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Abstract

Controlling the connectivity of coordination polymers is an important scientific goal, as the
physicochemical properties of these compounds are often intimately linked to the network
topology. Using redox-active methyl viologen (MeV?*) countercations, a series of one-, two- and
three-dimensional anionic coordination polymers are described in which Mn" or Cd" centers are
bridged with tetraoxolene ligands derived from 3,6-dihalo-2,5-dihydroxy-1,4-benzoquinone
(H,Xan, X =F, CI). Using MeV?* countercations and either Mn" or Cd", yields non-porous anionic
diamond networks of general composition (MeV)[M(Clan),], in which 8-coordinate divalent metal
centers are linked by Clan* ligands. Changing the solvent mixture from acetone/water to
acetonitrile/water (MeCN/H,0) affords the same product in the case of Cd", but for Mn! an anionic
2D honeycomb network with composition (MeV)[Mn,(Clan);]-6MeCN is obtained. In contrast, the
use of Fan?>~ ligands affords 1D ladder-type anionic coordination polymers
(MeV)[M,(Fan);(H,0),] (M = Mn", Cd"), despite the chemical and structural similarity of Fan*-
and Clan?- ligands. In the case of the diamond and 2D networks, MeV?* countercations play a key
structural role, arising from C—H:--O hydrogen bonding extending from the cation to the anionic
network. For the 1D ladder-type structures formed with Fan?>-, O—H:--O hydrogen bonding between
anionic [My(Fan);(H,0),]* ladders is largely responsible for directing crystal packing. For these
compounds, MeV?* cations play a more nuanced structural role, only occupying void space

between layers of H-bonded anionic [M,(Fan);(H,0),]?>- ladders.



INTRODUCTION

Crystalline coordination polymers and metal-organic frameworks (MOFs) have shown
significant promise for application in gas storage and separation,'”® reaction catalysis,*> sensing
7 and as porous magnetic®!® and electrically conductive materials.!""!* The potential to tailor the
structure, porosity, and functionality of coordination polymers, through judicious selection of
constituent metals and ligands, represents a key advantage compared to traditional inorganic
materials. Although many properties such as electrochemical reversibility, magnetic ordering and
catalytic activity are directly linked to the identity of the constituent metals and ligands, the
coordination polymer topology can also have a considerable effect upon the material’s properties.
Most obvious is the major impact topology has upon pore geometry and surface area, however
long-range magnetic ordering and electrical conductivity are also particularly sensitive to the

network connectivity.

The effect of topology on physical properties is exemplified in by the series of magnetic anionic
bimetallic oxalate [M"M"(0x);]- (M" = Mn, Fe, Co, Ni, Cu, Zn; M = Cr, Fe; ox> = oxalate)
networks. The topology of the networks is readily varied by changing the charge-balancing
countercations.'* 15 Alkylammonium countercations afford 2D layered (6,3) honeycomb (hex)
networks,'®- 17 whereas the bulkier [Z(2,2'-bpy);]** (Z = Fe, Co, Ni, Ru; 2,2"-bpy = 2,2'-bipyridine)
or [Z"Cp*]* (Z = Fe, Co; Cp* = pentamethylcyclopentadienyl) cations help template chiral 3D
(10,3)-a (srs) networks.!®2° Although the 2D and 3D networks have equivalent [M™M!"(0x);]-
network formulations and therefore metal coordination environments, spontaneous magnetic
ordering typically occurs at markedly higher temperatures in the 2D layered networks (up to 7. =
48 K for ("Hx4N)[Fe'Fe''(0x);], "Hx,N* = tetra-n-hexylammonium)!” compared to the 3D networks

(T. = 6.6 K for [Fe'(2,2"-bpy);][Co"Cr'(0x);](C1O,)).2° This disparity is ascribed to different



alignments of the magnetic anisotropy axes between the 2D and 3D materials,?! thereby
demonstrating the importance of controlling network topology to obtain materials with desirable
physical properties.

Tetraoxolene ligands derived from 2,5-dihydroxy-1,4-benzoquinone (H,dhbq) and the 3,6-
disubstituted analogues (termed anilic acids, H,Xan, X = F, Cl, Br, I, CN, NO, etc.) have been
widely used to synthesize a variety of coordination polymers,'*>2>2® and also possess properties
that allow the generation of porous electrically conductive and magnetic materials.!> Tetraoxolenes
can exist in three common redox states when coordinated to metal centers: the dianionic quinonoid
form (dhbg?- or Xan?"); a paramagnetic semiquinonoid trianion (dhbq*~ or Xan*); and an aromatic
tetraanion (dhbg*- or Xan*") state (Scheme 1).*-*! The semiquinonoid dhbg*~ or Xan?— states
mediates strong magnetic exchange between paramagnetic metal centers,* in contrast to the closed
shell dhbg?*/Xan?* and dhbqg*/Xan* forms.?*:3! Therefore materials which contain the dhbg*— or
Xan** forms can exhibit spontaneous magnetic ordering*>*” or single-chain magnetism.’: % In
addition, tetraoxolene coordination polymers with intrinsic mixed valency, due to the presence of
both dhbq?/Xan?- and dhbg*—/Xan*~ redox states, are electrically conductive because intervalence
charge transfer (IVCT) between the different ligand valence states provides a pathway for long-

range charge transport.32: 34.40-44

Scheme 1. Redox states of the tetraoxolene ligands (X = H, F, Cl, Br, I, CN, NO, etc.) (upper) and

structure of the N,N'-dimethyl-4 4'-bipyridinium (methyl viologen, MeV?*) cation (lower).
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Myriad tetraoxolene coordination polymers have been synthesized including: 1D linear strips,*:
46 zig-zag ?’-¥ crankshaft,*” and ladder-like chains;* 2D neutral?-28-4>-5* and anionic sheets;?- 2433
36.38.40.52.54-60 and 3D neutral and anionic networks.?:41:43.52.61-63 Degpite the structural diversity of
tetraoxolene coordination polymers, the 2D (6,3) honeycomb (hex) and 3D (10,3)-a (srs)
topologies still predominate amongst anionic tetraoxolene coordination polymers where d-block
metal centers serve as 3-connecting nodes.'>:32 The size, shape and charge of countercations play
a key structure directing role with respect to the network topology and geometry adopted by
anionic tetraoxolene coordination polymers.!3: 52 34 3-61 Ag expected, N-H:-O hydrogen bonds
extending from alkylammonium cations e.g. Et,NH,* or Me,NH,*, to O atoms of the tetraoxolene
ligands have a considerable effect on the resulting structure.*% Although C—H---O hydrogen bonds
extending from alkylammonium cations, e.g. Me.N* or Et.N*, are significantly weaker, they are

