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Owing to their rich redox behavior and strong metal chelating ability, tetraoxolene ligands have been established as one of
the foundational building blocks for multifunctional metal-organic materials. Here, we show how simple and often
overlooked synthetic parameters can be used to control the structures of transition metal and lanthanide-based metal—
tetraoxolene materials across multiple length scales. Through the synthesis of twelve new compounds, we provide a
comprehensive survey detailing how the choice of solvent, initial ligand redox state, and in situ oxidant impact the local
coordination geometry and chain architecture, as well as the crystal size and shape (e.g., rods vs. platelets). This work
represents an important step towards the synthesis of new metal-tetraoxolene materials with predictable architectures
and, therefore, targeted functionality.
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its derivatives, are important building blocks for constructing Rydhbat R,dhba R,dhbg?-
multifunctional metal-organic materials, boasting multiple - -
stable redox states (Fig. 1a), chemical stability, and tunable 8 solvent sterics dictate
binding geometries.2 These ligands have been used to chain geometry
synthesize both porous metal—organic frameworks (MOFs) and

nonporous coordination networks with high electrical /‘M\/ ;M(
conductivities,>™* stimuli-dependent valence tautomerism,>®

and interesting magnetic properties.2>~7 B _ _

A variety of synthetic factors are known to influence the nBRrABIGHENS

local geometry, metal-ligand connectivity, and crystal

morphology of tetraoxolene-based metal-organic chains. For

example, modification of the metal cation identity,*® ligand

substituents,® 1! solvent,®12-14 and/or rate of oxidation,>16 can oxidant dictates

result in profound differences in the ligand binding modes, particle morphology

material geometry, crystallite size, and resulting physical et ol ey il el il o ol
properties. Given the large number of variables, rational oxidant dictates chain geometry
methods for tuning the coordination and material geometry of

metal-tetraoxolene materials are still underdeveloped. In this o, _ ““,w\ zig-zag
work, we aimed to understand the synthetic factors that N RO
influence structural control of metal-tetraoxolene materials

across length scales. Ln3* ‘#.

Previously, our lab reported the synthesis of both linear and x} y

helical iron—tetraoxolene chains using a sterically bulky 2D networks /\!‘/I\ : \}"il\ .

o Department of Chemistry, University of Washington, Seattle, Washington 98195. Fig 1. (a) Redox series for the deprotonated tetraoxolene ligands, R,dhbg™.
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materials formed by combining H4Ph,dhbq with (b) transition metal (TM) ions
and (c) lanthanide (Ln) ions.
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terphenyl-based tetraoxolene ligand, H,Ph,dhbq (2,5-
dihydroxy-3,6-dipheny-1,4-benzoquinone).® These chains could
be synthesized under an inert atmosphere with either Fe'" and
the oxidized 1,4-dihydroxybenzoquinone form of the ligand
(H,Ph,dhbq), or with Fe'' and the fully reduced tetraol ligand
(H4Ph,odhbq). In the case of the linear chain, the use of Fe'" salts
led to oxidative doping. In addition, we found that through
subtle adjustment of the coordinating solvent’s steric profile,
we could predictably control for helical versus linear chain
geometries and dramatically modulate their electronic and
magnetic behavior.

Given our work on iron—tetraoxolene chains, we
hypothesized that the structures of other transition metal and
lanthanide-based tetraoxolene systems may also display a
strong dependence on solvent choice and oxidant identity.
Accordingly, we present the synthesis of a series of eight new
metal-tetraoxolene chains (Mg, Mn, Co, and Zn) with solvent-
controlled linear versus helical geometries, as previously
observed with iron (Fig. 1b). We further show that multiple
oxidants can be employed for the in situ oxidation of our ligand
during synthesis, including air and, for the first time, Mn"
cations. The use of Mn'" leads to a dramatic change in the crystal
shape, altering the morphology from long rods to hexagonal
platelets (Fig. 1b). Finally, we extend this study to include
trivalent lanthanide metals, reporting four new lanthanide
structures that reveal oxidant-dependent geometric control
between zig-zag 1D chains and 2D networks (Fig. 1c). Together,
these results highlight how simple and often overlooked
synthetic parameters, including the initial ligand redox state,
oxidant identity, and solvent selection, play critical roles in the
formation of tetraoxolene-based materials.

