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ABSTRACT: Controlling electronic coupling between two or more redox sites is of interest for tuning the electronic properties
of molecules and materials. While classic mixed-valence (MV) systems are highly tunable, e.g., via the modular organic bridges
connecting the redox sites, metal-bridged MV systems are difficult to control because the electronics of the metal cannot
usually be altered independently of redox-active moieties embedded in its ligands. Herein, we overcome this limitation by
varying the donor strengths of ancillary ligands in a series of cobalt complexes without directly perturbing the electronics of
viologen-like redox sites bridged by the cobalt ions. The cobaltoviologens [1x-Co]** feature four 4-X-pyridyl donor groups (X
= CO:2Me, Cl, H, Me, OMe, NMe:) that provide gradual tuning of the electronics of the bridging Co!' centers, while a related
complex [2-Co]™* with NHC donors supports exclusively Co'! states even upon reduction of the viologen ligands. Electrochem-
istry and IVCT band analysis reveal that the MV states of these complexes have electronic structures ranging from fully local-
ized ([2-Co]**; Robin-Day Class I) to fully delocalized ([1cozme-Co0]3*; Class III) descriptions, demonstrating unprecedented
control over electronic coupling without changing the identity of the redox sites or bridging metal. Additionally, single-crystal
XRD characterization of the homovalent complexes [11-Co]?* and [1x-Zn]?* revealed radical-pairing interactions between the
viologen ligands of adjacent complexes, representing a type of through-space electronic coupling commonly observed for
organic viologen radicals but never before seen in metalloviologens. The extended solid-state packing of these complexes
produces 3D networks of radical m-stacking interactions that impart unexpected mechanical flexibility to these crystals.

Introduction. Scheme 1. Electronically coupled redox systems.

Mixed-valence (MV) systems that show electronic cou-
pling between their redox sites are of longstanding inter-
est!2 for their nuanced electronic structures,3 which lie on a . Classl Classll Class Il
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from solar-energy harvesting? to conductive materials.> De-
localization can also influence other chemical and physical [ Increasing electronic coupling >
properties of MV systems,® further motivating interest in
controlling electronic coupling between redox sites. Classic
MV examples, possessing two redox-active metal sites con-
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coupling is influenced by a variety of factors, including the

length and conjugation pathway of the bridge,!! as well as

its orbital energies relative to those of the redox sites.10b.12 complexes, the ligand-based redox activity heavily involves

However, there remain substantial limitations to the con- donor atoms bound to the bridging metal,!® making it chal-

trol that can be attained over electronic delocalization in lenging to independently tune the properties of the redox

many MV systems, especially those in which two organic re- sites and the bridge. Thus, while reduction potentials of

dox sites are coupled by a bridging metal ion.*3 such complexes can be altered by >500 mV using electron-
Though less studied than bimetallic and fully organic ex- donating (ED) and -withdrawing (EW) substituents, these

amples, metal-bridged MV systems include complexes of re- changes weakly influence electronic coupling of the lig-

dox-active salen,?¢1* diarylamido,'5 pyridine-diimine ands.14ab15b162 A serjes of aluminum bis-PDI complexes was

(PDI),26 and dithiolene ligands (Scheme 2A).17.18 In all these recently shown to exhibit reduction potentials spanning a



Scheme 2. Tuning Metal-Mediated Electronic Coupling of Organic Redox Sites
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0.5 V range while maintaining Robin-Day Class III (fully de-
localized) or borderline Class II/III (nearly fully delocal-
ized) descriptions.162 Greater variation in coupling, from
Class II (moderately coupled) to Class III descriptions, was
seen in a series of substituted nickel-salen complexes, but
required a 0.77 V variation in the reduction potentials of the
ligands.1#2b On the other extreme, changing the identity of
the bridging metal often disrupts delocalization considera-
bly,¢a13¢15a providing only a crude tool for tuning such sys-
tems. Identifying more-precisely tunable metal-bridged MV
systems would fill an important gap in the study of mixed
valency, and may also lead to practical advances consider-
ing that certain delocalized complexes (e.g., cobalt bis-dithi-
olenes) are useful for assembling functional conductive ma-
terials (e.g., conductiveSdeand electrocatalytic?® MOFs).

We recently discovered that cobalt mediates borderline
Class I1/111 electronic coupling between viologen-like redox
sites embedded in simple terpyridine ligand scaffolds (com-
plex [1u-Co]3* in Scheme 2B).%2 Since redox-activity is cen-
tered almost entirely on the viologen cores, we hypothe-
sized that the flanking donor groups of the ligand could be
altered to modulate the electronics of the cobalt bridge
without directly perturbing the organic redox sites (Scheme
2B), thereby affording substantial control over the ability of
cobalt to mediate coupling between these sites. Herein, we
describe the success of this strategy at gradually tuning the
MV states of the cobaltoviologens from Class I to Class III
descriptions, representing a range of variation and degree
of control unavailable in any other series of metal-bridged
MV systems that maintain a fixed set of redox sites and
bridging metal.