also capable of impacting on the overall structure.>*-%

Functional and/or redox-active cations have remarkably been seldom used as countercations for
anionic metal-tetraoxolene compounds % so the ability of such cations to influence the structure
and properties of tetraoxolene coordination polymers is largely unknown. Quaternized
bipyridinium cations, termed viologens, are a particularly interesting class of functional cation,”

that have been widely incorporated into a range of materials such as electrochromics’ 7 and



molecular switches.”* " This stems largely from the tunable redox activity of viologens,”®”” and
their ability to engage in supramolecular heterophilic charge-transfer interactions with s-electron
rich species,”® 7 and homophilic radical-radical interactions.®’: 88 We recently introduced an
approach using viologen-like redox-active countercations to guide assembly of a mixed-valence
Fe—tetraoxolene coordination polymer.?* In this case, the close face-to-face association of the
electron-deficient viologen countercation with the anionic tetraoxolene network caused partial
localization of the electron-rich semiquinonoid Clan®— state of the ligand in the anionic network.
This behavior contrasts with mixed-valence Fe—tetraoxolene frameworks using redox-inactive
alkylammonium countercations, which typically exhibit complete delocalization of the Xan?- and
Xan®™ states.>33:41-43.59 Herein, we report a further exploration of the structural effect that redox-
active N,N'-dimethyl-4,4'-bipyridinium (methyl viologen, MeV?*, Scheme 1) cations exert on

anionic tetraoxolene coordination polymers involving Mn and Cd metal centers.

RESULTS AND DISCUSSION

The Mn" and Cd" framework materials were synthesized by carefully layering aqueous solutions
of metal nitrate, methyl viologen ditosylate (MeV(OTs),) and LiOAc-2H,0, below organic solvent
solutions of the reduced forms of fluor- or chloranilic acid, 3,6-difluoro-1,24,5-
tetrahydroxybenzene  (H,Fan) and  3,6-dichloro-1,2 4 5-tetrahydroxybenzene  (H,Clan)
respectively. Crystals appeared on the vial walls in addition to the vial bottom within two days,
which were harvested after seven days. Employing a similar synthetic approach used in our
previous work,** %! involving slow aerial oxidation of H,Xan to the active H,Xan form under
slow diffusion conditions, a crystalline product suitable for single crystal X-ray diffraction (SC-

XRD) was produced. In the case of the chloranilate-based coordination polymers both 2D and 3D



networks were obtained. In contrast, the fluoranilate-based products are exclusively 1D
coordination polymers. The formation of the various compounds described in this report is
indicated in Scheme 2.

Scheme 2. Metal-tetraoxolene coordination polymers formed in the presence of methyl viologen

I_ M2+ + H4Xaln + MeV2+—|

X=Cl X = CI X=F
Acetone/H,O M = Mn, Cd MeCN/H-O M =M MeCN/H,0
MeCN/H,O M = Cd e n M = Mn, Cd
Diamond networks 6,3 network 2a, Ladders
1mn and 1¢q4 and diamond 3Mn» 3cqand
network 1y, chain, 4¢4

Chloranilate Coordination Polymers

An aqueous solution of MeV(OTs), and Mn'(NO;),4H,0 layered below an acetone solution of
H,Clan, yielded bright red elongated octahedra of composition (MeV)[Mn(Clan),] (1yn). The use
of Cd"(NO;),*4H,0 in place of Mn''(NO;),:4H,0 afforded the isostructural diamagnetic analogue
(MeV)[Cd(Clan),] (1¢cq). The compound 1¢q4, could also be obtained when an MeCN-H,0O solvent
system was employed, but the same solvent mixture failed to yield 1y,, producing instead crystals
of composition (MeV)[Mn,(Clan);]-6MeCN (2a). The unpredictable effect of solvent on the course
of the reaction, under otherwise equivalent reaction conditions, highlights the delicately balanced

nature of the supramolecular interactions which govern coordination polymer assembly.

The structures of 1yn and 1cq were determined by single-crystal X-ray diffraction (SC-XRD)
(Table S1), with the crystalline phase purity of bulk samples of 1y, and 1cq (synthesized using

either acetone—H,O or MeCN-H,O solvent systems) determined by P-XRD analysis (Figure S1 &



S2). The solvent-free nature of 1y, and 1¢q4 was confirmed by a combination of FT-IR spectroscopy
(Figure S3) and elemental analyses. Thermogravimetric analyses (TGA) confirmed the absence of
solvent and also revealed that each of the network materials remained thermally stable until a

temperature of 300 °C (Figure S4).

A satisfactory structure solution and refinement was obtained for compounds 1y, and 1¢q in the
orthorhombic space group, Fddd. The asymmetric unit consists of a Clan?- ligand residing on an
inversion center, and a divalent metal center and a charge-balancing MeV?* cation. Both the metal
center and methyl viologen are located on sites of 222 symmetry. The C-O and diagnostic C—C
ligand bond lengths in both 1y, and 1¢4 are consistent with the expected quinonoid Clan?- form of
the ligand (see SI for detailed analysis of bond distances). Similarly, analysis of the C—C and C—
N bond for the MeV?* moieties in 1y, and 1¢q compared to known structures of MeV?2+82:83 and
MeV+ %84 supports assignment of the aromatic dicationic oxidation state of MeV?* (Figure S6 and

Table S3, see ESI for extended discussion).

Each Mn'" center in 1y, is coordinated by four crystallographically equivalent, chelating Clan?-
ligands (Figure 1a) and adopts a slightly distorted triangular dodecahedral coordination geometry
as indicated by calculation of the Continuous Shape Measure (CShM) parameter®>-% (Table S2).
The chelation of each of the Clan?- ligands is asymmetric with Mn—O distances of 2.1674(12) and
2.4869(12) A. The Mn! center lies 0.679(4) A away from the plane of the 6-membered ring of
each Clan?- ligand. A similar asymmetric chelation geometry is apparent in 1¢q4, although not to
the same extent as in 1y, (dcao = 2.273(2) and 2.512(2) A). The coordination geometry in 1¢q is
closer to that of a perfect triangular dodecahedron (Table S2), with the Cd" centers residing

0.738(5) A outside the mean plane of the 6-membered ring of the Clan2- ligand.



Each metal ion in 1y, and 1¢q acts as a 4-connecting node in a 3D diamond (dia) network, by
linking to four symmetry-related metal centers through bridging Clan?- ligands. A representation
of the adamantane-type unit in the [Mn(Clan),]*~ network is presented in Figure 1b. While the
diamondoid topology is amongst the most prevalent 3D topologies exhibited by coordination
polymers and metal-organic frameworks (MOFs) % 3D diamondoid metal-tetraoxolene
frameworks are relatively rare. To date, diamondoid tetraoxolene networks have only been
observed using (pseudo)lanthanoid (Y™, Ho™, Ce! or Er')2 52 62 actinoid (Th')?® or post-
transition metal (Bi'™)* centers. In 1y, and 1¢q, the relatively large ionic radii of Mn" and Cd" (0.97

A and 1.09 A respectively) allows for the accommodation of four Clan?- around each metal center.




