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Oxidation state variation in bis-calix[4]arene
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The reaction of MnCly-4H,0, Hgl (2,2'-bis-p-‘Bu-calix[4larene) and NEtz in a dmf/MeOH solvent mixture
results in the formation of a mixed valent decametallic cluster of formula [MniMnY(L)x(ps-OH)4(p-
OH)4(MeOH)4(dmf)4(MeCN),]-MeCN (3). Complex 3 crystallises in the monoclinic space group P2;/n with
the asymmetric unit comprising half of the compound. Structure solution reveals that the bis-calix[4]
arene ligands are arranged such that one TBC[4] moiety in each has undergone inversion in order to
accommodate a [Mnj!Mn{] metallic skeleton that describes three vertex-sharing [Mn}'Mn}] butterflies.
The structure is closely related to the species [MnE'Mn}}(L),(iz-O)z(ps-OH)a(p-OMe)4(H20) 4(dmf)gl-4dmf

(4), the major difference being the oxidation level of the Mn ions in the core of the compound. DFT calcu-
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lations on the full structures reveal that replacing the Mn'" ions in 4 for Mn' ions in 3 results in a significant

decrease in the magnitude of some antiferromagnetic exchange contributions, a switch from ferro-
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Introduction

Coordination compounds of Mn maintain long standing inter-
est across a breadth of topics from bioinorganic chemistry to
molecular magnetism.> Key to manipulating and enhancing
physicochemical behaviour for any application is structural
control, and for polymetallic compounds the self-assembly
process and identity of the final product is largely dominated
by choice of bridging ligand.?

We, and others,*” have employed p-‘Bu-calix[4]arene
(H4TBC[4], Fig. 1A) for the synthesis of a range of transition
metal (TM) and lanthanide metal (LnM) species in which the
TM/LnM-TBC[4] moiety acts as a metalloligand that encapsu-
lates an oxo/hydroxo-bridged polymetallic core. Structurally,
this means it acts as a capping vertex in the resulting metallic
skeleton.® The calix[4]arene tetraphenolic pocket is particularly
well suited to bonding Jahn-Teller (JT) distorted ions such as
Cu" and Mn"™ because it will preferentially coordinate metals
possessing four short equatorial and two long axial bonds.**°
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magnetic to antiferromagnetic in others, and the loss of significant spin frustration.

Hlustrative  examples include the complexes [Cull
(OH);(TBC[4]);Cl,(DMS0)s5 5(EtOH), 5][Cu'Cl,] (1, Fig. 1B) and
[Mn'Mn!(OH),(TBC[4]),(dmf)s] (2, Fig. 1C). In the former the
TM-TBC[4] metalloligand encapsulates a [Cuf(OH);] trigonal
prism, and in the latter a [Mnl(OH),] dimer. This general
bonding motif has been observed in the vast majority of TM/
LnM complexes we have isolated under ambient conditions
and this has allowed us to develop a specific set of empirical
metal ion binding rules for TBC[4]."" (A) TBC[4] preferentially

Fig. 1 Single crystal X-ray structures of H4TBC[4] (A), 1 (B) and 2 (C).
Colour code C - grey, O — red, N — dark blue, H — white, Cu'" - tur-
quoise, Mn'" — pale blue, Mn"' — purple. H atoms, ‘Bu groups of TBC[4],
ligated solvent molecules and co-crystallised solvent/anions omitted for
clarity.

This journal is © The Royal Society of Chemistry 2021
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binds TM™ ions; (B) TBC[4] will bind TM" ions in the absence
of TM™ ions; (C) TBC[4] will bind LnM™ ions in the absence
of TM" or TM™ ions."?

