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ABSTRACT: The geometric and electronic structure of a doubly oxidized bimetallic Co complex containing two redox-active
salen moieties connected via a 1,2-phenylene linker has been investigated and compared to an oxidized monomeric analogue. Both
complexes, CoL' and Co,L? are oxidized to the mono- and di-cations respectively with AgSbFs and characterized by X-ray
crystallography for the monomer, and Vis-NIR spectroscopy, electron paramagnetic (EPR) spectroscopy, SQUID magnetometry
and density functional theory (DFT) calculations for both the monomer and dimer. Both complexes exhibit a water molecule
coordinated in the apical position upon oxidation. [CoL*-H,O]" displays a broad NIR band at 8500 cm™ (8400 Mcm™) which is
consistent with recent reports on oxidized Co salen complexes (Kochem, A. et. al., Inorg Chem., 2012, 51, 10557-10571,
Kurahashi, T. et. al., Inorg. Chem., 2013, 52, 3908-3919). DFT calculations predict a triplet ground state with significant ligand and
metal contributions to the singularly occupied molecular orbital (SOMO). The majority (~75%) of the total spin density is localized
on the metal, highlighting both high spin Co(I11) and Co(II)L+ character in the electronic ground state. Further oxidation of CoL" to
the dication affords a low spin Co(I11) phenoxyl radical species. The NIR features for [Co,L*-2H,0]** at 8600 cm™ (17800 M™cm’
1) are doubly intense in comparison to [CoL'-H,0]" owing to the description of [Co,L2-2H,0]*" as two non-interacting oxidized
Co salen complexes bound via the central phenylene linker. Interestingly, TD-DFT calculations predict two electronic transitions
that are 353 cm™ apart. The NIR spectrum of the analogous Ni complex, [Ni,L?]**, exhibits two intense transitions (4890 cm’
1126500 M™cm™ and 4200 cm™*/21200 M cm™) due to exciton coupling in the excited state. Only one broad band is observed in the
NIR spectrum for [Co,L%-2H,0]*" as a result of the contracted donor and acceptor orbitals and overall CT character.

1. Introduction

The relationship between electronic structure and reactivity in
inorganic complexes is an area of considerable research interest;
with the interplay between metal ions and redox-active ligands
receiving particular attention.® Many metalloenzymes couple one
electron redox changes at metal centers with redox-active ligands
in order to promote multielectron chemistry.? Classic examples
include galactose oxidase® and cytochrome p450,* two enzymes
with first row transition metal centers coupled to pro-radical
ligands in order to drive substrate turnover. Owing to the
simplicity of the active sites, many structural and functional
small-molecule models of these and other enzymes have been
studied.’

Depending on the relative energy of redox-active orbitals, metal
complexes with proradical ligands ((M™L]) can undergo ligand-
based ([M™L<]") or metal-based ([M("*)L]") oxidation. Classes
of redox-active ligands include dithiolenes,® dioxolenes,’
diimines,® and phenol containing ligands.® One class of redox-
active ligand that has been studied extensively are tetradentate
salen ligands (salen is a common abbreviation for N,O, bis-
Schiff-base bis-phenolate ligands), due to their facile and modular
syntheses and highly tunable steric and electronic properties.®® °
Monometallic salen complexes have been studied in applications
ranging from catalysis'* to self-assembly.”? Interestingly,
numerous reactivity studies involving metal-salen complexes have
demonstrated second-order kinetic dependence with respect to the
metallosalen catalyst.® As a result, multiple catalytic sites have
been incorporated into the same molecule as a means to enhance
reactivity, and oftentimes cooperativity was observed.' The

performance of multimetallic salen catalysts is however greatly
dependent on factors such as the distance and orientation between
the catalytic sites as well as the nature of the linker group
employed.*® *® Further interest in multimetallic salen complexes
arises from their interesting electronic structure,'® magnetism*’
and supramolecular properties.*®

Chart 1. Monometallic and bimetallic salen complexes
studied. M = Ni, previous work. % M = Co, this work.

Although studied extensively in the context of catalysis, the
ligand radical chemistry of multimetallic salen complexes has
received comparatively little attention.® % ° We have
previously studied the geometric and electronic structures of a
monometallic Ni salen complex and its bimetallic analogue (Chart
1).% Upon oxidation with a suitable chemical oxidant, the