Figure 1. (a) The 8-coordinate environment around Mn nodes in ly,. (b) Ball-and-stick
representation of the adamantane unit of the [Mn(Clan),]*- network in 1y,. Magenta = Mn, green

=Cl, red = O, and black = C.

A charge-balancing, MeV?* cation resides at the center of the adamantane-type unit, with the
long axis of the cation oriented parallel to the crystallographic ¢ axis (Figure 2a & Figure S7). The
cation is distorted from planarity with the two aromatic rings rotated relative to each other around
the central C—C bond. The anionic [Mn(Clan),]?>~ network forms a close embrace around the MeV?*
countercations (Figure 2b) involving multiple C—H:--O interactions. The most significant contacts
occur between the pyridinium rings of MeV?* and the O donor atoms of the Clan?- ligands (Figure
2¢; dy..o = 2.555-2.758 A for 1y, and dy..o = 2.530-2.652 A for 1cq; @ summary is provided in
Table S7). These interactions appear to be responsible for relative rotation of the pyridinium rings
around the central C—C bond of MeV?* moieties (39.4° for 1y, and 39.7° for 1¢4), and for the close
contact between the Cl atom of Clan?- with the n-system of the MeV?* (d.., = 3.386 A for 1mn and

3.439 A for 1cg).

The shape and size of the MeV?" cation, and its strong electrostatic attraction for the anionic
network is likely to be responsible for the distortion from the ideal diamond network. In 1y, the
Mn-Mn separation across bridging Clan?- ligands is 8.356 A. For an ideal diamond net with
regular tetrahedral centers separated by 8.356 A, the dimensions of the adamantane unit (and cell
dimensions), would be 19.297 x 19.297 x 19.297 A, with a corresponding cell volume of 7186 A3.
The dimensions of the adamantane unit of 1y, defined by orthogonal Mn---Mn separations, match

those of the orthorhombic unit cell of 1yy i.e. 18.041 x 10.061 x 26.277 A, with a 34% reduction
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in cell volume from the ideal value, to 4770 A3. The contraction of the idealized b axis length from
ca. 19.3 to 10.1 A is likely to result from the attraction between the anionic network and the
approximately rod-shaped MeV?* cation. This strong electrostatic attraction between the network
and the MeV?" cations brings C—H groups from MeV?* into close proximity with O atoms of the
network, leading to multiple C—H---O interactions (Figure 2c) and producing a relatively dense,
non-porous crystal. The long separation of 26.277 A corresponds to the distance across the
adamantane unit coinciding with the long axis of the MeV?* (Figure 2a). In the case of 1¢q a
corresponding cell volume reduction from 7643 to 4870 A3 represents a decrease of 36%. Each
MeV? cation also protrudes slightly through the chair-like conformation windows into adjacent
adamantane voids (Figure 2d), producing a relatively dense, non-porous crystal. The location and
interactions of MeV?* in 1y, and 1¢q contrasts with our previous work, in which a viologen-like
1,10-phenanthroline-derived dication engaged with strong Coulombic and charge-transfer

interactions with st-electron rich Clan*~ ligands in a mixed-valence Fe—chloranilate framework.**
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Figure 2. (a) Ball-and-stick and (b) spacefilling representations of the interactions between MeV?*
cations (purple) and the anionic [Mn(Clan),]* network of 1y, (tan). (c¢) C—H---O interactions (dash
grey) between MeV?* (purple) and the anionic [Mn(Clan),]* network (tan). Cl atoms omitted for
clarity. (d) Packing of the MeV?* cations (purple) within the adamantane voids of the diamondoid
[Mn(Clan),]*>- network of 1y,. Only the topological representation of the anionic [Mn(Clan),]*-
network (tan) is shown for clarity. Magenta = Mn, green = CI, red = O, blue = N, black = C, and

pale pink = H.
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In contrast to 1cq, which can be synthesized using either acetone—H,O or MeCN-H,O solvent
systems, a reaction involving Mn''(NOs),, MeV(OTs), and H,Clan with an MeCN-H,O solvent
system yields reddish-brown plates of the 2D coordination polymer (MeV)[Mn,(Clan);]-6MeCN
(2a). Structure determination using SC-XRD indicated the triclinic P-1 space group (Table S5).
P-XRD analysis conducted on an MeCN slurry of 2a (to preserve the solvation state) shows good
agreement between the experimental pattern and that predicted from SC-XRD analysis (Figure
S8); the slight mismatch in lattice parameters is ascribed to thermal expansion of the unit cell,
noting the differing temperatures used between SC-XRD and P-XRD measurements. The
asymmetric unit of 2a includes one Mn!! center and three well-ordered MeCN molecules, each
located on general positions. In addition, the asymmetric unit contains three inequivalent Clan®"
ligands (L1, Lz and L3) and a charge-balancing MeV?2" cation, each of which is located on a center
of inversion, giving a contribution of one half each in the asymmetric unit. The presence of well-
ordered MeCN molecules in the crystal structure suggests this solvent plays a role in templating
the structure. The Mn" centers adopt a slightly distorted octahedral coordination environment
formed by six O donor atoms of bridging bis-bidentate Clan?- ligands. The mean dy, o = 2.174(1)
A is consistent with Mn! while the mean ligand dc o (1.256(1), 1.256(1) and 1.258(1) AforL, L,
and L; respectively) and dc ¢ (1.541(2), 1.541(2) and 1.537(2) A for L, L, and L; respectively)
values indicate the Clan?>" valence state, as was the case in the diamond networks described above.
Comparing the dcc and dc y values between the MeV?* moieties in 2a, and MeV?* and MeV*
structures reported in literature (Figure S6 and Table S4), supports assignment of the MeV?*

valence state in 2a.

The structure of 2a consists of anionic 2D [Mn,(Clan);]*- sheets in which 3-connecting Mn"

centers are linked via bis-bidentate Clan?- ligands. Each Mn" center, of either A or A configuration,
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links to three other Mn!" centers of the opposite configuration, affording a [Mny(Clan);]*
honeycomb (6,3) (hex) network (Figure 3a). The [Mn,(Clan);]*- sheets, which lie parallel to the
crystallographic (111) plane, stack upon each other with a separation between mean planes of
7.033 A (Figure 3b). Compared to trigonally symmetric (6,3) networks for which alkylammonium
cations serve as counterions e.g. (Cat),[M,(Xan);] (M = Zn, Mn, Fe; X = F, Cl; Cat = Me,N*,
Et,N*),%¢-42.5 the Mn--Mn--Mn angles in the anionic sheets of 2a are significantly distorted from
120°, to 115.09°, 130.20° and 114.46°. The distorted 2D network is likely due to the interactions

between MeV?* cations and the anionic [Mn,(Clan);]*~ network.
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Figure 3. The anionic (6,3) honeycomb [Mn,(Clan);]*>- sheets in 2a viewed along (a) the
crystallographic a axis, and (b) the plane of the anionic sheets parallel to the crystallographic (111)

plane. Magneta = Mn, green = Cl, red = O, and black = C.