As an extension to this science we have recently begun
investigating the coordination chemistry of 2,2'-bis-p-"Bu-calix
[4]arene (HgL), which contains two TBC[4] units linked at the
methylene bridge (Fig. 2). The conformational flexibility (ring
inversion) of TBC[4] in solution is well understood'*'* and
when applied to HgL upon coordination-driven self-assembly
it proffers a ligand with eight phenolic O-atoms in close proxi-
mity and oriented in the same direction.”® Initial studies®
have shown that HgL displays a systematic extension of the
empirical metal ion binding rules established for TBC[4],
rather than, for example, mimicking the behaviour of p-‘Bu-
calix[8Jarene.”” Herein, we outline the synthesis, structure and
magnetic behaviour of a new bis-TBC[4]-supported complex,
Mn"™™Mn{(L),(p5-OH),(n-OH),(MeOH),(dmf),(MeCN),]-MeCN
(3), together with an experimental and theoretical magneto-
structural comparison to the structurally related (and pre-
viously published) species [MnIMnl(L),(p3-0),(ps-OH),(p-
OMe),(H,0),(dmf)g]-4dmf (4).*

Experimental

MnCl,-4H,0 was purchased from Fluorochem and was used
without further purification. 2,2"-Bis-p-‘Bu-calix[4]arene (HgL)
was prepared as previously described.'® Synthesis of
[MnIMnZ*(L),(j15-OH),(p-OH) ,(MeOH) ,(dmf) ,(MeCN),]-MeCN
(3): MnCl,-4H,0 (0.86 mmol, 170 mg), HgL (0.154 mmol,
200 mg) and NEt; (2.87 mmol, 0.4 mL) were dissolved ina 1:1
(dmf/MeOH) mixture (24 ml) and stirred for 2 hours. After fil-
tration, MeCN was diffused into the mother liquor, affording
crystals of 3 in 31% yield after 7 days. Elemental analysis (%)
calculated for 3: C, 62.64%; H, 6.82%; N, 2.58%. Found: C,
62.18%; H, 6.30%; N, 2.05%. Yield 180 mg (30.7%).

Single crystal X-ray data for 3 (CCDC 2099440%):
Ca00H270MN (N0, (M = 3847.62 ¢ mol™"): monoclinic, space
group P2,/n (no. 14), a = 22.322(6) A, b = 18.903(5) A, ¢ = 27.501
(7) A, p = 106.949(16)°, V = 11101(5) A%, Z = 2, T = 100.0 K,
Bruker D8 Venture Diffractometer operating with a Photon III
detector, u(CuKa) = 4.960 mm ™", D.g = 1.151 g ecm™>, 157 579

%P

==

¢’>/

Fig. 2 Single crystal X-ray structure of HglL. Colour code C - grey, O —
red, H — white.
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reflections measured (4.506° < 26 < 146.326°), 21 932 unique
(Rine = 0.1384, Rgigma = 0.0760) which were used in all calcu-
lations. The final R; was 0.1271 (I > 26(I)) and wR, was 0.3950
(all data).

Magnetic data were collected on a Quantum Designh MPMS
magnetometer operating in the temperature/field ranges
1.8-300 K/0-7 T. Diamagnetic corrections were applied using
Pascal’s constants. Elemental analyses were performed on a
Thermo Fisher Scientific Flash SMART instrument. See the
ESIT for full computational details.

Results and discussion

Reaction of HgL with MnCl,-4H,0 in a basic dmf/MeOH
mixture affords single crystals of [Mn{'™Mn{(L),(p;-OH),(p-
OH),(MeOH),(dmf),(MeCN),]-MeCN (3, Fig. 3), following
vapour diffusion of MeCN into the mother liquor. The crystals
were found to be in a monoclinic cell and structure solution
was carried out in the space group P2,/n. The asymmetric unit
(ASU) comprises half of the cluster, with an inversion centre
located in the middle of the Mn5-014-Mn5'-014' rhomb.
Pertinent bond lengths and angles (Table S1t) and BVS calcu-
lations (Table S2) are given in the ESLT