bimetallic Ni salen complex can be oxidized to a bis-ligand
radical species. Herein, we extend this work to Co complexes as a
means to study the interplay between redox active salen ligands
and more easily oxidizable metal centers. The structure of the
bimetallic Co complex bears resemblance to the co-facial Co
porphyrins studied by Collman et. al.,® Nocera et. al.,?* and Co
calixpyrroles studied by Love and co-workers.?2 Co complexes
involving redox active ligands, and in particular Co(ll)-
bis(phenolate) complexes have been investigated due to the
interesting electronic structures of both neutral and oxidized
species. Examples include work by Benisvy et al. in which a
Co(ll) complex involving two imidazole-phenolate ligands
undergoes one electron oxidation to afford a complex bearing one
phenoxyl radical and a phenolate moiety bound to a Co(ll) center,
rather than a Co(111)-bis(phenolate) complex.?® Interestingly, both
tetracoordinated Co(ll) and square pyramidal Co(lll) complexes
with radical o-iminobenzosemiquinonate type ligands have also
been reported.?* Additionally, benzenedithiolate and o-
phenylenediamine ligands have been shown to afford Co
complexes with dithiosemiquinato and o-
diiminobenzosemiquinato radicals upon oxidation.?® Co salen
complexes have been studied extensively for their use in a number
of catalytic reactions including kinetic hydrolytic resolution of
epoxides® and the nitro-aldol reaction.*c. Furthermore, the
electronic structures of their oxidized forms have been shown to
be sensitive to factors such as exogenous ligands, counter ions,
and solid state packing effects.” In this work, through both
extensive  experimental and theoretical  characterization
techniques, we show that upon one and two electron oxidation,
respectively, monometallic and bimetallic Co salen complexes
form species with ligand radical character. However, significant
metal contribution to the singularly occupied molecular orbital
results in a less delocalized electronic structure in comparison to
the Ni analogues, resulting in a much broader low energy
absorption band in the Vis-NIR spectrum lacking observable
splitting due to exciton coupling.

2. Experimental

2.1. Materials and Methods. All chemicals used were of
the highest grade available and were further purified whenever
necessary.”®  The  ligands,  1-(2-hydroxy-3,5-di-tert-
butylphenyl)-methyl-2,5-diimine-4,4-dimethyl-6-(2-hydroxy-
3-tert-butyl-5-phenyl) phenyl, (H,L') and (1,2-Bis-(1-(2-
hydroxy-3,5-di-tert-butylphenyl)-methyl-2,5-diimine-4,4-
dimethyl-6-(2-hydroxy-3,5-di-tert-butylphenyl)-benzene,
(H4L? were synthesized according to published procedures.*®
The aminium radical chemical oxidant [N(CgH3Br,)s] "[SbFs]
was synthesized according to published protocols.” Electronic
spectra were recorded on a Cary 5000 spectrophotometer with
a custom-designed immersion fiber-optic probe with variable
path-length (1 and 10 mm; Hellma, Inc.). Constant
temperatures were maintained by a dry ice/acetone bath.
Solvent contraction was accounted for in all variable
temperature studies. Cyclic voltammetry (CV) was performed
on a PAR-263A potentiometer, equipped with an Ag wire
reference electrode, a Pt disk working electrode, and a Pt
counter electrode with nBuyNCIO, (0.1 M) solution in CH,Cl,.
Decamethylferrocene was used as an internal standard. 'H
NMR spectra were recorded on a Bruker AV-500 instrument.
Solution paramagnetic susceptibilities were calculated using

the Evans method.* Mass spectra (positive ion) were obtained
on a Bruker Microflex LT MALDI-TOF MS instrument.
Elemental analyses (C, H, N) were performed by Mr. Farzad
Haftbaradaran and Mr. Paul Mulyk at Simon Fraser University
on a Carlo Erba EA1110 CHN elemental analyser. Electron
paramagnetic resonance (EPR) spectra were collected using a
Bruker EMXplus spectrometer operating with a premiumX X-
band microwave bridge and an HS resonator. Low temperature
measurements of frozen solutions used a Bruker ER 4112HV
helium temperature-control system and continuous flow
cryostat. Samples for X-band EPR measurements were placed
in 4 mm outer-diameter sample tubes with sample volumes of
approximately 500 pL.

2.2. Synthesis. 2.2.1. Synthesis of CoL". To a solution of
ligand H,L" (340 mg, 0.6 mmol) in diethyl ether (4 mL) was
added a Co(OAc),*4H,0 solution (155 mg, 0.6 mmol in 4 mL
methanol) under anaerobic conditions. The solution
immediately turned from yellow to red upon addition and was
stirred at room temperature until a dark red precipitate formed.
The precipitate was collected and dried in vacuo. The dark red
powder was recrystallized by slow diffusion of methanol into
a concentrated CH,Cl, solution of CoL to afford block-like
red crystals. Yield: 290 mg, 74%. Elemental analysis:
calculated for C4;H,5CoN,0,: C 72.65, H 7.91, N 4.58; found:
C 7297 H 7.63 N 4.64. MALDI-MS m/z: 611.30 (100%).
Solution magnetic moment (*H Evan’s Method): peg = 1.75.

2.2.2. Synthesis of [CoL'-H,0]". To a solution of CoL!
(110 mg, 0.18 mmol) in CH,Cl, (3 mL) was added a AgSbFg
solution (60 mg, 0.18 mmol in 3 mL CH,CIl,) under anaerobic
conditions. The solution immediately turned from red to dark
green upon addition of oxidant and was stirred at room
temperature for 30 minutes. The reaction mixture was filtered
through Celite and concentrated in vacuo. The crude material
was redissolved in dichlormethane (2 mL) and pentane was
added (2 mL) to precipitate a dark green powder. Crystals
suitable for X-ray analysis were grown by slow diffusion of
pentane into a concentrated CH,CI, solution. Yield: 132 mg,
85%. Elemental analysis: calculated for
C37HseCoN,05SbFgeH,0. C 50.30, H 5.93, N 3.17; found: C
49.92, H 5.90, N 2.97. Solution magnetic moment (*H Evan’s
Method) s = 2.62.