Each MeV? cation is neatly sandwiched between two L; Clan*- ligands from anionic sheets
above and below (Figure 4a & b, Figure S9). This arrangement produces an alternating stacking
motif of Clan?- and MeV?* species when viewed along the crystallographic a axis (Figure 4c). This
cation—network packing arrangement is similar to that observed in (PhenQ)[Fe,(Clan);]-solvent
(PhenQ?* = 5,6-dihydropyrazino[1,2,3 4-Imn][1,10]-phenanthrolindiium), in which viologen-like
PhenQ?** cations are closely packed between the [Fe,(Clan);]*~ layers.* In contrast, both MeV?*
and Clan*- are electron-deficient so charge-transfer (CT) interactions are probably not a significant
driving force for cation packing. The coplanar conformation and position of MeV?* cations
between the anionic sheets likely arises from C—H:--O interatomic contacts between the cations
and the [Mn,(Clan);]*>~ sheets above and below each cation. The H3, H3', H5 and H5' atoms of
MeV? (H22 and H24 in the crystal structure) form a pincer which engages in close C—H:--O
interactions (dy..o = 2.381 and 2.405 A) with O donor atoms of L; in anionic sheets above and
below each cation (Figure 4d). Steric interactions between Cl atoms of L; in sheets above and
below, and the face of the MeV? cations also act to fence the MeV?* to its location between the
[Mn,(Clan);]?- sheets where it adopts a planar conformation. The MeV?* cation, which is located
on a center of inversion, causes the Mn coordination spheres linked by the C—H:--O bonding to
have opposite configurations. The transmission of stereochemical information through the MeV?*

cations leads to long-range ordering of Mn" configurations between layers.
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Figure 4. (a) Ball-and-stick and (b) spacefilling representations of the interactions between MeV?*
cations (purple) with the [Mn,(Clan);]*- sheets above (tan) and below (orange) in 2a. (c) View
along crystallographic a axis showing alternating stacking motif of MeV?* (purple) with Clan*
ligands in the anionic [Mn,(Clan);]?>- sheets (tan). (d) C—H---O interactions (dashed grey) between
MeV? (purple) and the anionic [Mn,(Clan);]*~ sheets above (tan) and below (orange). Magenta =
Mn, green = CI, red = O, blue = N, black = C. H atoms and ordered MeCN in channels not shown

for clarity.
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Although P-XRD analysis on a slurry of the bulk product suggests 2a is the dominant crystalline
phase (Figure S8), optical microscopy of the crystalline product reveals the presence of a small
quantity of bright red octahedra of similar habit to 1y,. Measurement of the cell parameters of one
of these crystals confirmed these crystals are the 1y, phase. Despite numerous attempts using
varied reaction conditions, co-crystallization of a small quantity of 1y, with 2a could not be
avoided. As described previously, an analogous reaction using Cd"(NOs), and an MeCN-H,O
solvent system leads to crystallization of only the 1cq phase, instead of a hypothetical
(MeV)[Cd,(Clan);]-6MeCN compound. These results suggest that the templating role of MeCN in
affording the honeycomb sheet structure is probably quite weak. Moreover, co-crystallization of
the 1m, and 2a phases possibly reflects slight differences in the kinetic and thermodynamic stability
of each phase, which favors exclusively the 3D dia phase in the case of Cd". The presence of 1y,
in the bulk product is more clearly apparent in P-XRD analysis upon isolation of the crystalline
product from the solvent. P-XRD analysis of the isolated solid shows only reflections attributable
to the 3D dia phase 1y, (Figure S10), consistent with 2a losing crystallinity upon loss of MeCN
from the structure, to form a non-crystalline product which we refer to as 2b. The transformation
of 2a to 2b is possibly driven by H,O from atmospheric moisture replacing MeCN during isolation
of 2b, as evinced by FT-IR spectroscopy and TGA. The ATR FT-IR spectrum of 2b exhibits a
strong, broad absorbance at 3300 cm™! attributed to H,O (Figure S11a), which is absent in the
spectrum of 1y, (Figure S3). Additionally, TGA upon 2b show two distinct mass losses below 200
°C (Figure S11b), whereas 1y, shows no mass loss to 350 °C (Figure S4a), as it contains no lattice

solvent molecules.

Fluoranilate Coordination Polymers
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Slow diffusion of MeCN solutions of H,Fan into aqueous solutions of Mn!(NO;), or Cd"(NOs),,
and MeV(OTs), yields isostructural 1D ladder-like compounds
(MeV)[Mn,(Fan);(H,0),]:yMeCN-zH,0O (3m,) and (MeV)[Cd,(Fan);(H,0),]:yMeCN-zH,O (3c¢q).
For both compounds, satisfactory structure refinements were obtained in the triclinic space group,
P-1 (Table S6). The structure description below mainly refers to the archetype, 3wm. The
asymmetric unit of 3y, contains two crystallographically independent metal centers (Mnl and
Mn2), and four unique Fan?*- ligands (L, through L,). Both L; and L; reside on sites of —1
symmetry, whereas L, and L, are located on general positions. Additionally, the asymmetric unit
contains a charge-balancing MeV?* cation and two H,O molecules, each coordinated to Mn1 and
Mn2. A combination of ordered and disordered H,O and MeCN solvent molecules complete the
asymmetric unit. The mean dy o values of 2.181(11) and 2.179(11) A for Mnl and Mn2
respectively are consistent with Mn'. In the case of 3¢q the Cd—O distances are typical for Cd" with
average values of 2.285(1) and 2.282(9) A for Cd1 and Cd2 respectively. As for the chloranilate
compounds, comparison of the mean ligand dc o and characteristic dc ¢ bond lengths in 3y, and
3ca to those in known Fan?~ compounds,” % confirms L, through to L4 exist in the expected
oxidized quinonoid Fan? state. Analogously, comparison of the dc ¢ and dc x values for MeV? in
3wn and 3¢q4 confirm the expected dicationic MeV?* state (Figure S6 & Table S4), allowing the 3y,
and 3¢q to be formulated with (MeV?*)[MY,(Fan?-);(H,0),] charge state distributions.