Both L ligands are arranged such that one TBC[4] moiety in
each has undergone inversion in order to accommodate a
[Mn]™n]] metallic skeleton that describes three vertex-
sharing [Mn!"Mn'] butterflies (Fig. 3). These are of two types.
The central butterfly (Mn™2, Mn"5, 06 (OR;), O7 (ORy), O14
(OH) and symmetry equivalent) is of the form [Mny(p;-OH),(p-
ORy),] and is reminiscent of the structure of 2 in that the Mn™"
ions occupy the wings and the Mn" ions occupy the body posi-
tions of the butterfly (Fig. 1). The peripheral butterflies
(Mn"1, Mn""2, Mn"'3, Mn"4, O1 (OR.), O4 (OR), O5 (ORy),
08 (ORy), O13 (OH)) appear rather asymmetric and are of the
form [Mny(ps-OH)(p-ORy),] with just one ps-bridging OH
anion (013) linking Mn1, Mn3 and Mn4. O13 H-bonds to the
neighbouring p;-OH ion in the central butterfly (013---014,
2.831 A). The metal-oxygen core is completed by the presence
of four “external” p-OH ions that link the Mn" ions in the
body positions of the central butterfly to the Mn™ ions in the
body positions of peripheral butterflies (Mn5'-016-Mn3;
Mn5-017-Mn4). Thus, as expected, the L ligands bind the
Mn"™ ions within their polyphenolic pockets with the Mn"
ions encapsulated between them, linked through multiple OH
anions.

The Mn"" ions (Mn1, Mn2 and symmetry equivalent) are six
coordinate and in JT distorted octahedral geometries, with the
JT axes defined by the HO-Mn-NCMe vector in each case. The
acetonitrile molecules are disordered over two positions within
the calix{4]arene cavities, with Mn-N distances of ~2.34 and
~2.58 A and N-Mn-O angles of ~169 and ~172°. The Mn"
ions are also six coordinate, but with rather different geome-
tries. The two central Mn ions (Mn5) have [Mn(OH)4(ORy),]
coordination spheres with Mn-O bond lengths in the range
~1.99-2.29 A, and cis/trans angles of ~78-98°/163-172°. Mn3

Dalton Trans., 2021, 50,17566-17572 | 17567
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Fig. 3 Single crystal X-ray structures (top), cluster cores (middle) and metallic skeletons (bottom) of 3 (A) and 4 (B). Colour code C — grey, O — red,

Mn' - pale blue, Mn"!

Dashed lines represent longer bond lengths (as discussed in text).

and Mn4 have their coordination spheres completed by one
MeOH and one dmf, affording [Mn(OH),(ORy)s(Osolvent)2] With
(highly) distorted octahedral geometries. For both, five of the
six Mn-O bond lengths fall in the range ~2.1-2.2 A (Mn3) and
~2.1-2.3 A (Mn4). The sixth bond, to the L O-atom, is much
longer (Mn3-0O1 = 2.577(7) A and Mn4-O4 = 2.424(7) A). A
search of the Cambridge Structural Database reveals that of
over 93 000 Mn-O bond distance entries, only 325 are found to
be between 2.5-2.6 A, with 98.8% of the entries lying within
the 1.8-2.5 A range (Fig. S1t). cis/trans angles are ~70-122°/
154-176° (Mn3), and ~79-116°/154-175° (Mn4). The O-atoms
of the terminally bonded MeOH molecules on Mn3 and Mn4
are H-bonded to the two terminally bonded OR;, atoms at dis-
tances of 015---02, ~2.56 A, and 018---03, ~2.54 A.
Examination of the extended structure (Fig. S21) reveals
that the closest intermolecular interactions are between co-
ordinated dmf molecules and the ‘Bu C-atoms at C---C dis-
tances > 3.2 A, and between neighbouring ‘Bu groups, C---C >
3.8 A. The closest M---M distance is ~12.3 A between the Mn1

17568 | Dalton Trans., 2021, 50, 17566-17572

- purple. H atoms, ‘Bu groups of TBC[4], ligated solvent molecules and co-crystallised solvent/anions omitted for clarity.

ions of distinct molecules, meaning they are structurally iso-
lated thanks to the framework of the L ligands and overall
shape of the assembly.

