular, the value of 1.95 observed here agrees nicely with
the EPR-derived value of 1.97 observed on a tetravanadate
system by Plass.*”) The exchange couplings observed (and
predicted) for both 1 and 2 are all antiferromagnetic.

The anti-coplanar orientation of the V' centers in these
systems are qualitatively expected to favor weak antiferromag-
netic interactions based on the structural features of the
molecule. We observe that the V=0, bonds are not purely
coplanar with an O"™-V-0, angle of £169.7 and £170.4 for 1
and 2 respectively. We also observe that the V" 3d,, orbitals are
twisted as evidenced by the N-V—O-V torsions deviating from
180° by 20° and 19° for 1 and 2 respectively. These
deformations result in non-zero overlap between the VV
magnetic orbitals which is supported by the corresponding
orbital overlaps of 0.015/0.017 observed for 1"/2 with broken
symmetry PBEO/DKH-DEF2-QZVPP(V,Zn,Co)/DKH-DEF2-TZVP/
DKH solutions, where 17" substitutes the Co" centers with Zn"
centers. Our observed values for the V-V exchange interactions
are similar to that observed by Lu et al. on an anti-coplanar V"
dimer.”® This work can also be compared with the work of
Stuckart et al.,”” who studied the magnetic exchange inter-
actions between octahedral VV centers and square pyramidal V"
centers through a WO,*" unit. Interestingly, they observed an
antiferromagnetic exchange coupling of —5.35 cm™', which is of
similar magnitude to the value observed in this work. This
highlights that the overlap between the 3d,, in our systems are
weak enough to dampen the exchange interaction to the
degree that it makes the superexchange pathway nearly
equivalent to WO,?~ pathways. All of the interactions reported
in this work and referenced for comparison are significantly
below the values regularly observed for bis(u-OH) bridged V"
systems.”?®

The interactions between the Co" centers and the V" centers
in 1 are inequivalent as predicted from the experimental
structure where the Co—V distances are 3.18 A and 3.29 A. It can
also be observed that the superexchange pathway for the
different exchange couplings (J,, J,”) are inequivalent as
illustrated in Figure 7. Inspection of Figure 7 suggests that J,’
will be stronger than J,” due to the enhanced overlap between
the V-3d,, orbital and the sp? hybridized p2-O. Fraser et al.
recently reported a Co/V Anderson wheel complex that likewise
showed divergence of the exchange couplings between

A L'
2 \ Co
9@ ”
AN

Figure 7. Qualitative illustration of inequivalent superexchange pathways for
J,"and J,".
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neighboring cobalt centers and adjacent edges on vanadium
centers.”

Conclusions

In conclusion, we have prepared and fully characterized two
isostructural  organo-functionalized mixed-metal clusters
[(Co"CI),(V"0) {((HOCH,CH,) (H)N(CH,CH,0))(HN(CH,CH,0),)},] (1)
and [(Zn"Cl),(VVO),{((HOCH,CH,)(H)N(CH,CH,0))(HN-
(CH,CH,0),)},]1 (2), which contain an unprecedented oxometalla-
cyclic {M,V,CI,N,Og}(M=Co, Zn) framework incorporating dieth-
anolamine ligands via two distinct metal-ligand bonding
modes, previously unobserved. The clusters contain terminal
oxygen and chlorine atoms and have UV-vis absorption spectra
consistent with multiple UV charge-transfer processes. In 1,
there are four weakly coupled spin centers, where the isotropic
exchange couplings are defined as J;, J,, and J,”. These
couplings are J;=—54cm', J/=—126cm”', and J,)'=
—7.5cm™. The ground state multiplicity of 2 is an open-shell
singlet with an isotropic exchange coupling of —3.9 cm™". The
vanadium centers are best described as a V" centers, and the
cobalt centers are high-spin Co" centers. Less orbital destabiliza-
tion was observed due to weaker interaction of CI~ ligand on
Co than what was observed for 0>~ ligand on V centers.

Experimental Section

Synthesis

[(Co"C),(VV0),{((HOCH,CH,)(H)N(CH,CH,0))(HN(CH,CH,0),},]1  (1):
Tetrabutylammonium  trihydrogendecavanadate  hexahydrate
[(C4Ho)4N15[H5V,0044] - 6H,0 was synthesized according to a literature
method.®” Tetrabutylammonium trihydrogendecavanadate hexahy-
drate (0.095g, 0.05mmol), cobalt(ll) chloride hexahydrate,
CoCl,-6H,0 (Sigma-Aldrich, ACS grade; 0.126 g, 0.53 mmol) and
diethanolamine, HN(CH,CH,OH), (Fisher Chemical, Laboratory
grade; 0.263 g, 2.49 mmol) were mixed in a 23 mL Teflon-lined Parr
reaction vessel. The vessel was heated to 145°C, held for 4 h at
145°C, and then cooled to room temperature at the rate of ca.
5°Ch™". Three 3-mL portions of ethanol were added to the dark
brown gelatinous product with gentle stirring. A solid product was
obtained by filtration and dried under ambient conditions. The final
product, in the form of purple crystals, was separated from a light
brown co-product mechanically. The product yield was ca. 49%
based on vanadium. Elemental analysis: calcd for
C;6H35Cl,Co,N,0,,V,: € 26.07, H 5.20, N 7.60; found: C 25.98, H 5.19,
N 7.39.