The repeating polymeric unit of 3y, consists of four Mn" centers arranged in a Mny(Fan),
parallelogram. Two parallel edges of the Mn4(Fan), unit are formed by the bridging bis-bidendate
Fan?- ligands L, and L3, while the two other parallel edges comprise bridging Fan>~ L, and L,
ligands which are bidentate at one end, and monodendate at the other (Figure 5a). The slightly

distorted octahedral coordination environment of the Mn" centers is therefore formed from five O
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donor atoms from the Fan?- ligands, with the remaining coordination site occupied by a molecule
of H,O. Within the structure of 3w, one ordered MeCN molecule occupies the Mny(Fan), cavity
(Figure 5b). The snug fit of the MeCN suggests that rod-like molecule plays a templating role in
generating of the Mnu(Fan), unit. The 1D ladders in 3y, are formed from edge-sharing Mnu(Fan),
units, with the long axis of the 1D [M,(Fan);(H,0O),]* ladders oriented parallel to the (1 —1 0) plane
(Figure 5c¢); bridging bis-bidentate L; and L; form the rungs of the ladder, while bridging L, and
L, ligands form the ladder side rails. Similar structural features are apparent in 3¢q although the
MeCN molecule occupying the Cds(Fan), unit exhibits a small degree of disorder.

Considering the chemical and structural similarity between fluor- and chloranilic acid, the
disparate structures of 3y, and 3cq compared to 2a is surprising given the equivalent metal to ligand
stoichiometry. In our experience metal—fluoranilate coordination polymers typically only exhibit
slight structural disparities compared to their metal—chloranilate analogues,*>**>° with Fan* and

Clan?- ligands in the structures existing in the same coordination modes.
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Figure 5. (a) Coordination environment around Mn! centers in 3y,, forming Mny(Fan),
parallelograms. (b) Templating role of MeCN (teal) upon the Mny(Fan), parallelogram (tan). (c)
Anionic [Mn,(Fan);(H,0),]* ladders formed by edge-sharing Mn,(Fan), parallelograms in 3.

Magenta = Mn, pale green = F, red = O, black = C, pale pink = H.

Molcanov and coworkers observed a similar 1D ladder motif and crystal packing in the
compound (2,2"-bpyH*),[Mn,(Clan);(H,0),]-2H,0,* though there are notable differences to both
3mn and 3¢cq. The Mny(Fan), parallelograms in 3y, and 3cq are sheared to a greater extent along the

direction of the ladder axis, so the M---M--M angles (70.3° and 109.7 ° for 3y,; 67.5° and 112.4°
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for 3cq) differ notably from those in (2,2-bpyH*),[Mn,(Clan);(H,0),]-2H,O (80.4° and 99.6°).
These differences presumably arise from the smaller van der Waals radius of F compared to ClI,
which allows closer contact between adjacent Fan?- ligands, as indicated by C—F---C contacts (dr..c
= 2.980(3) and 2.988(3) A in 3yn; dic = 2.992(3) and 3.022(3) A in 3ca), compared to the
equivalent C—Cl---C contacts (dc..c 3.402(3) A)in (2,2'-bpyH*),[Mn,(Clan);(H,0),]-2H,0.%

The differences in electronic structure between various coordination modes of tetraoxolene
ligands give rise to differences in vibration stretching frequencies,’’* allowing the presence of
bis-bidentate (L; and L3) and mono and bidentate (L, and L,) forms of Fan?~ in 3y, and 3¢q to be
investigated by FT-IR spectroscopy (Figure S12). Delocalised C=0 stretching, present in both
bridging bis-bidentate (L; and L3) and bridging mono- and bi-dentate forms (L, and Ly) of Fan*-,
is indicated by the strong absorption at 1520 cm™' and weaker shoulder at ca. 1380 cm™'. On the
other hand, the strong vc o = 1348 cm™' and shoulder at 1035 cm™ is suggestive of the localized
C-0O bond at the monodentate end of L, and L. °'-* Definitive assignment of the intense stretch at
1644 cm™! to uncoordinated, localized C=0 of L, and L, is difficult, as (MeV)Cl, exhibits a strong
absorption in this region, ascribed to aryl vc_c stretching.

The crystal packing in the aforementioned ladder-type anionic  polymer,
(2,2"-bpyH*),[Mn,(Clan);(H,0),]-2H,O, 1is significantly impacted by extensive H-bond
interactions. In 3y, and 3¢q two types of hydrogen bonding interactions similarly play a major role
in dictating crystal packing. These H-bonds extend between coordinated H,O molecules, and O
acceptor atoms in L, or L4 ligands in an adjacent 1D ladder chain (Figure 6a). One type of
interaction is between a coordinated H,O molecule and an uncoordinated O atom of either L, or
L, ligands in an adjacent ladder (do..o = 2.669(2) A and 2.713(2)1& in 3ym; do-o = 2.702(2) and

2.730(2) A in 3ca). The other type occurs between the coordinated H,O molecule, and a metal-
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coordinated O atom at the bis-bidentate end of L, or L,. A self-complementary interaction from
H,O molecules in the adjacent ladder occurs (Figure 6b), so that the Mn" and coordinated H,O
molecules are situated at diagonally opposite corners of a Mn,(H,0), parallelogram, when viewed
down the ladder axis. These H-bonding interactions occur on both sides of the ladder, forming
layers of H-bonded anionic [M"(Fan);(H,O),]* ladders which lie parallel to the crystallographic
(1 -1 0) plane. Charge-balancing MeV?* cations, in addition to disordered MeCN and H,O solvent
molecules, reside between the layers of H-bonded layers of anionic [M"(Fan);(H,O),]* ladders,
with the central C—C bond of MeV?** oriented approximately parallel to the long axis of the 1D
ladders (Figure 7). A modest degree of inter-ring torsion in the MeV?* moieties of 18.2° in 3y, and
16.1° in 3¢q is apparent. The location of the MeV?* cations in 3y, and 3¢q contrasts with (2,2'-
bpyH),[Mn,(Clan);(H,0),]-2H,0, in which 2,2'-bpyH?* cations partly protrude into the voids of the

Mny(Clan), parallelograms.*®
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Figure 6. (a) Ball-and-stick representations of the H-bonding (dashed grey) between coordinated
H,O molecules and Fan?- ligands in the 1D [Mny(Fan);(H,O),]*- ladders. Crystallographically
unique ligands L; (blue), L, (green), L; (pink), L4 (yellow). Magenta = Mn, pale green = F, red =
O, black = C, pale pink = H. (b) Ladder-to-ladder packing and symmetry relations of L, through

L, ligands in adjacent anionic ladder facilitated by coordinated H,O molecules (red).
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Figure 7. View just off the long axis of the 1D ladders showing packing of MeV?* cations (purple)

with the anionic 1D anionic [M,(Fan);(H,0),]*>- ladders.