A comparison of the structures of 3 and 4 (Fig. 3) shows
them to be very closely related. Inspection reveals three signifi-
cant differences: (a) the oxidation states of the central Mn5/
Mn5' ions are different - Mn" in 3 and Mn'" in 4. (b) The brid-
ging groups connecting Mn3/Mn4 to Mn5 are p-OH in 3 but p-
OCHj in 4. (¢) The O1---Mn3 distance in 3 is 2.577(7) A com-
pared to 2.436(4) A in 4. The former would be expected to have
significant impact upon magnetic behaviour (vide infra). Note
that 3 and 4 result from the methodical screening of reaction
conditions, where changes in reagent stoichiometry and crys-
tallisation conditions leads to the selective formation of either
3 or 4. Indeed the only major differences in the preparation of
3 and 4 comes in the ligand : metal ratio (1:6 (3), 1: 8 (4)) and
the method of crystallisation - MeCN diffusion into the DMF/
MeOH mother liquor for 3 and slow evaporation of the DMF/
MeOH solution for 4.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 shows that the structure of 3 is also related to
the compounds [MnMMnJGd(L),(p4-O),(ps-OH),(p-OMe),(p-
OH),(MeOH),(dmf)g(NO3),(H,0),] (5)"* and [Mni'™MnY (L), (ps-
OH),(p-OH)(u-C1)(H,0)(MeOH)(dmf),] (6),"® which was the
very first compound isolated with HgL. The metallic skeleton
of 5 describes three vertex-sharing [MnJ'Mn"Ln""] butterflies,
and that of 6 two vertex-sharing [Mni™Mn}] butterflies.
Indeed, from an inspection of the metallic skeletons of 3-6
(Fig. 3 and 4) it is clear to see that it is the Mn"™L metalloli-
gand that directs structure formation, with the additional
Mn"/Ln" ions encapsulated within this framework, connected
via bridging hydroxides/alkoxides. What is also clear is that
these encapsulated metal ions can be replaced, whilst main-
taining the general structure. This is illustrated by complex 6

Fig. 4 Single crystal X-ray structures of 5 (A), 6 (B) and 7 (C). Colour
code C - grey, O - red, Mn"" — pale blue, Mn"' — purple, Gd"' — green. H
atoms, ‘Bu groups of TBC[4], ligated solvent molecules and co-crystal-
lised solvent/anions omitted for clarity.

This journal is © The Royal Society of Chemistry 2021
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undergoing selective Mn"/Ln™ substitution to form
[Mn"™MnY Gd'(L),(Cl),(j15-OH),(MeOH),(dmf)g], 7 (Fig. 4)."°
This mirrors the behaviour observed for TBC[4]. For example,
the Mn" ions in 2 can be replaced in a stepwise fashion with
Ln™ jons, from [Mn}'Mn}] to [Mn!"Mn"Ln™] and
[Mn'Ln}"].*° The isolation of multiple, structurally-related
compounds is reflective of the versatility of the bis-calix[4]
arene ligand for the construction of polymetallic clusters
where subtle changes in reactants/conditions can be exploited
to direct the nature of the metallic core and associated physi-
cal properties.

Magnetic measurements

Direct current (dc) magnetic susceptibility studies were per-
formed on a polycrystalline sample of 3 over the temperature
range T = 2-298 K, in an applied magnetic field B = 0.1 T
(Fig. 5), where y = M/B and M is the magnetisation. At 298 K,
the yuT value of 37.4 cm® mol™" K is in agreement with the
expected value for spin-only contributions to the susceptibility
for a [Mn"™Mn!'] unit (38.25 em® mol™ K, g = 2.0). Upon
cooling, the y\T product decreases slowly until approximately
T = 100 K, wherefrom it decreases more rapidly, reaching a
value of 8.6 cm® mol™" K at 2 K. Variable-temperature-variable-
field (VITVB) magnetisation data (inset of Fig. 5, Fig. S3f)
shows M rising slowly with increasing B, reaching a maximum
value of M = 17.6 up at 7 T but without saturating. Both are
suggestive of the presence of weak, competing exchange inter-
actions dominated by the antiferromagnetic contributions.
The large nuclearity of 3 and the presence of six different
exchange interactions prevents a quantitative analysis of the
susceptibility and magnetisation data. Previously published
Mn complexes of TBC[4] and HgL show that exchange inter-
actions tend to be relatively weak, with Jynmm-mnan being
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Fig. 5 Experimental ymT versus T data for 3 measured in the T =
2-298 K temperature range in an applied field of 0.1 T. Inset: Variable-
temperature-variable-field (VTVB) magnetisation data of 3 at T = 2 K and
B = 0-7 T. The equivalent data for complex 4 is added for comparison.
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weakly ferromagnetic, Jvnap-mna being weakly antiferro-
magnetic  and  Jynaum-mnay ~ being  borderline  anti/
ferromagnetic."®*° In order to investigate this in more detail,
we now turn to theory.