We also discovered that the more-reduced complex [1u-
Co]?* and its zinc analogue [1x-Zn]?* can engage in intermo-
lecular radical-pairing interactions that are characteristic of
organic viologens,?! but which have not been observed be-
fore in metalloviologens. Such interactions contribute to the
conductivity of viologen-radical crystals and have been uti-
lized to prepare (supra)molecular structures with unique
electronic and mechanical properties.?2 Thus, the ability of
metalloviologens to participate in similar interactions is a
notable finding that suggests these complexes may provide
arich basis for developing new materials. Indeed, [1s-Co]?*
and [1x-Zn)?* pack into 3D networks of radical n-stacking
interactions, with the specific packing motif influenced by
metal-ligand electronic interactions, but in both cases giv-
ing rise to crystals with emergent mechanical flexibility that
is not observed in organic viologen crystals.
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Results and Discussion.

Design and synthesis of new cobaltoviologens. The
complex [1n-Co]** was first reported over 20 years ago,?
but it was only recently discovered that its reduced state
[1n-Co]3* exhibits a delocalized electronic structure, in con-
trast to the corresponding Fe!, Ni!, and Zn" complexes,
which all undergo localized reductions of their ligands.622*
A half-filled 3d orbital of dx./dy. parentage appears to be im-
portant for the delocalized electronic structure of the cobalt
derivative,%2 so tuning the energy and occupancy of this or-
bital was targeted to control its ability to facilitate inter-lig-
and electronic coupling. The Co!/Co' reduction potentials of
simple [(terpy)z2Co]?* complexes can be modified across a
wide range using electron donating or withdrawing substit-
uents on the flanking pyridyl groups,?> suggesting an easy
approach to tune the electronics of the cobalt bridge in [1x-
Co]+. Additionally, it was envisioned that strong donor
groups might even lead to changes of the spin state or oxi-
dation state of the cobalt center, which would offer a novel
way to control electronic coupling between the ligands in
these complexes.

A series of new terpy-viologen ligands 1x* was prepared
with 4-position substituents (X = COzMe, Cl, Me, OMe, NMe:)
on the flanking pyridyl groups that provide a well-spaced
gradient from strongly electron withdrawing to strongly
electron donating (Scheme 3). In all cases, the new ligands
were prepared from 4-substituted-2-acetylpyridines using
the established terpyridine synthesis and N-methylation se-
quence used to prepare unsubstituted 1u* (see SI for full
synthetic details).2627 Once the ligands 1x* were isolated as
their chloride salts, they readily formed the bis-terpy com-
plexes [1x-Co]** and [1x-Zn]** upon treatment with
CoCl2¢6H20 or Zn(0Ac)2¢2H:0, respectively. Paramagnetic
'H NMR spectra (Figures S19-523) and UV-vis spectra

Scheme 3. Synthesis of [1x-Co]*nPFs and [1x-Zn]+4PFs.
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(Figures S70, S74, S78, S82, S87) of the cobalt series suggest
that most of these complexes have similar electronic struc-
tures in which a high-spin Co" state predominates. How-
ever, the dimethylamino-substituted derivative was found
to oxidize to a Co state under air, so samples were isolated
in this higher oxidation state ([1nmez-C0]>*) for ease of han-
dling (see Figure S22 for diamagnetic 'H NMR spectrum).

The reduced complex [1nmez-Co]3* shows the weakest in-
ter-ligand electronic coupling of the MV [1x-Co]3* series of
complexes, but still maintains Class Il coupling (vide infra).
To access more dramatic electronic changes in the cobalto-
viologens, a bis-NHC-viologen pincer ligand 2+ was de-
signed to provide more strongly donating flanking groups.
The NHC ligand precursor 2-H3* was prepared readily
(Scheme 4) by nucleophilic aromatic substitution of 2,6-di-
chloro-4,4’-bipyridine with N-methylimidazole, followed by
methylation of the 4-pyridyl group. Metallation of 2-H3+
with cobalt was achieved by deprotonating the ligand pre-
cursor with LIHMDS at -100 °C in THF, followed by treat-
ment with CoClz, and lastly, oxidation with AgPFs to provide
the Co™ complex [2-C0]5* (Scheme 4). Though less straight-
forward than preparation of the [1x-Co]™* complexes, [2-
Co]5* was successfully isolated and characterized by 'H
NMR spectroscopy and ESI-HRMS (Figures S38, S39, S51).