Results and discussion
Synthesis of transition metal chains

Our lab has previously shown that single crystals of 1D metal—
organic chains can be synthesized by reacting Fe' salts with the
oxidized dihydroxybenzoquinone form of our tetraoxolene
ligand (H,Ph,dhbg) under an inert atmosphere.® In these
syntheses, the chains adopt either a linear or helical structure
based on the steric bulk of the amide solvent. A bulkier solvent
such as dimethylacetamide (DMA) favors coordination of the
solvent molecules in a trans geometry and a linear chain
structure, whereas a smaller solvent such as
dimethylformamide (DMF) favors a cis geometry and a helical
chain structure. We hypothesized that isostructural chains
could be synthesized from alternative transition metals such as
manganese. Reactions between manganese(ll) nitrate and the
oxidized H,Ph,dhbqg in DMA or DMF under an inert atmosphere
resulted in the formation of microcrystalline solids composed of
poorly defined, intergrown particles as observed by scanning
electron microscopy (SEM) (Fig. S13). Employing the pre-
oxidized form of our tetraoxolene ligand likely facilitates rapid
nucleation of the chains, leading to a high degree of crystallite
intergrowth and small crystallite sizes.

2| J. Name., 2012, 00, 1-3

We anticipated that discrete single crystals of our desired
chains could be synthesized from Mn'" and the fully reduced
tetraol form of the ligand (H4Ph,dhbq), utilizing atmospheric
oxygen to slowly oxidize the ligand in situ. We found that
layering a methanolic solution of manganese(ll) nitrate over a
solution of H4Ph,dhbg in DMA in air readily yields diffraction-
quality single crystals of the linear chain, trans-
Mn(Ph,dhbq)(DMA),, which were analyzed by single crystal X-
Ray diffraction (SCXRD). The crystal structure of trans-
Mn(Ph,dhbqg)(DMA), confirms the presence of six-coordinate
manganese nodes that are bound to two axial DMA molecules
and bridging bis-bidentate Ph,dhbg?~ ligands to form a linear
chain structure (Fig. 2a). The bite angle of the tetraoxolene
ligands results in moderately compressed equatorial O—Mn—-0
bond angles of 75.42(7)° within each Mn(Ph,dhbq) chelate ring,
while the axial bond angles average 90(6)°, overall giving rise to
a quasi-octahedral metal geometry. As hypothesized, the local
chain structure also closely resembles that of trans-
Fe(Ph,dhbqg)(DMA),.¢ Indexing and unit cell refinement of trans-
Mn(Ph,dhbq)(DMA), reveal a primitive monoclinic lattice and
space group of P 2;/c. Bond length analysis reveals an average
equatorial Mn—-0 bond length of 2.151(9) A, consistent with
Mn" nodes in similar coordination enviroments.'3 Accordingly,
an average tetraoxolene C-O bond length of 1.2615(17) A
demonstrates that the ligands are oxidized to the expected
Ph,dhbg? oxidation state.®

Switching to the less sterically encumbered amide solvent,
we find that layering a methanolic solution of manganese(ll)
nitrate over a solution of HsPh,dhbqg in DMF in air yields single
crystals of the helical chain, cis-Mn(Ph,dhbq)(DMF),, which
were analyzed by SCXRD using a synchrotron X-ray source. The
resulting data shows that the manganese sites remain quasi-
octahedral, but the bridging Ph,dhbg?  ligands and DMF
molecules now coordinate cis to one another, prompting the
chains to adopt a helical configuration (Fig. 2a). The structure
also closely matches cis-Fe(Ph,dhbq)(DMF),, with an identical
trigonal crystal system and P 3, space group, as well as similar
unit cell parameters. Like the linear chain, bond length analysis
of cis-Mn(Ph,dhbqg)(DMF), is consistent with Mn'" and
Ph,dhbg?~ oxidation states, with an average manganese—
tetraoxolene Mn—0 bond length of 2.119(18) A and an average
tetraoxolene C—-0 bond length of 1.242(17) A. Following cis-
Fe(Ph,dhbq)(DMF),, this represents the second report of a
chiral 1D chain synthesized from 1,4-dihydroxybenzoquinone or
any of its substituted derivatives.