Comparison of the experimental P-XRD patterns between 3y, and 3¢q reveals an interesting
contrast. Good agreement is observed between the experimental P-XRD pattern for bulk 3y, and
the pattern calculated from the SC-XRD structure of 3y, (Figure S13), indicating the phase purity
of the bulk sample. In contrast, a similar analysis on bulk 3¢4 reveals extraneous peaks which do
not match the calculated pattern of 3¢q (Figure S14), suggesting the presence of a second crystalline
phase. Optical microscopy upon the bulk product revealed an inseparable mixture of yellowish-
brown plate crystals of the desired 3¢4 phase, in addition to tiny pale-yellow blocks. A structure
determination for the second crystalline phase (Table S6), was indicative of a 1D coordination
polymer consisting of strips of [Cd(Fan)(H,0),] (4cq). Comparison of the experimental P-XRD of
bulk 3cq with the calculated patterns for 3cq and 4¢q confirms the bulk product contains an
inseparable mixture of the 3cq and 4¢q phases. The structure of 4¢4 is essentially isostructural with
the 1D strip [M(dhbq)(H,0),] (M = Mg, Mn, Zn) coordination polymers reported earlier,*-*” with

4cq exhibiting an enlarged unit cell due to the larger van der Waals radius of F compared to H,
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leading to large separations between [Cd(Fan)(H,O),] strips. The Cd" centers in 4¢q are
coordinated by four O donor atoms from bridging bis-bidentate Fan?- ligands, with the remaining
trans sites occupied by H,O molecules (Figure S15a). Each coordinated H,O molecule engages in
two H-bonding interactions (do-o = 2.808 A) with O acceptors from Fan?- ligands in two adjacent
[Cd(Fan)(H,0),] strips (Figure S15b). The long axis of the strips and the mean Fan?- planes lie
parallel to the crystallographic (=1 0 1), which in combination with the H-bonding interactions
between strips, produces a densely packed structure (Figure S15c).

Despite repeated attempts using varying reagent concentrations or stoichiometries, co-
crystallization of 4¢q4 with 3cq was unavoidable. It is not immediately apparent why an isostructural
1D [Mn(Fan)(H,0),] strip does not co-crystallize with 3y,. Recent work by Nielson et al. has
shown the outcome of reactions targeting anionic Ni—tetraoxolene coordination polymers is
impacted by the speed of reagent mixing.”* Rapid mixing of "BusNBr, Ni(OAc), and H,dhbq at
either room or elevated temperature yielded only 1D [Ni(dhbq)(H,O),] strips, whereas slow
addition of Ni(OAc), to "Bu,NBr and H,dhbq afforded the desired anionic ("BusN),[Ni,(dhbq);]
coordination polymer. These findings suggest the neutral 1D strip coordination polymers could be
favored kinetically at high metal concentration, whereas the anionic metal-tetraoxolene
coordination polymers crystallize slower at lower metal concentrations. Unavoidable co-
crystallization of 4¢q With 3¢q could therefore occur as 4¢q, or the molecular precursor complex, is
presumably less soluble than the equivalent Mn" species, so that any 4¢q crystallized cannot
transform to 3¢q. On the other hand, either [Mn(Fan)(H,O),] or the precursor molecular complex

are possibly sufficiently soluble to prevent co-crystallization of 3y, with [Mn(Fan)(H,0),].
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CONCLUSION

Despite the synthesis of these tetraoxolene coordination polymers under similar conditions, the
topologies and geometries of the coordination polymers obtained were largely unexpected. The
structural diversity of the compounds suggest that the supramolecular interactions, which guide
framework assembly using MeV?* cations, are delicate and are easily perturbed by changes in
solvation, or slight differences in the ionic radii or steric volume of the metals and ligands
respectively; a summary of weak interactions involving the MeV?* cation is presented in Table S7.
The structural variability is perhaps enhanced by the conformational plasticity of the MeV?* as
illustrated by torsional angles between 0 and 40° found in this current work. This means that the
cation is far from rigid and has the potential to adapt to a variety of cavities that can be formed
within anionic polymers.

The structural unpredictability arising from the incorporation of MeV?* cations contrasts with
earlier work on fluor- and chloranilate coordination polymers using alkylammonium-based
countercations. Using these cations, large isostructural families of compounds were readily
obtained regardless of the halogen substituents or metal species. For example, cations such as
tetraethylammonium are sandwiched between M(Xan); units belonging to parallel (6,3)-networks
of composition [M,(Xan);]*~ for a variety of metal ions. H-bonding interactions between hydrogen
atoms of Et,;N* and coordinated O atoms leads to the occupation of a space between sheets that is
bounded by six halogen atoms. In this location the cation serves not only to align the 2D networks
but also to act as a squat pillar between hexagonal anionic sheets that are ~10 A apart. The Et,N*
cation plays a similar structural role in [M(Clan),]*~ square grid networks in which the sheets are
also ~10 A apart.>*% Given the clear structure directing role of cations it is not surprising that the

strongly contrasting shapes of the cations MeV?* and Et,N* result in very different types of
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structures, nevertheless there is some similarity in the way each of these cations interact with
anionic metal—tetraoxolene polymers. Within the structures of 1ya, 1cq and 2a the interaction of
MeV? hydrogen atoms with coordinated oxygen atoms is a dominant structure-directing influence
(Figures le and 4d), which is responsible for the geometrical distortion of the diamond networks
in 1y, and 1¢q and the relative positions of adjacent 2D sheets in 2a. In compounds 3y, and 3cq,
the presence of the coordinated water molecule results in strong O-H:-+O hydrogen bonding
interactions which are anticipated to be much stronger than the interactions the MeV?* cation
would be able to make with coordinated fluoranilate O atoms. The MeV?* cation is therefore
relegated to the role of an interlayer cation, where its interaction with the anionic polymer is less
pronounced than in 1y, 1cq and 2a.

Despite the unpredictable topologies and structural diversity obtained using only one cation, this
current investigation further reinforces earlier work that redox-active viologen-like species can
successfully act as countercations for anionic tetraoxolene coordination polymers. Given the wide
range of viologen species which can be synthesized, there is likely tremendous scope to unearth
an even wider variety of structurally and topologically interesting coordination polymers. Future
systematic exploration of this space could afford functional tetraoxolene coordination polymers
with unique physical properties, arising from their novel topologies and geometries, never

previously obtained in these materials.