2.2.3. Synthesis of Co,L’. To a solution of ligand H,L?
(400 mg, 0.4 mmol) in diethyl ether (5 mL) was added a
Co(OAC),*4H,0 solution (190 mg, 0.8 mmol in 5mL
methanol) under anaerobic conditions. The solution
immediately turned from yellow to red upon addition and was
stirred at room temperature until a dark red precipitate formed.
The precipitate was collected and dried in vacuo. The dark red
powder was recrystallized by slow diffusion of methanol into
a concentrated CH,Cl, solution of Co,L? to afford block-like
red crystals. Yield: 200 mg, 45%. MALDI-MS m/z: 1144.48
(100%). Elemental analysis: calculated for
CesHgoC0,N,0,°CH,Cl,: C 67.36, H 7.54, N 4.55; found: C
67.25, H 7.61, N 4.27. Solution magnetic moment (lH Evan’s
Method): peg = 2.75.

2.2.4. Synthesis of [Co,L%2H,0]*". To a solution of Co,L?
(150 mg, 0.13 mmol) in CH,CI, (5 mL) was added a AgSbFg
solution (90 mg, 0.26 mmol in 5 mL CH,CIl,) under anaerobic
conditions. The solution immediately turned from red to dark
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green upon addition of oxidant and was stirred at room
temperature for 30 minutes. The reaction mixture was filtered
through celite and concentrated in vacuo. The crude solid was
redissolved in CH,Cl, (2 mL) and pentane was added (2 mL)
to afford a green precipitate. Yield: 168 mg, 70%. Elemental
analysis: calculated for CggHgsC0,N4O6ShoF1: C 49.41, H
5.73, N 3.39; found: C 49.12, H 5.47, N 3.40.

2.3. X-ray Structure Determination. CoL’. Single
crystal X-ray crystallographic analysis of a block-red crystal
of CoL' was carried out at the Advanced Light Source
(Lawrence Berkeley National Laboratory) using synchrotron
radiation tuned to 2=0.7749 A. Intensity data were collected at
296K on a D8 goniostat equipped with a Bruker APEXII CCD
detector at Beamline 11.3.1. For data collection frames were
measured for a duration of 1 s at 0.3° intervals of » with a
maximum 20 value of ~60°. The data frames were collected
using the program APEX2 and processed using the program
SAINT routine within APEX2. The data were corrected for
absorption and beam corrections based on the multi-scan
technique as implemented in SADABS. The structure was
solved by the intrinsic phasing method® and subsequent
refinements were performed using ShelXle.*> Al non-
hydrogen atoms were refined anisotropically. All C-H
hydrogen atoms were placed in calculated positions by were
not refined.

[CoL'-H,0]". Crystallographic analysis of [CoL'-H,O]"
was performed on a Bruker APEX |l Duo diffractometer with
graphite monochromated Cu-Ka radiation. A dark green block
crystal was mounted on a 150 um MiteGen sample holder.
The data were collected at 293K to a maximum 26 value of
~60°. Data were collected in a series of ¢ and ® in 0.50°
widths with 10.0 s exposures. The crystal-to-detector distance
was 50 mm. The structure was solved by intrinsic phasing®
and refined by least-squares procedures using Crystals.*®
[CoLl-HZO]+ crystallizes with one molecule of CH,CI,
solvent in the asymmetric unit. All non-hydrogen atoms were
refined anisotropically. All C-H hydrogen atoms were placed
in calculated positions but were not refined.

Co,L?. Crystallographic analysis of Co,L* was performed
on a Bruker X8 APEX Il diffractometer with graphite
monochromated Mo-Ka radiation. An irregular red crystal
was mounted on a glass fibre. The data were collected at a
temperature of -103.15 + 0.1 K to a maximum 26 value of
45.0°. Data were collected in a series of ¢ and o scans in 0.50°
widths with 30.0 s exposures. The crystal-to-detector distance
was 40 mm. The complex crystallizes as a two-component
twin with the two components related by a 180° rotation about
the (0 -0.5 1) reciprocal axis. Data were integrated for both
twin components, including both overlapped and non-
overlapped reflections. The structure was solved by direct
methods using non-overlapped data from the major twin
component. Subsequent refinements were carried out using an
HKLF5 format data set containing complete data from
component 1 and any overlapped reflections from component
2. The material crystallizes with two Co,L? complexes and
hexane solvent in the asymmetric unit. The solvent molecules
are disordered and cannot be modeled properly, thus the
PLATON/SQUEEZE* program was used to generate a

‘solvent-free’ HKLF5 format data set. The equivalent of 4
molecules of hexane were removed from the asymmetric unit.
All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were included in calculated positions but were
not refined. The batch scale refinement showed a roughly
57:43 ratio between major and minor twin components. All
crystal structure plots were produced using ORTEP-3* and
rendered with POV-Ray (v.3.6.2).° A summary of the crystal
data and experimental parameters for structure determinations
is given in Table S1.