Scheme 4. Synthesis of [2-Co]+5PFes.
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Electrochemical characterization. Cyclic voltammetry
was used to examine the redox properties of the new metal-
loviologens, revealing how the flanking donor groups affect
the reduction potentials of the viologen units and the extent
to which these redox processes are influenced by inter-lig-
and electronic coupling. None of the zinc complexes show
separation of the first reductions of each ligand (Figures 1
and S61 - S66), consistent with a lack of electronic commu-
nication through the Zn" bridge. The E1/2 values (-0.95 to
-1.12 V vs. Fc*/9) for these ligand-centered 2 e~ redox pro-
cesses vary with the electron-donating/withdrawing char-
acter of the substituents on the ligands, showing a good lin-
ear correlation with their 6, Hammet parameters but not
with the corresponding om values (Figure S67). Since the

substituents on the flanking groups are in the meta position
relative to the viologen moieties, the correlation of E1/2 with
op but not om suggests that the flanking pyridyl groups in-
fluence the redox properties of the viologens by tuning the
Lewis acidity of the Zn" ion rather than via direct inductive
effects. Two closely overlapping 1 e~ reductions follow the 2
e first reduction, and the consistently small spacing (68 -
81 mv) between these 1 e~ reductions confirms the absence
of significant electronic communication between the lig-
ands in any of the redox states of [1x-Zn]"*.

The [1x-Co]™* series exhibits redox behavior differing sig-
nificantly from that of their zinc counterparts. The cobalt
complexes all show four distinct 1 e~ redox couples involv-
ing the viologen units (Figure 1 and Table 1), with the sepa-
ration between the first and second of these reductions
changing from AEredq12 = 122 mV to AEreqai2z = 396 mV
(AAEreda12 = 274 mV) across the series from [1nmez-Co]™* to
[1cozme-Co]™*. The increasing separation corresponds to in-
creasing electronic coupling between the ligands in the 3+
state,?8 confirming that the flanking donor groups are effec-
tive for tuning delocalization across the L-Co-L core. Inter-
estingly, the midpoint between the first and second reduc-
tions, which approximates what the potential of the ligand-
centered reduction would be in the absence of coupling,
changes by only 237 mV across this series (see Table 1).
This observation confirms that the electronics of the 1x-Co
complexes are influenced more by variation in electronic
coupling between the ligands than by variation of the
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Figure 1. Cyclic voltammograms of [1x-Co](PFe)n, [2-Co](PFs)s,
and select [1x-Zn](PFs)4+ complexes in MeCN containing 0.1 M
TBAPFs. The E1/2 values of each redox couple are indicated to
the nearest 10 mV, except for reductions of the flanking pyridyl
groups of the [1cozme-M]"+ derivatives, for which ranges are
given from the most negative to most positive E1/2 values of
these overlapping couples.



Table 1. Analysis of CV data for complexes [1x-Co]"+.

o | R | sm | R | apen
(V vs. Fc*/0) (V vs. Fct/0)
CO2Me -0.90 396 -1.41 308
Cl -0.89 338 -1.40 284
H -0.98p 272b -1.49b 288p
Me -1.00 237 -1.51 280
OMe -1.01 207 -1.52 260
NMe: -1.14 122 -1.65 242

(a) Midpoint value of the first and second reduction potentials
(Red1,2) or the third and fourth reduction potentials (Red3,4)
listed to the nearest 10 mV. (b) Data from reference 6a.
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Figure 2. Correlation of the comproportionation constants (log
Kc) for the n = 4+ and 2+ states of [1x-Co]»* with the p Hammet
parameter of the-substituents on the flanking pyridyl groups of
the ligands. AERred1,2 values are labeled on the right-hand axis.

individual properties of each ligand. Likewise, the midpoint
values between Erea1 and Eresz show a good linear correla-
tion with the op values of the pyridyl groups (Figure S57),
but an even better correlation was seen between cp and the
comproportionation constants (log K.) for the [1x-Co]4* and
[1x-Co]?* states (Figure 2), which correspond to the
strength of coupling between the ligands. This latter obser-
vation confirms that control over delocalization is deter-
mined by the donor strength of the supporting ligands.

The third and fourth ligand-centered reductions of [1x-
Co]"+ also show substantial separation for each derivative,
spanning from AEreas4 = 242 mV for [1nmez-Co]™* to AEreds 4
= 308 mV for [1cozme-Co]™*. Thus, while the AEreds 4+ values
show a trend in the same direction as for the first and sec-
ond reductions, the overall change is much smaller, and the
smallest AEreds 4+ value observed is nearly twice that of the
smallest AEreq1,2 value (both seen for the NMe: derivative).
These observations do not have as obvious of an interpreta-
tion as for the separations of the more positive redox cou-
ples. The large AEredss value even for the NMe2 derivative
suggests strong inter-ligand electronic coupling in the
mixed-valence [1nmez-Co]* state, which is consistent with
the few other known metal-bridged systems that show mul-
tiple MV states, 162029 in which coupling is usually stronger

in the more reduced states. However, it is unclear why elec-
tronic coupling would be less responsive to tuning in the 1+
state than observed for the 3+ states. This observation could
indicate that nearly full delocalization is achieved in the 1+
state of the NMe: derivative, leaving little room to increase
further, but this seems unlikely since the maximum AEreds s
value in the series is much lower than the maximum AEred1,2
value. Instead, the relative invariance of AEreds+ might be
due to a complex interplay between the degree of metal-
centered reduction and structural changes that viologens
undergo in their most reduced states.3031