EXPERIMENTAL SECTION
Synthesis. Ligands. 3.,6-Difluoro-2,5-dihydroxy-1,4-benzoquinone (fluoranilic acid, H,Fan)
was synthesized via a modified literature® procedure from 2,3,5,6-tetrafluoro-1,4-benzoquinone

(F,BQ) which was also obtained via a modified literature procedure.’® 3,6-Difluoro-1,2.4,5-
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tetrahydroxybenzene (H Fan) and 3.,6-dichloro-1,2,4,5-tetrahydroxybenzene (H,Clan) were
obtained via a modified literature procedure® starting from H,Fan and 3 ,6-dichloro-2,5-dihydroxy-
1 4-benzoquinone (chloranilic acid, H,Clan) respectively.

(MeV)[Mn(Clan),] (1y,). A solution of Mn''(NO;),*4H,O (50.2 mg, 0.2 mmol), MeV(OTs),
(211.5 mg, 0.4 mmol) and LiOAc-2H,0 (26.4 mg, 0.2 mmol) in H,O (4 mL) was carefully layered
below a solution of H,Clan (63.3 mg, 0.3 mmol) in acetone (10 mL) in a soda glass vial (OD = 25
mm), with a buffer layer of 1:1 v/v acetone/H,O (4 mL); four diffusion reactions were conducted
in parallel. Bright-red elongated octahedra suitable for X-ray diffraction were visible on the vial
walls within two days. After 7 days, the crystalline product was isolated by gravimetric separation.
The crystalline product was dislodged from the vial walls, and the reaction solutions mixed. The
crystalline product was settled, then the turbid mother liquor was removed. The crystalline product
was resuspended in 2:1 v/v acetone/H,O (10 mL) and the products from the parallel reactions
combined. The supernatant liquid was decanted, then the crystalline product was washed with
fresh 2:1 v/v acetone/H,0O (3 x 50 mL) by resuspension of the crystalline product, sedimentation
of the crystalline product and decantation of the supernatant. The crystalline product was then
washed with acetone (3 x 50 mL) as above, then isolated by suction filtration (Por. 3 frit), washing
with additional acetone (3 x 10 mL), then dried by suction to a free flowing solid to yield 1y, as a
reddish-maroon crystalline powder (119.5 mg, 30.5%). FT-IR (ATR, cm™): 3051 (w), 1627 (w),
1464 (s), 1379 (w), 1328 (w), 1281 (w), 1263 (w), 1206 (w), 1183(w), 1158(w), 989 (m), 851 (w),
831 (s), 781 (w), 731 (w). Anal. Calcd. for (C,H4N,)(Mn,C1,05C15): C, 44.0%; H, 2.15%; N,
4.28%. Found: C,44.0%; H,1.51%; N, 4.02%.

(MeV)[Cd(Clan),] (Ics). 1ca was synthesized and isolated analogously to 1y, using

Cd"(NOs;),*4H,0 (61.7 mg, 0.2 mmol) in place of Mn'(NO;),*4H,0; four diffusion reactions were
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conducted in parallel. This procedure yielded 1cq as a bright-red crystalline powder (77.5 mg,
18.1%). FT-IR (ATR, cm™): 3103 (w), 3050 (w), 1627 (w), 1459 (s), 1326 (w), 1263 (w), 1181
(w), 984 (w), 924 (w), 847 (w), 830 (s), 782 (w), 731 (w). Upon prolonged standing in air,
conversion to a partial hydrate occurred. Anal. Calcd. for (C,,H4sN,)(Cd,Cl,05C,,):0.4H,0:
C,40.04%; H,2.07%; N, 3.89%. Found: C, 40.04%; H, 1.56%; N, 3.84%.

A modified procedure using equivalent volumes of MeCN in place of acetone, additional
Cd"(NO;),*4H,O (92.5 mg, 0.3 mmol) and LiOAc-2H,0O (30.6 mg, 0.3 mmol) and with four
diffusion reactions conducted in parallel yielded 1c¢q as a bright-red crystalline powder (137.8 mg,
32.2%). FT-IR (ATR, cm™): 3105 (w), 3050 (w), 1627 (w), 1460 (s), 1384 (w), 1326 (w), 1281
(w), 1265 (w), 1205 (w), 1181 (w), 984 (m), 849 (w), 830 (s), 781 (m), 714 (w), 668 (w). Upon
prolonged standing in air, conversion to a partial hydrate occurred: Anal. Calcd. for
(C12H14N,)(CdClL,05C12)-0.9H,0: C, 39.55%; H, 2.19%; N, 3.84%. Found: C,39.57%; H, 1.82%;
N, 3.93%.

(MeV)[Mny(Clan);]-6MeCN (2a) and (MeV)[Mn,(Clan);]-yH,O (2b). A solution of
Mn'(NO;),*4H,0 (75.3 mg, 0.3 mmol), MeV(OTs), (211.5 mg, 0.4 mmol) and LiOAc-2H,0 (30.6
mg, 0.3 mmol) in H,O (4 mL) was carefully layered below a solution of H,Clan (63.3 mg, 0.3
mmol) in MeCN (10 mL) in a soda glass vial (OD = 25 mm), with a buffer layer of 1:1 v/v
MeCN/H,O (4 mL). For synthesis of bulk product, four reactions were conducted in parallel.
Maroon parallelepiped plates were visible on the vial walls within two days. For 2a, single crystals
were transferred immediately from the mother liquid to a cryoprotective oil; isolation leads to
replacement of solvated MeCN with H,O and conversion to the hydrate (MeV)[Mn,(Clan);]-yH,O
(2b). After seven days, the crystalline product was isolated by gravimetric separation similarly as

described above for 1y,. The crystalline product from each diffusion reaction was first resuspended
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in 2:1 v/v MeCN/H,O (10 mL) and the separate reaction mixtures combined. The turbid
supernatant was then removed, and the crystalline product was washed with 2:1 v/v MeCN/H,O
(3 x 50 mL), then with MeCN (3 x 50 mL). The product was isolated by suction filtration (Por. 3
frit), washed with additional MeCN (3 x 10 mL), then dried by suction to a free-flowing solid
yielding 2b as a maroon powder (137.7 mg, 35.8%). FT-IR (ATR, cm™): 3416 (br m), 3107 (w),
3052 (w), 1627 (w), 1496 (s), 1460 (s), 1379 (m), 1329 (w), 1280 w), 1219 (w), 1206 (w), 1184
(w), 991 (w), 849 (w), 832 (m), 810 (w), 781 (w), 683 (w). Upon exposure to air, conversion to
hydrate solvate occurred: Anal. Calcd. for (C;;H;4sN»)(Mn,Cls0,,C5)-2.5H,0: C, 37.45%; H,
1.99%; N, 2.91%. Found: C, 37.46%; H, 1.66%; N, 2.80%.
(MeV)[Mny(Fan);(H,0),]-yMeCN-zH,0 (3u,). A solution of Mn'(NO;),-4H,O (75.3 mg, 0.3
mmol), MeV(OTs), (211.5 mg, 0.4 mmol) and LiOAc-2H,0 (30.6 mg, 0.3 mmol) in H,O (4 mL)
was carefully layered below a solution of HsFan (53.4 mg, 0.3 mmol) in MeCN (10 mL) in a soda
glass vial (OD = 25 mm), with a buffer layer of 1:1 v/v MeCN/H,O (4 mL). Yellowish-brown
plate crystals suitable for X-ray diffraction were visible on the vial walls within two days. After
seven days of reaction, the crystalline product was isolated by gravimetric separation similarly as
described for 1un. The crystalline product was washed with 2:1 v/v MeCN/H,O (3 x 10 mL) then
MeCN (3 x 10 mL). The product was isolated by suction filtration (Por. 3 frit), washed with
additional MeCN (3 x 5 mL), then dried by suction to a free-flowing solid, yielding 3w, as a dark-
brown crystalline powder (30.3 mg, 33.0%). FT-IR (ATR,cm™): 3138 (br m), 2252 (w), 1644 (m),
1520 (s), 1382 (w), 1349 (m), 1276 (w), 1230 (w), 1191 (w), 1079 (w), 1035 (w), 995 (s), 828 (m),
792 (w), 707 (w), 660 (w). Upon exposure to air, partial solvent loss occurred and thus the