2.4. Calculations. Geometry optimizations were
performed using the Gaussian 09 program (Revision D.01),”
the B3LYP functional,”® and the 6-31G(d) basis set on all
atoms as this functional/basis set combination has afforded a
good match to experimental metrical data in similar salen
systems.'® Frequency calculations at the same level of theory
confirmed that the optimized structures were located at a
minimum on the potential energy surface. Single point
calculations for energetic analysis were performed with the
B3LYP functional and the TZVP basis set of Ahlrichs on all
atoms.”” Broken-symmetry (BS) density functional theory
(DFT) calculations were performed with the same functional
and basis set.* The intensities of the 30 lowest energy
electronic transitions were calculated by TD-DFT*' at the
B3LYP/TZVP level with a polarized continuum model (PCM)
for CH,CL.* AOMix was used for determining atomic orbital
compositions employing Mulliken population analysis.*

2.5. Solid State Magnetism. The magnetic properties of
Co,L%, [CoL'-H,0]", and [Co,L*-2H,0]*" were measured
using a Quantum Design MPMS-XL7 SQUID magnetometer
operating between 1.8 and 300 K for dc applied fields ranging
between -7 and 7 T. The measurements were performed on
polycrystalline samples of 16.2, 23.7 and 20.4 mg, for Co,L?,
[CoL'-H,0]", and [Co,L*-2H,0]** respectively, wrapped in a
polyethylene membrane. The data was corrected for the
diamagnetic contribution of the sample holder and of the
complexes.

3. Results

3.1. Synthesis and Characterization of Neutral
Complexes. CoL' and Co,L? (Chart 1) were prepared by
treating diethg/l ether solutions of the corresponding ligand
(H,L" or H,L?) with methanolic solutions of Co(OAc),*4H,0
under anaerobic conditions. Recrystallization of CoL' and
Co,L? afforded crystals suitable for X-ray analysis in
moderate  yields.  Solution  magnetic  susceptibility
measurements (‘H NMR Evan’s Method) revealed the
presence of a low spin, S = % d’ Co(ll) ground state for CoL"
(e = 1.75) and an S = 1 ground state for Co,L? (ue = 2.75),
originating from two independent S = % d’ Co(ll) centers (vide
infra). Both compounds display paramagnetically shifted ‘H
NMR spectra. For CoL* (Figure S1), two sets of resonances
are discernible in certain regions of the sEectra, originating
from the asymmetric salen construct’® The 'H NMR
spectrum for Co,L? (Figure S1) is similar to CoL", however
the compound displayed lower solubility. The solid-state
structure of Co,L? is presented in Figure 1, while the solid-
state structure of CoL' is presented in the Supporting
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Information (Figure S2). Select crystallographic data are
shown in Table S1. Co,L? crystalizes with two molecules of
Co,L? in the asymmetric unit (Figure S3). Each molecule has
two Co(ll) ions; each in a distorted square planar geometry
bound via the expected N,O, coordination sphere of the salen
moieties. The average intramolecular metal-metal distance is
10 A. Furthermore, the bimetallic complex exists in a cis
conformation in the solid state, in which the bulky tert-butyl
substituents are aligned on the same side of the molecule,
similar to the analogous Ni complex.'®® The structure of Co,L?
in solution was investigated further by variable temperature 'H
NMR spectroscopy (Figure S4). While not as definitive as the
data for the Ni complex due to paramagnetic signal
broadening, splitting of the resonance at -11 ppm and
increased signal broadening in the aromatic region suggests
rotational restriction of the salen units at low temperature.

Figure 1. ORTEP plot of Co,L? (50% probability) using POV-
Ray, excluding hydrogen atoms and solvent. Selected interatomic
distances [A] and angles [°]: Co(1)-O(1): 1.874, Co(1)-O(2):
1.830, Co(1)-N(1): 1.841, Co(1)-N(2): 1.870, C(10)-O(1): 1.317,
C(29)-0(2): 1.321, Co(2)-O(3): 1.859, Co(2)-O(4): 1.840, Co(2)-
N(3): 1.855, Co(2)-N(4): 1.894, C(41)-O(3): 1.329, C(60)-O(4):
1.310, Co(1)-Co(2): 10.04; angles: O(1)-Co(1)-N(1): 92.7, O(1)-
Co(1)-0(2): 87.8, 0O(1)-Co(1)-N(2): 173.2, 0O(2)-Co(1)-N(2):
92.8, O(2)-Co(1)-N(1): 176.2, N(1)-Co(1)-N(2): 87.1, O(3)-
Co(2)-N(3): 92.3, 0O(3)-Co(2)-O(4): 87.6, 0O(3)-Co(2)-N(4):
178.0, O(4)-Co(2)-N(4): 92.5, O(4)-Co(2)-N(3): 177.3, N(3)-
Co(2)-N(4): 87.5.