While the aforementioned layering procedures facilitate the
formation of the largest single crystals, we found that heating
manganese(ll) nitrate and H4Ph,dhbq in either neat DMA or
DMF in the presence of air also give rise to single crystals of
trans-Mn(Ph,dhbq)(DMA), and cis-Mn(Ph,dhbq)(DMF),. This
heating procedure is more readily scaled, and the PXRD
patterns match the calculated patterns from the single crystal
structures of trans-Mn(Ph,dhbq)(DMA), and cis-
Mn(Ph,dhbq)(DMF), (see Figs. $9—-10). However, we do observe
a notable reduction in crystal size. In the case of trans-
Mn(Ph,dhbqg)(DMA),, we see a reduction in average crystal
length from 80.3 + 75.2 um to 28.8 + 14.6 um when switching

This journal is © The Royal Society of Chemistry 20xx
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Fig 2. (a) Synthetic scheme and single crystal structures of trans-Mn(Ph,dhbq)(DMA), and cis-Mn(Ph,dhbq)(DMF),. Thermal ellipsoids are rendered at the 50% probability
level. Mn, C, N, and O atoms are represented by purple, grey, blue, and red, respectively. Hydrogen atoms have been omitted for clarity. (b) PXRD patterns for linear (left)
and helical (right) transition metal chains compared to the calculated PXRD patterns of trans-Mn(Ph,dhbg)(DMA), and cis-Mn(Ph,dhbq)(DMF),, respectively. SEM images of
trans-Mn(Ph,dhbq)(DMA), synthesized from (c) Mn" in layered MeOH/DMA at room temperature in air, (d) Mn" in DMA with heating in air, and (e) Mn"'in DMA with heating

under an inert atmosphere.

from the layered to the heated synthetic procedure (Figs. 2c—
d). In the case of cis-Mn(Ph,dhbqg)(DMF),, we see a reduction in
average crystal length from 38.7 + 18.2 um to 22.9 £+ 7.6 um
between the layered and heated procedures (Figs. S14—15).

Given the pronounced effect of the initial ligand redox state
and oxidant identity on crystallite size, we wondered if we could
finely calibrate the crystal morphology by employing alternative
chemical oxidants under an inert atmosphere. We hypothesized
that Mn"! ions could act as both an in situ oxidant and metal
source during synthesis, similar to our previous chain syntheses
using Fe''.¢ Indeed, we found that heating Mn(acac); (acacl™ =
acetylacetonate) with the reduced H4Ph,dhbg in DMA or DMF
yields microcrystalline solids, and the PXRD patterns match the
calculated patterns from the single crystal structures of trans-
Mn(Ph,dhbqg)(DMA), and cis-Mn(Ph,dhbqg)(DMF), (Figs. $9-10).
Unexpectedly, the crystals synthesized using Mn"' have
dramatically different aspect ratios than the long rods formed
in air. The trans-Mn(Ph,dhbqg)(DMA), chain instead adopts a
hexagonal platelet morphology (Fig. 2e), with an average
diameter of 8.97 £ 1.32 um and thickness of 4.66 £ 0.87 um. The
cis-Mn(Ph,dhbq)(DMF), chain forms short rod-like crystals (Fig.
S$16), with an average diameter of 17.6 + 4.4 um and thickness
of 15.2 + 5.9 um. We note that this result may be relevant for
the morphological control of oxolene-based MOFs, a topic that
has received heightened attention given the impact of crystal
morphology on mass and charge transport.17:18

Having demonstrated that both manganese and iron salts
readily give rise to single crystals of our desired metal—

This journal is © The Royal Society of Chemistry 20xx

tetraoxolene chains, we anticipated that isostructural chains
could be accessed with other transition metals. Screening
reactions in DMA with other first-row transition metals such as
Co and Zn, and alkaline earth metals such as Mg, we found that
in all cases we could readily obtain microcrystalline solids with
PXRD patterns that closely resembled trans-
Mn(Ph,dhbq)(DMA), (Fig. 2b). Pawley refinement of the unit
cell dimensions further confirmed the similarity in structure
(Table S5). Similar reactions in DMF with Co, Zn, and Mg also
yielded microcrystalline  solids that resembled cis-
Mn(Ph,dhbq)(DMF), by PXRD, which was further confirmed via
Pawley refinement (Fig. 2b and Table S6).