Estimation of magnetic exchange interactions using DFT

For full details of the computational methodology, see the
ESI.{ Analysis of the structures of 3 and 4 reveals a total of six
different exchange interactions (/;-¢), as shown in Fig. 6. The
magnitude and sign of the DFT calculated exchange constants
is provided in Table 1, alongside pertinent structural infor-
mation describing the bond distances and angles in each pair-
wise interaction. In each case the sign and magnitude of the J
values obtained can be easily explained via magneto-structural
correlations previously published for O-bridged Mn"™™ com-
plexes," and are in close agreement with those calculated for
a mixed-valent [Mn'MnY] cage published by Milios and co-
workers.*

For complex 3, the J values are all found to be weakly anti-
ferromagnetic (—0.2 <J < —4.8 cm™ "), with J; the strongest and

Fig. 6 Schematic representation of the six different exchange inter-
actions present in 3 (a) and 4 (b). The corresponding spin-Hamiltonian is
given in the ESI.{
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Js the weakest. J; is mediated between the two central Mn"
ions via two p;-OH bridges, with (short) Mn-O/Mn-Mn dis-
tances of 1.99/3.00 A and (relatively acute) Mn-O-Mn of angles
of 97.7°. The J,-J5 interactions are more weakly antiferro-
magnetic than /; due to the larger Mn-O-Mn angles and
larger Mn-O/Mn-Mn distances present. The value of J,
bridged by a single Mn™-uOR-Mn" unit is comparable to that
of J; due to the large Mn-O-Mn angle (116.0°). Magneto-struc-
tural correlations of such units predict antiferromagnetic
exchange in the range of ~5 cm™".>* Based on these J values
complex 3 has an S = 2 ground state (Fig. S47).

For complex 4, the J values are found to be in a much larger
range, with both ferro- and antiferromagnetic exchange being
observed (+4.1 < J < —40.4 cm™ ). J;, between two central Mn™
ions connected by two p;-OH bridges, is the largest antiferro-
magnetic exchange present due to the small Mn-O-Mn angles
(97.6°) and short Mn-O (1.92 A) and Mn-Mn (2.88 A) dis-
tances. The large J value has been confirmed through calcu-
lations on a dinuclear model complex adapted from the X-ray
structure (Fig. S5T). We note that the JT axes of the two Mn™
ions are oriented parallel to the bridging ligands, which can
be classified as a type I structure based on detailed studies of
the dinuclear {MnJ'(OR),} motif. In this class of interactions, a
large Jor contribution and a negligible Jr contribution are
expected, leading to strong antiferromagnetic coupling, as
observed here.>"**

J» is ferromagnetic in nature, mediated between Mn" and
Mn™ ions via a single w-OR bridge with a short Mn-O
distance (2.03 A) and a large Mn-O-Mn angle (122.8°).
Interestingly, although J; (Mn"-OH-Mn") is mediated via
similar bridging angles and distances as that seen for J, it is
weakly antiferromagnetic in nature, highlighting the impor-
tant role played by the oxidation state of the Mn ion in control-
ling the sign and magnitude of the exchange.