3.2. Electrochemistry. Redox processes for CoL' and
Co,L? were probed by cyclic voltammetry (CV) in CH,Cl,
using tetra-n-butyl-ammonium perchlorate (nBu,NCIO,) as the
supporting electrolyte (Figure 2).The redox processes versus
ferrocenium/ferrocene (F.'/F;) are reported in Table 1. A
quasi-reversible one-electron redox process is observed for
CoL' at 0.16 V vs F.'/F.. An additional two-electron quasi-
reversible redox process is observed at 0.76 V (see 3.8 for
further discussion). The redox processes are similar to those
reported by Thomas and co-workers for a symmetric tBu
substituted Co salen complex (0.01 V and 0.7 V vs F.'/F),
albeit shifted to slightly more positive potentials.”’® The small

change is likely due to slight differences in ligand electronics.
Furthermore, Thomas and co-workers observe a third redox
wave at 0.74 V, which nearly overlaps the second wave at 0.7
V. In our case, we could not further resolve the two-electron
process at 0.76 V (assigned in comparison to the internal
standard F. ). Fujii and co-workers have also investigated the
electronic structure of a symmetric tBu substituted Co salen
complex with an axially bound triflate.?” In this case, the first
observed redox wave was at -0.101 V, 0.26 V more negative
than observed for CoL'. A number of factors may play a role
in this more negative potential, including nBu,OTf as the
supporting electrolyte, as well as the use of preoxidized
complex in their studies. Co,L* displays very similar oxidation
processes in comparison to CoL' (Figure 2), however, the
current intensities are effectively double with a two-electron
redox process observed at 0.14 V while a four-electron process
is observed at 0.78 V. This data shows that the two Co salen
units are effectively isolated, with no observable splitting of
the redox waves at the limit of spectral resolution.

-1.5 -1.0  -0.5 0.0
Potential / V vs. F :/F .

0.5 1.0 1.5

Figure 2. Cyclic voltammogram of CoL! (black) and Co,L2
(gray). Conditions: 2.5 mM complex, 0.1 M nBugNCIO,, scan rate
100 mV s}, CH,Cl,, 233 K.

Table 1. Redox Potentials of CoL* and Co,L? versus F.'/F2
given in V. Peak to peak separation given in parentheses

Compound  Ey,' Epc' Eip'  Ep Epc’ Ev’

CoL* 025 008 016 086 066 0.76
(0.17) (0.20)
Co,L? 025 003 014 094 063 078
(0.23) (0.30)

3peak to peak difference for F, */F, couple at 233K is 0.15V.

3.3. Synthesis and Characterization of Oxidized
Complexes. Bulk oxidation of neutral complexes was carried
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out under a dinitrogen atmosphere using AgSbFs as the
oxidant (0.65 V vs. F.'/F, in CH,Cl,).* [CoL'-H,O][SbF]
was recrystallized from CH,Cl,/pentane solution and the
molecular structure is presented in Figure 3, with select
crystallographic data presented in Table S1. The solid state
structure of [CoL'-H,0]" exhibits a slightly distorted square
pyramidal geometry with the expected N,O, coordination
sphere from the salen ligand as well as an apically bound
water molecule. A close contact exists between a hydrogen of
the axially bound water molecule and a F atom of the SbFg
counterion (F4-O3 distance of 2.844 A). The Co ion is
displaced by 0.147 A above the plane of the coordinating
atoms of the salen ligands towards the O3 atom. Upon
oxidation the Co-O bond lengths remain essentially the same
in comparison to CoL', however the Co-N bonds become
slightly elongated (Table 3). Similar structural data has been
reported by Thomas et al. for a para-OMe substituted Co
salen complex.”” The presence of paramagnetically shifted ‘H
NMR signals is a strong indication that the electronic structure
does not consist of a low spin Co(lll) central metal ion.
Furthermore, as shown in Figures S5 and S6, the paramagnetic
effects are enhanced upon complex oxidation with the spectral
window of CoL' widening from -10 = 25 ppm to -35 - 60
ppm when oxidized. Similar shifting patterns are observed in
the work by Fujii and co-workers which is attributable to
ligand based radical contributions to the overall electronic
structure.””™ ** We were unable to isolate X-ray quality crystals
of [Co,L%2H,0][SbFg],, although the compound was
characterized by a number of analytical and spectroscopic
methods. MS analysis of the oxidized complexes did not
afford the expected molecular ions (ESI-MS or MALDI) due
to loss of the apical water ligand.

Figure 3. ORTEP plot of [CoL'-H,0]" (50% probability) using
POV-Ray, excluding hydrogen atoms and solvent. Selected
interatomic distances [A] and angles [°]: Co(1)-O(1): 1.868,
Co(1)-0(2): 1.846, Co(1)-N(1): 1.891, Co(1)-N(2): 1.892, Co(1)-
0O(3): 2.124, C(10)-O(1): 1.324, C(25)-0(2): 1.326; angles: O(1)-
Co(1)-N(1): 93.4, O(1)-Co(1)-O(2): 87.7, 0O(1)-Co(1)-N(2):
170.1, O(2)-Co(1)-N(2): 97.1, O(2)-Co(1)-N(1): 171.7, N(1)-
Co(1)-N(2): 85.8, O(3)-Co(1)-O(1): 91.7, O(3)-Co(1)-N(1): 96.4,
0O(3)-Co(1)-0(2): 91.8, O(3)-Co(1)-N(2): 98.1.