The NHC ligated cobaltoviologen [2-Co]5* exhibits CVs
that are more similar to those of the [1x-Zn]** complexes
than to those of the other cobaltoviologens. The first reduc-
tion of [2-Co]5* is a ligand-centered 2 e~ process occurring
at E1/2=-0.885V (Figure 1) with a peak separation of ~120
mV (Figure S68), which is slightly wider than that (~80 mV)
observed for the 2 e first reduction of the zinc complexes.
Likewise, the two subsequent 1 e~ reductions of [2-Co]™*
(E12 = -1.29, -1.40 V, AE = 110 mV) are spaced slightly
wider than for the zinc complexes but still much narrower
than the separations between the third and fourth ligand-
centered reductions of the [1x-Co]"* series. These data re-
veal that [2-Co]™* exhibits much weaker inter-ligand elec-
tronic coupling than observed for the terpy-based cobalto-
viologens. The differences in electronic delocalization likely
arise due to the different oxidation states of cobalt in [1x-
Co]™* and [2-Co]™*. The NHC-supported cobaltoviologen
does not exhibita Co''/Co" redox couple (Figure S69), so the
viologen-like groups are bridged by a Co™ center instead of
the Co! centers present in the [1x-Co]™* complexes when-
their ligands are reduced. The strong electronic coupling in
the [1x-Co]"* series is facilitated by a half-filled 3d orbital
that can interact with both viologen « systems.® In contrast,
Co'""is low spin, leaving the n-symmetry 3d orbitals3? of [2-
Co]"+ fully occupied and unavailable for communicating an
electron between the two ligands. The ability to control the
oxidation and spin state of cobalt in the cobaltoviologens is
a unique feature of these MV systems, representing a novel
way to tune inter-ligand electronic coupling.

Returning to the [1x-Co]** series, the CO2Me derivative
shows four additional overlapping redox processes nega-
tive of 2.0 V vs. Fc*/0 that provide additional confirmation
of the role of orbital occupancy in promoting delocalization.
These redox features, which are also seen for the zinc deriv-
ative, can be attributed to reduction of the four electron-de-
ficient flanking pyridyl groups and do not exhibit substan-
tial separation for either the cobalt or zinc complexes. Thus,
while the cobalt center in [1cozme-Co]™* is able to electroni-
cally couple the viologen moieties, it does not show this ef-
fect for the flanking pyridyl groups. Since Co! can have only
one of its m-symmetry d orbitals partially occupied, and this
orbital couples the viologens,® there is no d orbital availa-
ble for coupling the flanking pyridyl groups.

Classifying electronic coupling by IVCT band analysis.
The comproportionation constants (logK. = 2.07 to 6.71)
observed for the n = 4+ and 2+ states of the [1x-Co]"* series
suggest that there is considerable variation of the strength
of electronic coupling between the ligands in the 3+ states
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Figure 3. NIR-vis regions of the spectra of [1x-Co]3+. (A) Overlay of all spectra in this series. (B - G) IVCT analysis of each spectrum
from that of (B) [1nmez-Co]3* to (G) [1cozme-Co]3+. Solid, colored lines show the experimental spectra, dotted colored lines depict
theoretical gaussian IVCT bands with their emax values indicated, and gray lines depict two freely refined gaussian bands that overlap
partially with the IVCT bands (see Figures S94-S99 for full gaussian deconvolution of the NIR-vis regions of these spectra).

of these complexes. However, K. values can be unreliable for
classifying electronic delocalization,3? so UV-vis-NIR spec-
troscopy was employed for a clearer analysis. As can be
seen in Figure 34, all the [1x-Co]3* complexes exhibit a well-
defined intervalence charge-transfer (IVCT) band?® in the
NIR region of their spectra. The intensities of these IVCT
bands increase and their widths decrease with increasing
EW character of the flanking donor groups of the ligands,
consistent with increasing electronic coupling between the
ligands.?

The IVCT bands were analyzed to assign Robin-Day clas-
sifications to each [1x-Co]3* complex. We previously classi-
fied [1n-Co]3* by fitting its IVCT band to a gaussian curve in
order to extract the full-width at half max (Avi,2) of the band
and the electronic coupling parameter (Hab),5 which both
indicate the strength of electronic coupling.? Though this
approach is commonly used to analyze mixed-valence sys-
tems,10¢11a16ab, jt suffers from two major limitations: (1)
strongly coupled systems lead to truncation of the IVCT
band on its low energy side, so it does not maintain a gauss-
ian shape; and (2) calculating Hab requires the distance (rab)
between the redox sites,® which is not well defined in [1x-
Co]3* since each viologen unit is itself a delocalized & sys-
tem. Thus, we employed a more sophisticated method of
IVCT analysis for comparing electronic coupling in the [1x-
Co]3* series of complexes.3»11d First, the emax values of the
observed IVCT bands were used to calculate theoretical
gaussian IVCT bands assuming Class II coupling.3? These
theoretically derived bands were combined with four to five
freely refined gaussian curves to fit the vis-NIR region of
each spectrum (see Figures S94-S99), confirming that fea-
tures aside from the IVCT bands are relatively consistent for
each spectrum. Finally, Robin-Day classifications were as-
signed by comparing the theoretical and experimental IVCT
bands to measure truncation of the latter (Figure 3B-3G),

which is directly related to the strength of electronic cou-
pling between the ligands.