proposed solvent composition is only tentative and is based upon the C and N analysis: Anal.
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Calcd. for (C;,H14N,)(Mn,FO,4CsH,)-1.4(C,H;N)-0.4(H,0O): C, 42.87%; H, 2.52%; N, 5.18%.
Found: C, 42.86%; H, 1.53%; N, 5.19%.

(MeV)[Cdy(Fan);(H,0),]-yMeCN-zH,0 (3ca) and [Cd(Fan)(H,0),] (4ca). 3ca Was synthesized
and isolated analogously to 3y, using CdY%(NO;),*4H,O (92.5 mg, 0.3 mmol) in place of
Mn'(NO;),*4H,0, yielding an inseparable mixture of 3cq and 4¢q as a dark-brown crystalline
powder (43.3 mg) FT-IR (ATR, cm™): 3135 (br m), 2253 (w), 1642 (m), 1507 (s), 1382 (w), 1347
(m), 1228 (w), 1190 (w), 1033 (w), 996 (s), 829 (m), 707 (w), 658 (w). Satisfactory analyses could
not be obtained as the product contains an inseparable mixture of 3cq4 and 4cq.

Single Crystal X-ray Diffraction (SC-XRD)

Crystals were transferred directly from the mother liquor into an oil-based cryoprotectant to
prevent solvent loss then mounted on nylon loops. Crystallographic data were measured using a
Rigaku XtalLAB Synergy-S diffractometer equipped with a graphite monochromated Cu-Ka (4 =
1.54184 A) microfocus source, a HyPix-6000 E detector, and an Oxford Diffraction Cryostream
800. Data reduction, multi-scan and Gaussian absorption corrections were performed using
CrysAlis PRO.”” For 4, crystallographic data were collected using the MX2 beamline of the
Australian Synchrotron with monochromatic synchrotron radiation (1 = 0.71073 A) which was
fitted with an Oxford Diffraction Cryostream 700.® The beamline and endstation equipment was
controlled using the Blu-Ice GUI interface,” with frame scaling and merging performed using the
WebGUI interface autoprocessing routine using XDS and XSCALE.!® Unit cell indexing and
refinement, data reduction and absorption corrections were performed using XDS.!% Structure
solution was performed with SHELXT using intrinsic phasing,'®® then refined using the
SHELXL2018 package with least squares minimization on F2!°? through the ShelXle!®* and

OLEX?2!% graphical user interfaces. Unless otherwise noted, the thermal and positional parameters
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for non-hydrogen atoms in the asymmetric unit were refined anisotropically. Hydrogen atoms were
placed at calculated positions using suitable riding models and refined using isotropic
displacement parameters derived from their parent atoms.

Powder X-ray Diffraction (P-XRD)

For 1y, 1cq, 2a, 3ya and 3cq, P-XRD data were collected using a Rigaku XtalLAB Synergy-S
diffractometer equipped with a graphite monochromated Cu-Ka (4 = 1.54184 A) microfocus
source and a HyPix-6000 E detector. The temperature was controlled using an Oxford Diffraction
Cryostream 800, and data processing were performed using CrysAlis PRO.%” For 2b, P-XRD data
were collected using the PD beamline at the Australian Synchrotron.!®> The experiments were
undertaken using monochromatic synchrotron radiation (A = 0.58835 A), which was refined
against a NIST SRM LaB¢-660c standard using the GSAS-II interface.!? Data were collected using
the Mythen microstrip detector'”’ from 2—76.8° (A = 0.58835 A) in 260, with the sample temperature
maintained using an Oxford Cryostream 700. To cover the gaps between detector modules, two
datasets were collected with the detector set 0.5° apart and then merged to a single dataset using
PDViPeR (https://www .ansto.gov.au/user-access/instruments/australian-synchrotron-
beamlines/powder-diffraction/pdviper). For 2a, the solvated crystalline product was gently ground
under MeCN prevent solvent loss, then transferred as an MeCN slurry to a borosilicate capillary
(OD = 0.7 mm) before being flame-sealed. For isolated compounds (1y, 1ca, 2b, 3vn and 3¢q), the
crystalline products were ground in air then loaded into borosilicate capillaries (OD = 0.5 mm),
being flame-sealed, then measured at 100 K. Indexing of all P-XRD data were performed using
CONOGRAPH graphical user interface.!%
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Supporting Information. The Supporting Information is available free-of-charge on the ACS

Publications website at DOI: xxxxX.

Additional experimental and synthetic details, crystallographic tables and additional details of
structure refinement, P-XRD analyses, additional crystal structure figures, FT-IR, TGA and
extended discussion and analysis of MeV?* valence state (PDF), details of close MeV?* - anilate
contacts

Crystallographic data for reported structures 1y, 1ca, 2a, 3y, 3ca and 4cq (CIF)

Accession Codes. CCDC 2119742-2119747 contain the supplementary crystallographic data for
this paper, which can be obtained and can be obtained free-of-charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center,
12 Union Road, Cambridge CB2 1EZ, UK. fax: (+44) 1223-336-033; or

deposit@ccdc.cam.ac.uk).
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Inducing Structural Diversity in Anionic Metal-Tetraoxolene Coordination Polymers Using

Templating Methyl Viologen Countercations
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SYNOPSIS

Methyl viologen (MeV?*) acts as a countercation in a range of one-, two- and three-dimensional
metal—tetraoxolene coordination polymers. Varying the metal and crystallization solvents alter the
non-covalent interactions between MeV?* cations and the anionic tetraoxolene networks, leading

to different topologies.
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