3.4. Electronic Absorption Spectroscopy. The solution
electronic absorption spectra of neutral and oxidized CoL" and
Co,L? in the Vis-NIR region are shown in Figure 4. Both

neutral complexes are characterized by intense CT transitions
at ca. 27000 cm™ (14700 M cm™ — CoL ', 24600 M™* cm™ —
Co,L?) and 23000 cm™ (14800 M™* cm™ — CoL*, 25800 M™
cm™ — Co,L? similar to other reported Co salen systems
(Figure 4, Table 2).”"* Both neutral complexes have the same
overall

30

25

20

15

10

, 1103 mleml

30 25 20 15 10 5

Energy / 103 cmL

30 25 20 15 10 5

Energy/ 103 cmL

Figure 4. Top: Vis-NIR spectra of CoL" (black line) and [CoL'-
H,0]" (red line). Bottom: Vis-NIR spectra of Co,L? (black line)
and [Co,L%-2H,0]?* (red line). Conditions; CH,Cl,, 298 K. DFT
predicted transitions are shown as vertical green lines (vide infra).

spectral shape, with Co,L? exhibiting double the intensity in
comparison to CoL" across all wavelengths, with some minor
changes at high energy likely a result of the central phenylene
linker. The oxidized complexes display broad high energy
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transitions at ca. 27000 cm™ (10700 M cm™ — [CoL'-H,0]",
23200 M cm™ - [Co,L2-2H,0]**) and 22000 cm™ (5100 M™
cm™ — [CoL'-H,0]*, 12500 M cm™ — [Co,L*-2H,0]*"). Low
energy transitions for each complex appear at ca. 11 000 cm™
(3600 M cm™ — [CoL*-H,0]", 7700 M cm™ — [Co,L*-

Table 2. Spectroscopic properties of the Co complexes in
CH,CI, solution

Complex? Amax [€MY] (6x 10° [M cm™])

CoL! 27700 sh (14.3), 26900 (14.7), 25600 sh
(13.1), 23400 (14.8), 20100 sh (3.1)

27000 (10.7), 21900 (5.1), 11400 (3.6),
8500 (8.4)

Co,L2 27600 sh (24.0), 26600 (24.6), 25300 sh
(23.0), 23300 (25.8), 20100 sh (6.4)

27000 (23.2), 22600 sh (12.5), 11200 sh
(7.7), 8600 (17.8)

[CoL'-H,0]

[Co,L%-2H,0]*

Conditions: 1 mM complex, CH,Cl,, 298 K; sh = shoulder

2H,01*") and 8500 cm™ (8400 M™ cm™ — [CoL'-H,0]",
17800 M™ cm™ — [Co,L*-2H,0]*). These transitions are
attributed to ligand contributions to the overall electronic
structure of the oxidized complexes®™“® and the nature of the
transitions involved are further analysed by theoretical
calculations (vide infra). Thomas and co-workers as well as
Fujii and co-workers both observed similar low energy bands
(~10000 cm™; ~6000 M™cm™) in their studies of oxidized
monomeric cobalt salen complexes.”” Both groups studied the
same salen ligand, the differences in the two complexes being
the axially bound ligand (H,O vs triflate) as well as the
presence of an SbFg counter ion in the work of Thomas et al.
The low energy band observed in this work for [CoL'-H,0]"
appears at lower energy (8500 cm™) and is also more
absorbing (8400 M™ cm™), a result attributable to slight
differences in ligand electronics. Furthermore, we investigated
the temperature dependence of the low energy band (Figure
S7) at 298K and 190K. No differences in the band were
observed in this temperature range, suggesting that the
complex is best described as a single electronic isomer in the
temperature range studied.

Similar to the spectra of the neutral complex, the oxidized
dimer species [Co,L%-2H,0]*" displays a doubling of spectral
intensities across all wavelengths, further enforcing the neutral
and oxidized bimetallic complexes as two isolated salen units.
The low energy band in [Co,L?-2H,0]** (Figure S8) exhibits
a ~15% decrease in the overall intensity at 198K, however in
the absence of any other characterization data to support a
temperature-dependent change in electronic structure, this is
likely due to factors such as poor solubility at low
temperature.”’

3.5. Electron Paramagnetic Resonance Spectroscopy.
The X-band EPR spectra of neutral and oxidized complexes is
presented in Figure S9. CoL" displays an EPR spectrum which
is consistent with a low spin Co(ll) (S = %2) ground state.
Based on reports by our group®® and others,* CoL exhibits a
lyz, 2A,) ground state in frozen CH,CI, with hyperfine splitting

originating from the 1 =7/, Co nucleus. The dimeric complex,
Co,L? exhibits a similar spectral shape which can be
attributed to two 4-coordinate Co(ll) (S =%) metal centres,
both with |yz, °A,) ground states in frozen CH,Cl,. An eight-
line pattern is clearly resolvable at low field (g ~ 3.35). Further
evidence for a lack of metal-metal interaction between the two
cobalt centres in Co,L? can be found from the EPR spin
integration ratio of Co,L? to CoL' of ~2.2; indicating little
coupling between metal centers. The above EPR analysis is
further corroborated by theoretical calculations and solid-state
magnetic studies (vide infra).

The X-band EPR spectra of oxidized analogues [CoL’-
H,0]" and [Co,L?-2H,0]*" are also displayed in Figure S9.
Unfortunately the expected transitions associated with the
oxidized complexes are likely outside of the energy range of
X-band EPR. This data is in agreement with previous results,?’
although Thomas et. al. do observe a strong ligand radical
signal centered around g~2 in the Q-band EPR spectrum.