As can be seen in Figures 3B,C, the most electron-rich
complexes [1nmez-C0]3* and [1ome-Co0]3* have IVCT bands
that are well matched to theoretical gaussian curves even
on the low-energy sides of these absorptions, consistent
with Class IIA coupling,32 though the high intensity and
slight truncation of the IVCT band for [1ome-Co]3* suggests
that this complex is at the upper limit of this assignment.
The complexes [1me-Co]3*, [14-Co0]3*, and [1a-Co]3* show
more noticeable truncation of the low-energy side of their
IVCT bands (Figures 3D-F), while excellent consistency is
maintained between the experimental and theoretical
bands on the high-energy side. The truncation of the IVCT
bands increases as the electron-donor strength of the flank-
ing ligands decreases, confirming that electronic delocaliza-
tion is increased as the orbital energies of the cobalt centers
are decreased. Since the IVCT band of [1me-Co]3* is only
mildly truncated, we assign this complex to a Class IIB de-
scription. Itis more difficult to distinguish between Class IIB
and borderline Class II/IIl descriptions for [1a-Co]3* and
[1a-Co]3*.3* Our previous assignment of [1x-Co]3* as bor-
derline Class II/IIl was made using methods employed by
othersi3c15aléab to analyze metal-bridged mixed-valence
systems, and adding to this evidence, its IVCT band was
found to be invariant to changing the solvent from MeCN to
water (Figure S92). This absence of solvatochromism is a
strong indicator of a highly delocalized electronic struc-
ture,3> so we maintain our borderline Class II/III descrip-
tion for this complex, and by extension, for [1c-Co]3*.

Interestingly, the experimental IVCT band of [1cozme-
Co]3* poorly matches the theoretical gaussian band on both
the low-energy and high-energy sides of the absorption.
Truncation of the IVCT band is not supposed to alter the



band shape on the high energy side,? so a different explana-
tion is needed. Since the experimental vmax of the IVCT band
is taken as vmax of the theoretical gaussian band, and the
width of the gaussian band is derived from vmax,3? the dis-
crepancy between the experimental and theoretical absorp-
tions suggests that the experimental vmax value is not a good
representation of vmax of the corresponding gaussian curve.
In other words, these results suggest that the low-energy
portion of the experimental IVCT band is truncated to be-
yond vmax of the theoretical Class II band, just as expected
for a Class Il mixed-valence system.32® Comparison of Avi,2
of the experimental IVCT band with that of the theoretical
gaussian band offers another method of evaluating the ex-
tent of delocalization. In this case, the experimental full-
width at half maximum (Aviz = 2185 cm™) is 0.57 times
that of the theoretical gaussian band (Aviz = 3792 cm™).
This ratio is slightly larger than the < 0.5 limit expected for
Class IlI coupling, but it has been noted that physically real-
istic IVCT bands are not truncated as sharply as theoreti-
cally predicted,''d so a value slightly larger than 0.5 is not
unreasonable for a Class III system. 1%

As expected from CV data, full or partial 2 e” reduction of
[2-Co]5* does not produce spectra showing signs of elec-
tronic coupling (Figure 4). Instead, the 3+ spectrum exhibits
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Figure 4. Spectroelectrochemistry of the reduction of [2-

Co]5* to [2-Co]3* (1 mM in MeCN) at —1.08 Vvs. Fc*/%ina 1

mm pathlength cuvette.

features that closely resemble those of fully organic vio-
logen radical cations.?! In fact, the visible-region absorp-
tions of [2-Co]3* are even more like those of organic vio-
logen radicals than we reported for the zinc complex [1n-
Zn]?+.%2 Since [2-Co]3* is not mixed valence, it is the absence
of an IVCT band in the partially reduced sample (Figure 4,
-1.08 V, initial) that confirms that the viologen units of [2-
Co]"+ are electronically isolated. Notably, this observation
extends the electronic coupling in the cobaltoviologens all
the way from completely localized Class I to fully delocal-
ized Class 1II, with considerable gradation between these
extremes, thus demonstrating an unprecedented degree of
control over delocalization in a constant L-M-L core.

The spectra of the 2+ and 1+ states of the [1x-Co]"* series
were also acquired. As shown in Figures S72, S76, S80, S84,
and S89, the 2+ states all have similar vis-NIR features to
those reported for [1u-Co]?*,%2 with only relatively gradual
changes in intensities, Amax values, and band widths, espe-
cially from [1ome-Co]?* to [1a-Co]?*, while the NMe:z and
CO2Me derivatives show somewhat greater differences. The

1+ spectra are also fairly consistent for each complex, with
the complexes [1nmez-Co]* to [1u-Co]* showing the greatest
similarities, while the Cl and CO2Me derivatives show some-
what broader, more intense bands. Overall, neither the 2+
nor 1+ spectra suggest any dramatic change in the elec-
tronic structure across these series, and the changes that
are observed for the 1+ complexes are not consistent with
changes in inter-ligand electronic coupling. These findings
support CV data indicating that electronic coupling does not
vary substantially in the 1+ states of these complexes.