Js, Jo and Js are much more weakly antiferromagnetic in
comparison to J; due to the larger Mn-O/Mn distances and
larger Mn-O-Mn angles present, just as they are in 3. Js,
between two Mn"™ ions bridged by a p;-O ion and a p-OR
group, is weakly ferromagnetic in nature. J5 can be classified
as a type II {Mn}'(OR),} unit in which the JT axes of the Mn™

Table 1 List of DFT calculated exchange interactions, J;_e, for compounds 3 and 4 together with pertinent structural information describing the
bond distances and angles in each pairwise interaction. OL refers to the calix[4]larene O-atoms. The grey shaded rows highlight the exchange inter-
actions, Jy, J» and Js directly affected by the change in oxidation state of the two central Mn ions

1 2
Bridging ligand d(Mn-Mn) (A) Jorr (em™) Bridging ligand d(Mn-Mn) (A) Jorr (em™)
T 113-OH (1.99 A, 97.7°) 3.00 -4.8 T 15-0 (1.92 A, 97.6°) 2.88 -40.4
13-OH (1.99 A, 97.7°) 13-0 (1.92 A, 97.6°)
Iz 11,-OH (2.27 A, 104.1°) 3.58 =il il 2 11,-OR (2.03, 122.8°) 3.51 +3.1
JA j3-OH (2.21 A, 128.4°) 3.98 -0.9 JA p3-OH (2.19 A, 127.3°) 3.92 -1.6
A 13-OH (2.18 A, 102.3°) 3.36 —-0.9 I j3-OH (2.15 A, 101.1°) 3.32 -0.8
11,-OL (2.18 A, 98.8°) 11,-OL (2.18 A, 98.6°)
7 115-OH (2.05 A, 101.1°) 3.16 —0.2 2 15-0 (2.03 A, 101.7°) 3.16 +4.1
11,-OL (2.09, 97.6°) 11,-OL (2.13, 95.8°)
Je 11,-OL (2.02 A, 116.0°) 3.44 —-4.1 Je 11,-OL (2.04 A, 116.4°) 3.45 -5.2

17570 | Dalton Trans., 2021, 50, 17566-17572
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ions are oriented parallel to each other and lying along p-oxo
bridge. This leads to borderline ferro/antiferromagnetic coup-
ling dictated by Mn-O-Mn angle and Mn-O distances. The
highly frustrated nature of the interactions in complex 4 pre-
cludes the identification of an isolated spin ground state.

From these calculations we can conclude that a change in
oxidation state levels from [MnI™Mn}] in compound 4 to
[Mn"™Mn] in compound 3 results in a significant decrease in
the magnitude of some antiferromagnetic exchange contri-
butions (J; = —4.8 ecm™" (3), —40.4 cm™" (4)), a switch from
ferromagnetic to antiferromagnetic in others (J, = —1.1 cm™*
(3), +3.1 em™" (4); Js = =0.2 ecm™" (3), +4.1 cm™" (4)), and the
loss of significant spin frustration. The computed spin density
plots for the high spin state of complexes 3 and 4 are given in
Fig. S6,t with the spin density plots for all the broken sym-
metries computed given in Fig. S7 and 8.7

Conclusions

Altering reaction stoichiometry results in a change in oxidation
state distribution in bis-calix[4]arene supported [Mn;,] cages,
without significantly altering structural topology. DFT calcu-
lations reveal that the shift in oxidation state levels from
Mn{"™Mn}] in compound 4 to [Mn]™n{] in compound 3
results in a significant decrease in the magnitude of some
antiferromagnetic exchange contributions, a switch from ferro-
magnetic to antiferromagnetic in others, and the loss of sig-
nificant spin frustration. Indeed, the change in oxidation state
from Mn™-Mn" to Mn"-Mn" in the central J; interaction
causes a 10-fold change in the magnitude of the exchange
interaction.

These results, alongside those we and others have already
reported in the chemistry of p-"Bu-calix[4]arene and 2,2"-bis-
p-‘Bu-calix[4]arene, suggest that the Mn™'L metalloligand can
be employed as a structure-directing unit capable of encapsu-
lating additional TM (and LnM) moieties in its core. The
ability to construct families of structurally analogous species,
but whose oxidation state distribution, or metal identity,
differs allows for more detailed investigation of the magneto-
structural relationship. This ability underpins the design of
magnetic molecules whose properties can be tuned toward a
specific application. It also has wider design implications for
scientists interested in molecules that can robustly cycle
through multiple oxidation levels in, for example, bioinorganic
chemistry and catalysis.
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