3.6. Solid State Magnetics. The magnetic susceptibility
() vs. temperature (T) data for Co,L% [CoL'-H,0O]" and
[Co,L2-2H,0]*" were obtained between 1.8 and 300 K under a
dc applied field of 10 000 Oe and the y,T vs T plots are
presented in Figures 5 and 6 respectively. For Co,L? at room
temperature, the 7T vs T product (Figure 5) of 1.06 cm® K
mol™ corresponds closely to the expected value of 1.08(1) cm®
K mol™ (g ~ 2.40; S = %; C = 0.54 cm® K mol™) for two non-
interacting square planar Co(ll) centers.
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Figure 5. T vs T data for Co,L? (black spheres) and [Co,L%-
2H,071?*" (red spheres) at 10 000 Oe between 1.8 and 300 K.

As the temperature is decreased, the yuT vs T product
increases slowly to a maximum of 1.20(1) cm® K mol™ at 70 K
followed by a sharp decrease down to 0.63(1) cm® K mol™ at
1.8 K. The change in yyT vs T with temperature suggests the
presence of a combination of both weak ferromagnetic and
antiferromagnetic interactions in the system. The yuT vs T
data above 40 K was fitted (see Figure S10), however, the full

6



temperature range data could not be fitted using a standard
Ising-Heisenberg model. The sharp decrease at low
temperature can be caused by the presence of magnetic
anisotropy and/or thermal depopulation of the low lying
excited states. The field dependence of the magnetization was
also measured for Co,L? at 1.8, 3, 5 and 8 K and is shown in
Figure S11. At 1.8 K, the magnetization increases up to a
maximum of 2.27(1) y, and does not saturate which suggests
the presence of anisotropy in the system.

For [CoL*-H,0]", the zT vs T product (Figure 6) at room
temperature is 1.08 cm® K mol™ which is slightly higher than
the expected product of 0.915 cm® K mol™ for a S = 1 system.
Fits to the data were compared for both a d’ Co(ll) ligand
radical electronic structure, and a high spin Co(lll) complex.
For the d” Co(ll) system this includes one non-interacting S =
Y Co(ll) unit (g ~ 2.40; C = 0.54 cm® K mol™) and one S = %
ligand radical with a fixed g = 2.00 (C = 0.375 cm® K mol ™) at
298 K. As the temperature decreases, the y,T vs T product
slowly decreases down to a minimum of 0.12(1) cm® K mol™
at 1.8 K suggesting the presence of antiferromagnetic
interactions in the system. The field dependence of the
magnetization data (Figure S12) was measured between 0 and
7 T and increases steadily to a maximum of 0.68 pgat 7 T
which indicates the presence of high anisotropy. The ;T vs T
data was well fitted to the Bleaney-Bowers equation® (Eqn 1
and Eqn 2) resulting in the fitting parameters of g = 2.41(1)
and J = -5.2(1) cm™ (Figure 6, red line). This result suggests a
weak antiferromagnetic interaction between the Co(ll) center
and the ligand radical for [CoL*-H,0]". However, the yuT vs
T data could also be fit to a S = 1 system of a high spin Co(llI)
centre ([D] = 32.3 cm™; g = 2.079; y7p < 1 x 10”° emu; blue
line),”* showing that both electronic descriptions satisfy the
solid state magnetism data. This analysis is in agreement with
a similar oxidized Co salen complex (triflate axial ligand)
recently reported by Kurhashi and Fujii.?”

H=—2][§1§2] 1)
poe )
Bl = el ) @

Interestingly, in work reported by Thomas et al., solid state
magnetic data (1.47 cm® K mol™) supports a high spin Co(ll)
center strongly antiferromagnetically coupled to a phenoxyl
radical for an oxidized Co salen complex with an axial water
ligand.”™ These results suggest that the electronic structure of
oxidized co salen complexes is sensitive to packing in the
solid state, in addition to the donating ability of both the salen
and axial ligand.

For [Co,L%-2H,0]*, the »T vs T product (Figure 5) at
room temperature is 1.72(1) cm® K mol™ which is close to the
expected value of 1.83 cm® K mol™ for two non-interacting S =
Y Co(Il) metal centres (g ~ 2.40; C = 0.54 cm® K mol™) and
two non-interacting S = ¥% ligand radials (g ~ 2.00; C = 0.375
ecm® K mol™®). Similarly to Co,L? as the temperature
decreases, the yuT vs T product increases up to a maximum

of 1.77(1) cm® K mol™ at 90 K and then sharply decreases
down to a value of 0.29(1) cm® K mol™ at 1.8 K. This suggests
the presence of at least one ferromagnetic and one
antiferromagnetic interaction in the system, similarly to
Co,L2 The data however could not be fitted to a standard
Ising-Heisenberg model, most likely due to the presence of
high anisotropy in the system as supported by the absence of
saturation in the M vs H data (Figure S13), which increases
steadily up to the maximum value of 1.23 pg at 7T.
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Figure 6. yT vs T data for [CoL'-H,0]" at 10 000 Oe between
1.8 and 300 K (hollow spheres). The solid red line represents the
fit to the data for a S = % Co(ll) unit (g ~ 2.40, C = 0.54 cm® K
mol™) antiferromagnetically-coupled (J = -5.2(1) cm™) to a S = %
ligand radical with a fixed g = 2.00 (C = 0.375 cm® K mol™). The
solid blue line represents the fit to a S = 1 Co(lll) complex ([D] =
32.3cm, g =2.079, y1ip < 1 x 10° emu).