Computational insights and limitations. It is challeng-
ing to obtain accurate results when computationally model-
ing delocalization between two redox sites,3*36 yet it is not
uncommon for DFT to be employed to analyze metal-
bridged mixed-valence systems.10112b1214 Thus, we as-
sessed whether common DFT methods could replicate the
gradual variation of coupling observed experimentally for
the [1x-Co]3* series. Ultimately, the electronic structures
were not described well by these calculations, so we com-
ment only briefly on these results to highlight these limita-
tions and to note one feature of the calculations that did
show consistent correlation with experimental results.

Calculations on the [1x-Co]3* series were first performed
using the uB3LYP functional3” and def2TZVPP basis set for
all atoms except C and H, for which def2SVP was used.38 An-
tiferromagnetic coupling between Co!" and the ligand radi-
cal was treated as previously described.®® These calcula-
tions produce full delocalization of the mixed-valence state
for all complexes, failing to match the gradation character-
ized experimentally. In contrast, employing a IEF-PCM sol-
vent model3° for MeCN produced wavefunctions that local-
ized the ligand-centered radical to one viologen unit for all
complexes. Likewise, the range-separated hybrid functional
uCAM-B3LYP, which corrects for the tendency of hybrid
functionals to overestimate electronic delocalization,3640
produced wavefunctions that were overly localized. Thus,
these methods, which have been employed to model other
mixed-valence systems,0ablibl4ablsc were ineffective for
[1x-Co]3+.

Despite poorly modeling delocalization in [1x-Co]3*, the
energy difference between the quintet state of [1x-Co]3* and
its lower energy antiferromagnetically coupled triplet state
correlates well with the degree of electronic coupling iden-
tified experimentally. In particular, the calculated energy
difference AGqr scales linearly with the logK. of these com-
plexes (Figures S103, S111, S119), establishing a linear
free-energy relationship. This correlation may provide a
simple method for predicting delocalization in related com-
plexes, and we are pursuing the use of these computational
methods in the design of new cobalt-bridged mixed-valence
systems. Since substantial effort can be required to accu-
rately model even simple organic viologen radicals,?!2 we
regard further computational investigation of the [1x-Co]3*
complexes as outside the scope of this present report.

Single-crystal X-ray diffraction and radical stacking. As
we have reported, structural data support the description of
[1n-Co]3* as a nearly fully delocalized mixed-valence sys-
tem.®2 Thus, single-crystal XRD characterization of [1s-



Co]?* and [1s-Co]* was carried out to similarly bolster our
understanding these states, especially given potential limi-
tations of DFT calculations. The central C—C bond distances
and dihedral angles of viologens decrease significantly upon
reduction,?!b31a so these metrics were compared for [1s-
Co]3* and newly acquired structures of [1n-Co]?* and [1x-
Co]*. Two crystals of [1u-Co](PFes)2 were analyzed, one
grown from PhCN (R1=4.53 %, Figure 5) and the other from
MeCN (R = 8.47 %, Figure 6), with the latter featuring two
unique equivalents of [14-Co]?*. A single high-quality struc-
ture of [1n-Co]PFs was also determined (R1 = 4.39 %, see
Figure S100). The pyridine-pyridinium (Cpy-Cpy+) bonds
shorten on going from the 3+ to 2+ and then 1+ states (Table
2), though only the latter change can be distinguished con-
fidently beyond experimental error. The py—py+ dihedral
angles decrease significantly between the 3+ and 2+ state,
from ~12° in [1x-Co]3* to ~3° in [1x4-Co]?* (Table 2), con-
sistent with greater reduction of the viologen moieties in
the 2+ state. These results confirm the increasing reduction
of the ligands for each electron added to [1x-Co]™*, with the
relative subtlety of the changes reflecting the distribution of
the effects of each reduction across both ligands.

Co—Nnxm{

py—py+
dihedral
C® N® Co®

Figure 5. Structure of [1s-Co]?* determined by XRD (R1 = 4.53
%) on a single crystal of [1a-Co](PFs)2 grown by vapor diffu-
sion of Et20 into a PhCN solution of the salt. Anions and solvates
are omitted for clarity. Labels identify the bonds and torsion
angles compared in Table 2 for the n = 1 - 3 states of [1n-Co]"*.

Table 2. Analysis of structural parameters of [1x-Co]"*.