[(Zn"C1),(VVO),{((HOCH,CH,)(H)N(CH,CH,0))(HN(CH,CH,0),},]  (2):
Tetrabutylammonium trihydrogen decavanadate hexahydrate
[(C4Ho)4N15[H5V;0044]-6H,0  (0.095 g, 0.05 mmol), zinc(ll) chloride
ZnCl, (0.072g, 0.53 mmol) and diethanolamine HN(CH,CH,OH),
(0.263 g, 249 mmol) were mixed in a 23 mL Teflon-lined parr
reaction vessel. The vessel was heated to 145°C, held for 4 h at
145°C, and then cooled to room temperature at rate of ca. 5°Ch™".
Three 3-mL portions of ethanol were added to the dark brown
gelatinous product with gentle stirring. A solid product was
obtained by filtration and dried under ambient conditions. The final
product, in the form of blue crystals, was separated from other solid
material mechanically. The product yield was ca. 58% based on
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vanadium. Elemental analysis: calcd for C¢H;5Cl,Zn,N,O,0V,: C
25.62,H 5.11, N 7.47; found: C 26.02, H 5.06, N 7.40.

Characterization: Infra-red spectra were recorded on a Perkin Elmer
Spectrum 100 FTIR spectrometer. An Ocean Optics HR4000
spectrometer controlled by Ocean Optics Spectra Suite Spectrom-
eter Operating Software was used to obtain reflectance spectra of
powdered samples of 1 and 2. In-house constructed dark chamber
fitted with UV-Vis-NIR light source (Mikropack, DH-2000-BAL).
Reflectance was measured against a Labsphere certified reflectance
standard (USRS-99-010) and is reported as a pseudo-absorbance
obtained by subtracting the reflectance (R) from unity. A Mettler
Toledo TGA 2 SF/1100/735 thermogravimetric analyzer was used to
obtain TGA profiles of 1 and 2 (N,, 100 mLmin™") at a heating rate
of 5°Cmin~" in the 25-1000°C temperature range. X-ray diffraction
patterns were measured using a Cuy, radiation source (1=1.54 A
on a Bruker D2 Phaser spectrometer equipped with LynxEye linear
position-sensitive detector. Data was collected in the 5-100° (26)
range with a 0.03 20 step and a 7.0 s/step dwell time. Single-crystal-
based simulated X-ray powder diffraction patterns corresponded to
the empirical X-ray powder diffraction patterns of each compound.
Single crystal X-ray data were collected using synchrotron radiation
(0.8854 A; compound 2; 0.41328 A) at Advanced Photon Source
(APS), Argonne National Laboratory (ANL). Crystals suitable for X-ray
diffraction were mounted on a glass fiber and transferred to a
Bruker D8 platform goniometer equipped with a PILATUS3 X 2 M
(Si 1 mm) detector. Using APEX Ill software package, data were
integrated using SAINT V838A and scaled with a multi-scan
absorption correction.®” The crystal was kept at 295 K (compound
2; 100 K) during data collection. Using Olex2, the structure was
solved with the XT structure solution program® using intrinsic
phasing and refined with the XL refinement package® using Least
Squares minimization. All non-hydrogen atoms were refined
anisotropically.®¥ Deposition Numbers 2081072 (for 1) and 2142846
(for 2) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.

Magnetic measurements: The magnetic moment vs. temperature
was measured by superconducting quantum interference device
(SQUID) magnetometer MPMS XL at the Center for Nanoscale
Materials (CNM) at Advanced Photon Source (APS), Argonne
National Laboratory. Both zero field cooling and field cooling was
performed at a temperature range of 2-300 K under helium and
liquid nitrogen to achieve an ultracool system under reciprocating
sample option (RSO) at magnetic field H=1000 Oe. All moments
were corrected for diamagnetic susceptibilities using Pascal’s
constants.”” In addition, a term was used in fitting that allowed for
temperature independent paramagnetism. The magnetic suscepti-
bility was fit with the Heisenberg, Dirac, Van-Vleck (HDVV) spin
Hamiltonian from 8 to 300 K, with the spin Hamiltonians shown in
Equations (S1) and (S2) for 1 and 2 respectively. See the Supporting
Information for further details.

Computational methods: The ORCA electronic structure suite,
version 5, was used for all calculations.®® The highly efficient
resolution of identity (RI) and “chain or spheres” (COSX) approx-
imations for the Coulomb and Exchange integrals respectively were
employed (RIJCOSX®”). Grimme's D4%®¥ dispersion correction was
applied for all geometry optimizations. The DEF2-TZVP®? basis set
was employed for all geometry optimizations, and single point
calculations used the relativistically recontracted DKH-DEF2-QZVPP
basis set for all transition metals, and the relativistically recon-
tracted DKH-DEF2-TZVP basis set for all other atoms. An automati-
cally generated auxiliary basis set“” was used for all single-point
evaluations, which is the so-called “AutoAux” technique in ORCA
parlance. Single point calculations also employed the scalar
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relativistic DKH2™" Hamiltonian, and picture change effects were
included in the calculation of spin-orbit coupling. NBO calculations
were performed with NBO 7.0.#% All DFT calculations employed the
PBE0“? hybrid functional. Broken-symmetry (BS) solutions were
obtained using the “FlipSpin” technique as implemented in ORCA.
See the Supporting Information for further details.

Supporting Information

Further representations of compounds 1 and 2; FTIR spectra;
TGA profiles; observed and simulated PXRD patterns. Calculated
bond valences. Additional references are also cited within the
Supporting Information."**"!
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