Synthesis of lanthanide chains and coordination networks

It has previously been shown that metal-tetraoxolene MOFs
can be synthesized from lanthanide ions, and the resulting
structures can differ from their transition metal—tetraoxolene
counterparts due to the increased ionic radius and capacity for
expanded coordination numbers.®#1922 As such, we
hypothesized that Ln"' metal ions might allow us to access
metal-organic chains akin to those reported with H;Ph,dhbq
and later-period alkaline earth metals,?324 as well 2D phases
akin to those more recently observed with Ln" and bulky tert-
butyl substituted tetraoxolene ligands.?>

We found that heating a solution of neodymium(lll) nitrate
with the reduced H4Ph,dhbg in DMF under an inert atmosphere
affords diffraction-quality single crystals of a neodymium—

J. Name., 2013, 00, 1-3 | 3
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tetraoxolene chain with the formula Nd(Ph,dhbq)(DMF)3(NO3).
To the best of our knowledge, this is the first report of a 1D
lanthanide chain synthesized from 1,4-dihydroxybenzoquinone
or its substituted derivatives.

The structure of Nd(Ph,dhbq)(DMF)3(NO3) reveals a zig-zag
chain geometry with nine-coordinate metal centers bound to
two bridging bis-bidentate Ph,dhbg?~ ligands, one bidentate
nitrate anion, and three oxygen-coordinated DMF molecules
(Fig. 3a). Bond length analysis confirms an average Nd—O bond
length of 2.443(19) A between the metal center and
tetraoxolene ligands, which is consistent with the expected Nd—
O bond length of 2.51(9) A for nine-coordinate Nd".26 We also
observe an average tetraoxolene C—O bond length of 1.260(3)
A, again demonstrating the successful in situ oxidization of our
ligand to the desired Ph,dhbqg?™ state. It is unclear if this ligand
oxidation is facilitated by the nitrate counterions or
adventitious oxygen. However, we note that reactions with
neodymium(lll) chloride under otherwise identical reaction
conditions yielded no solid products, even after weeks of
heating, suggesting the nitrate counterion is necessary for chain
formation. We also note that preliminary PXRD data suggests
the same structure can be obtained by heating neodymium(lll)
nitrate with pre-oxidized H,Ph,dhbqg in DMF under an inert
atmosphere, but with a smaller crystallite size (Fig. S11).

Given the similar reactivity across the lanthanide series, we

proposed that isostructural analogs of
a
Nd(NO3),
DMF

Intenisty (a.u.)

L Nd (calc'd)

10 15 20 25 30 35
26 (degrees)

Fig 3. (a) Synthetic scheme and single crystal structure for
Nd(Ph,dhbq)(DMF),(NOs) zig-zag chains. Thermal ellipsoids are rendered at the
50% probability level. Nd, C, N, and O atoms are represented by yellow, grey,
blue, and red, respectively. Hydrogen atoms and tetraoxolene phenyl
substituents have been omitted for clarity. (b) PXRD patterns of isostructural
Gd and Sm chains in comparison to the calculated PXRD pattern of
Nd(Ph,dhbq)(DMF);(NOs).
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Nd(Ph,dhbqg)(DMF),(NO3;) could be synthesized using
alternative lanthanide(lll) nitrate salts. While La, Tb, Tm, and Yb
yielded either no solid products or microcrystalline solids with
unidentifiable PXRD patterns, Sm and Gd both yielded small
single crystals with PXRD patterns that matched the calculated
pattern of Nd(Ph,dhbq)(DMF),(NOs), indicating that we can
access 1D zig-zag chains from at least three different lanthanide
precursors (Fig. 3b). Pawley refinements were carried out to
determine precise unit cell dimensions of the Sm and Gd
analogues, which are tabulated in Table S7.

Preliminary attempts to modulate the neodymium chain
structure using DMA proved unsuccessful. Heating a solution of
neodymium(lll) nitrate with H4Ph,dhbqg in DMA resulted only in
the formation of an amorphous precipitate. Given that there are
three  solvent  molecules per  metal center in
Nd(Ph,dhbq)(DMF)3(NO3), it is possible that the incorporation
of three DMA molecules per neodymium is too sterically
demanding to yield a crystalline chain structure.