Cpy—Cpy+ py-py+ | Co-Naxial | Co-Nfank

Complex Distance | Dihedral | Distance Distance
4 Angle (°) A 4

[1u-Co]3* | 1.442(6)= | 11.1(7)2 | 1.941(3)= | 2.052(4)
2.062(4)2

[1u-Co]?* | 1.429(5)- | 3.4(6)c | 1.978(6)- | 2.131(3)-
1.439(4) | 3.0(4)c | 2:058(6)° | 1.171(4)¢
[1u-Co]** | 1.412(2) 0.6(2) 2.0105(9) | 2.142(1)
1.424(2) 0.8(2) 1.9630(9) | 2.150(1)

2.147(1)

2.159(1)

(a) Related to a symmetry-equivalent bond/angle by a 2-fold
rotation. (b) Shortest to longest of six distances from three
unique [1n-Co]2+ units. (c) Values from the structure of [1u-
Co](PFe)2 without radical pairing interactions. (d) Shortest to
longest of twelve distances from three unique [1x-C0]?* units.

The coordination sphere around cobalt exhibits changes
between the 3+ and 2+ states of [1u-Co]™*, while remaining
essentially constant for the 2+ and 1+ states. The Co—N
bond distances are all longer in the 2+ structure than in the
3+ structure, suggesting that the cobalt center may be more
reduced in [1n-Co]?* than was indicated in past calcula-
tions.®2 However, neither the 1+ nor 2+ states have particu-
larly long Co—N bonds compared to those of bis-terpy-
Co(II) complexes,?> consistent with the previous assign-
ment of each reduction as centered primarily on the ligands,
with moderately increased metal character in the more re-
duced states of [1u-Co]"*.

Interestingly, in crystals of [1s-Co]?* grown from MeCN
([1u-Co](PFs)223.5MeCN), the complexes engage in m-stack-
ing interactions between the viologen ligands that are char-
acteristic of radical pimerization of organic viologens.?! The
asymmetric unit (Figures 6A,B) includes two unique

A

P2,/c a=17.7986(4); b = 36.3839(6), c = 17.7897(4)

Figure 6. Structure of [1u-Co](PFs)2¢3.5MeCN determined by
single-crystal XRD (R1=8.47 %). Anions and solvates are omit-
ted for clarity. (A) Asymmetric unit showing close contact be-
tween two crystallographically unique equivalents of [1m-
Co]2*. (B) Top-down view of the stacked viologen ligands in the
asymmetric unit. (C) Stacking of four viologen ligands in the ex-
tended packing structure. (D) View down the stack of four vio-
logen ligands. Red and blue coloring is used to distinguish al-
ternating equivalents of [1n-Co]?*. (E) Extended chains of &
stacking between [1u-Co]%* complexes in the unit cell. Red and
blue coloring is used to distinguish two separate chains of com-
plexes in the unit cell, and green represents complexes outside
the unit cell that unite the two chains in the cell.



[1n-Co]?* complexes, each with a viologen ligand crossing
the other at their Cpy—Cyy+ bonds to give a short centroid-
to-centroid contact of 3.06 A and a dihedral angle of 75.7°
between the ligands at this contact. This geometry is nearly
ideal for the orbital mixing that produces a weak covalent
bonding interaction between organic viologen radicals.?1241
Such interactions can facilitate through-space delocaliza-
tion*? of electrons across multiple viologens,?%® yielding
unique electronic properties in discrete stacks of vio-
logens?2c-d and semiconductor behavior in continuous crys-
talline lattices.2?2 Despite the importance of these interac-
tions in traditional viologen radicals, such behavior has
never previously been characterized in metalloviologens,
representing a notable fundamental discovery.*3

The extended packing of the complexes reveals a second
notable n-stacking motif (Figures 6C,D) in which four lig-
ands are arranged together with a separation between them
(> 3.4 A) that is characteristic of van der Waals contacts in
the absence of radical-pairing. Consistent with this descrip-
tion, overlap of the ligands is limited mostly to the pyri-
dinium groups and occurs at a very wide angle (Figure 6D),
yielding poor alignment for mixing the singly occupied or-
bitals of each ligand. Interestingly, these quadruple stacks
of ligands serve as nodes that crosslink separate chains of
cobaltoviologen complexes in the extended packing of [1u-
Co](PF¢)2¢3.5MeCN (Figure 6E). The resulting 3-dimen-
sional network of 7 stacking appears to impart remarkable
elastic flexibility to the bulk crystals,** producing needle-
like crystals that can recover from being bent by as much as
90° (see supplemental videos). These findings suggest that
cobaltoviologens may be useful for developing novel mate-
rials. However, crystals of [1u-Co](PFs)2¢3.5MeCN quickly
become fragile once removed from their supernatant, so far
limiting further scrutiny of their elastic properties.

It is worth noting that one viologen ligand of each [1&-
Co]?* complex engages in strong radical-dimerization while
the opposite ligand enters into the quadruple-stack motif
with weaker & stacking. The alternating behavior of the lig-
ands might arise from the electronic structure of [1s-Co0]?*,
which features one ligand radical coupled ferromagneti-
cally to cobalt while the other couples antiferromagneti-
cally. Since this latter interaction pairs the n* radical with
the metal, it may render the ligand unable to participate in
intermolecular radical-radical interactions, while leaving
available the strong van der Waals forces that also play an
important role in viologen pimerization.2'2 Thus, metal-lig-
and electronic interactions in [1x-Co]?* may contribute to
the packing motif seen in these crystals, and by extension,
their unusual physical properties.

The zinc complex [1u-Zn]?*, which has two radical ligands
and a closed-shell metal center, serves as an obvious exper-
imental control for understanding how metal-ligand elec-
tronic coupling influences intermolecular radical pairing.
Like the cobalt analogue, [1n-Zn](PFs)2 can be crystallized
from MeCN to yield a packing structure defined by radical
pimerization (Figure 7), while these interactions are absent
in crystals grown from PhCN (Figure S101). However, pack-
ing in the MeCN structures differs considerably between the
cobalt and zinc derivatives, with the latter engaging both
ligands of each complex in radical-pairing interactions, as
expected since both ligand radicals should be equivalent in

[1n-Zn]?*. The distance of ~2.99 A and angle of 80.9° be-
tween the stacked ligands are consistent with strong radical
pairing, but the extended structure still reveals stacks of
four viologens—one viologen unit in each radical dimer also
engages in van der Waals contacts (3.399 A) with one of the
viologens of a neighboring radical dimer (Figure 7B). Thus,
paired radical ligands maintain the ability to engage in fur-
ther 7 stacking, just without the benefit of additional radi-
cal-radical interactions.*> These observations appear to
support the conjecture that the reason only one ligand in
[1n-Co]?* engages in strong radical pimerization is that the
other ligand n* electron pairs antiferromagnetically with
the cobalt center.

The & stacking in [1s-Zn](PFs)2 provides a 3-dimension-
ally extended network of stacking interactions, again lead-
ing to elastically flexible crystals (see supplemental video).
Since the & stacking networks differ considerably between
the zinc and cobalt crystals, it seems the combination of rad-
ical-pairing and van der Waals interactions may be more
important than the specific topology of these interactions
for supporting mechanical flexibility. As with the cobalt an-
alogue, the crystals of [1u-Zn](PFs)2 lose their integrity
quickly outside of solvent, preventing further study of their
mechanical properties. However, it was possible to use dif-
fuse reflectance UV-vis-NIR spectroscopy to demonstrate
that radical pairing interactions are maintained even after
degradation of the crystals. An increased NIR absorbance
and broadened visible region band, which are both charac-
teristic of viologen radical dimerization,?'2 were observed
for dried samples of crystals featuring the radical-pairing
motif in comparison to crystals grown under conditions that
do not lead to radical pairing (Figure 7C).
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Figure 7. (A) Structure of [1n-Zn]2+ determined by XRD (R1 =
7.97 %) on a single crystal of [1u-Zn](PFs)2¢3MeCN. The asym-
metric unit is shown with anions and solvates omitted. (B)
Quadruple-stack of viologen units observed in the extended
packing of [1n-Zn](PFs)2¢3MeCN. (C) Diffuse-reflectance UV-
vis-NIR spectra of solid-state samples of [1n-Zn](PFs)2 with
and without radical pairing interactions.



Summary and Conclusions.

We have prepared a series of metalloviologen complexes
[1x-M]*+ and [2-Co]5* in which two viologen-like redox
units are bridged by either a cobalt or zinc ion. Systemati-
cally altering the donor strengths of the supporting ligands
in the cobalt complexes afforded remarkable control over
electronic coupling between the viologens, representing a
novel strategy for altering the delocalization between two
organic redox sites. Notably, the mixed-valence states of the
cobaltoviologens could be tuned all the way from fully local-
ized Class I to fully delocalized Class III descriptions, provid-
ing the first L-M-L system in which this full range of states
could be achieved while maintaining a fixed set of redox-ac-
tive ligands and bridging metal center. The redox properties
of the complexes indicate that control over electronic cou-
pling results from modulating the energies of the orbitals on
cobalt while leaving the viologen ligands relatively unper-
turbed. This allows the energies of high-spin Co" orbitals to
be matched to those of the ligands to maximize delocaliza-
tion, while at the other extreme, electronic coupling is
turned off when the cobalt center is perturbed enough to
change its oxidation state to low-spin Co'.

In addition to the electronic coupling observed between
the viologen ligands of a single complex, it was also revealed
that these ligands can engage in intermolecular radical-
pairing interactions in solid-state structures of [1n-Co]?*
and [1s-Zn]?*. This finding represents the first time that
metalloviologen complexes have been observed to engage
radical m-stacking interactions, leading to emergent fea-
tures that are not observed for such interactions in organic
viologens. In particular, both the cobalt and zinc complexes
assemble into 3D crystalline networks of n-stacking inter-
actions, leading to mechanically elastic crystals. However,
the packing motif differs appreciably between the cobalt
and zinc complexes, with the latter engaging both ligands in
radical pairing, while the cobalt derivative engages one lig-
and of each complex in radical-pairing and the other in a
weaker type of n stacking. These differences suggest that
metal-ligand electronic interactions in the cobalt complex
influence the ability of one of the ligand-centered radicals to
engage in intermolecular radical dimerization, thus repre-
senting another emergent feature arising from metal-ligand
electronic interactions in the cobaltoviologens.
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