Surprisingly, attempts to synthesize Nd chains using slow
aerial oxidation led to the formation of a new phase. The
reaction between neodymium(lll) nitrate and reduced
H4Ph,dhbq in the presence of air afforded a microcrystalline
solid with a PXRD pattern that did not match that of
Nd(Ph,dhbq)(DMF)3(NO3). Subsequent reactions between
neodymium(lll) chloride and reduced H4Ph,dhbg in the
presence of air afforded single crystals of a 2D coordination
network with the formula, Nd,(Ph,dhbq)s;(DMF)e, which were
analyzed by SCXRD (Fig. 4). The calculated PXRD pattern from
this structure appears to match the preliminary PXRD pattern
from the reaction with neodymium(lll) nitrate and reduced
H4Ph,dhbqg in air, allowing us to retroactively identify that

Nd,(Ph,dhbq),(DMF)g 2D network

Fig 4. Synthetic scheme and resulting single crystal structure of the 2D
coordination network with the formula Nd,(Ph,dhbq);(DMF)s. Nd, C, N, and O
atoms are represented by yellow, grey, blue, and red, respectively. Hydrogen
atoms have been omitted for clarity. In the magnified portion of the structure,
ellipsoids are rendered at the 50% probability level and tetraoxolene phenyl
substituents have been omitted for clarity.

This journal is © The Royal Society of Chemistry 20xx
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material to be Nd,(Ph,dhbq)s;(DMF)e (Fig. S12).

SCXRD data for Nd,(Ph,dhbq);(DMF)e, collected using a
synchrotron X-ray source, reveals nine-coordinate neodymium
metal centers, each with three bis-bidentate bridging Ph,dhbqg?-
ligands and three oxygen-bound DMF solvent molecules. The
structure is composed of zig-zag chains cross-linked by
additional Ph,dhbg?~ ligands to form 2D sheets within the
crystallographic ac plane. The interlayer spacing is relatively
large due to the steric bulk of the ligand’s phenyl substituents,
measuring 14.668(7) A between neodymium atoms on adjacent
sheets. The average neodymium-—tetraoxolene Nd—O bond
length of 2.47(4) A is consistent with oxygen-bound Nd'.
Additionally, the tetraoxolene ligand is fully oxidized to the
expected Ph,dhbg?~ state, as confirmed by an average C-O
bond length of 1.265(14) A. The formation of this 2D phase
highlights the sensitivity of lanthanide—tetraoxolene materials
to the initial ligand redox state and oxidant identity.

Conclusions

In summary, we have shown that the choice of solvent, initial
ligand redox state, and in situ oxidant strongly impacts the
underlying structure and overall crystal morphology of
tetraoxolene-based extended materials. In the context of first-
row transition metals, we have seen that small changes in
solvent sterics dramatically modulate the chain geometry
between linear and helical. Perhaps the most surprising finding
is the sensitivity of the crystal morphology to the choice of
oxidant. For manganese chains, the use of air versus Mn'" as the
in-situ oxidant dramatically changes the crystal shape, from
long rods to hexagonal platelets.

While the structure of lanthanide-tetraoxolene materials
appear to be less sensitive to solvent sterics, they are highly
sensitive to oxidant identity, often in an unpredictable manner.
For example, changing the ligand redox state and oxidant
identity modulates between the formation of 1D chains versus
2D coordination networks. Similar sensitivity has been
previously observed in iron—oxolene materials, where either 2D
or 3D coordination networks are obtained depending on the
initial redox state of the ligand.?” Together, these results
emphasize the importance of canvassing multiple ligand redox
states, oxidant combinations, and solvent identities to fully
understand the rich phase space of tetraoxolene-based
materials.

Experimental

The tetraoxolene ligands, H,Ph,dhbg and H;Ph,dhbqg, were
synthesized as previously reported.® The synthesis of all other
materials are described in detail in the Supporting Information.
Powder X-ray diffraction (PXRD) data were collected on a Bruker
D2 PHASER benchtop diffractometer. Standard single-crystal X-
ray diffraction (SCXRD) data were collected on a Bruker APEX Il
single crystal diffractometer with a Mo radiation source.
Synchrotron SCXRD data were collected at Beamline 12.2.1 at
the Advanced Light Source, Lawrence Berkeley National Lab.

This journal is © The Royal Society of Chemistry 20xx
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Additional details, including details regarding the solution and
refinement of SCXRD data, are described in the Supporting
Information.
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