3.7. Theoretical Analysis. 3.6.1. Neutral CoL* and Co,L°.
Density functional theory (DFT) calculations on both neutral
and oxidized complexes provided further insight into their
geometric and electronic structures. We first compared the
optimized geometry of neutral CoL' and Co,L? with the
experimental metrical data. The calculations reproduce the
coordination sphere bond lengths to within 0.02 A (Table 3).
In addition, the calculations correctly predict the slight
asymmetry in the coordination sphere due to the asymmetric
salen ligands. The VT *H NMR spectroscopy results suggest
that Co,L? is able to freely rotate about the phenylene linker
and as such we calculated the energy of the cis and trans
conformers. The trans orientation is predicted to be 0.42 kcal
mol™ lower in energy than the cis orientation, demonstrating
the nearly isoenergetic nature of the two conformers; however,
due to the solid state structure of Co,L? exhibiting the cis
conformation, we carried out all further calculations on this
conformer. The electronic structure of the neutral complexes,



Table 3. Experimental® and calculated (in parentheses)® coordination sphere metrical parameters for the complexes in [A].

Col! [CoL-H,0]" (S=1) [CoL-H,0]"(S=0) Co,L?(S5=1) Co,L? (S=0)
Co1-01 1.875 1.868 (1.848) 1.868 (1.873) 1.869 (1.861) 1.869 (1.861)
(1.853)
Co1-02 1.835 1.846 (1.837) 1.846 (1.852) 1.827 (1.840) 1.827 (1.840)
(1.832)
Col-N1 1.860 1.891 (1.884) 1.891 (1.880) 1.848 (1.870) 1.848 (1.870)
(1.863)
Co1-N2 1.872 1.892 (1.883) 1.892 (1.885) 1.857 (1.875) 1.857 (1.875)
(1.866)
Co01-03° 2.124 (2.186) 2.124 (2.235)
Co02-03¢ 1.861 (1.854) 1.861 (1.853)
Co02-04 1.838 (1.832) 1.838 (1.832)
Co2-N3 1.856 (1.862) 1.856 (1.862)
Co2-N4 1.888 (1.867) 1.888 (1.866)
Co1---Co2 10.03 (9.382) 10.03 (9.383)

aAverage of two values for experimental data. "See the Experimental Section for calculation details. O3 corresponds to axial water, see

Figure 3. O3 corresponds to phenol oxygen, see Figure 1.

and in particular the singularly occupied molecular orbitals
(SOMOs) were further investigated, and the DFT calculations
accurately predict the metal based character (d,, d,) of the
SOMOs for both complexes, highlighting the |yz, ?A,> ground
states as determined by EPR spectroscopy (Figure S14).
Further evidence for a lack of electronic communication
between Co centres in Co,L? is exemplified by the
isoenergetic nature of the triplet and broken symmetry
electronic solutions (AE = 0.005 kcal mol™).

3.6.2. [CoL'-H,0]" and [Co,L%2H,0]**.Upon oxidation,
a number of potential electronic structures are possible and we
sought to determine a computational model that accurately
predicted experimental results for CoL* in order to apply to
the more computationally taxing Co,L% Possible electronic
structure descriptions of one electron oxidized CoL' include
diamagnetic Co(ll)-salen (Co**-L), high spin Co(lll)-salen
(11Co°*-L), low-spin Co(ll) coupled anti or ferromagnetically
to a salen ligand radical, (1Co**-|L+) or (1C0**-1L+) and the
high-spin states of the previous descriptions, (111Co*"-|L+) or
(111C0o**-1L+). The Co(ll1) singlet electronic structure is much
higher in relative energy in comparison to all other calculated
electronic structures, matching the experimental evidence
supporting an alternative electronic structure (Table 4).
Interestingly, the high spin Co(l11)-salen (11Co**-L), low spin
Co(II) ligand radical (1Co”*-1L), and high spin (111C0*"-|Ls)
initial guesses converge to the same electronic solution,
referred to as the triplet solution for the remainder of the
article. This solution is predicted to be lowest in energy (Table
4) and supports strong metal and ligand frontier orbital mixing
in the oxidized complex. Geometrically, the coordination
sphere is best replicated by the triplet and broken symmetry
singlet (1Co**-| L+) solutions with the bond lengths of the four
coordinate salen atoms reproduced within 0.02 A. Table 4
outlines the relative energies between the 5 possible spin states
described above. The spin density plots for the two lowest
energy electronic structures are presented in Figure 7. As is

evident in the spin density plots, binding of an axial water
ligand reorders the Co based d orbitals such that the ground
state orbital is now predominantly d,, in character, in excellent
agreement with results obtained in other DFT studies on Co
salen complexes.”® “® The majority of unpaired spin is
localized to the central metal ion in the triplet (~75%) with the
remaining unpaired spin density delocalized across the ligand
framework,”™ highlighting the contributions of the high spin
Co(III) and low spin Co(IT)Le electronic states. Significantly
less spin density is localized at the metal center in 1Co®*-|Le
(ca. 1 electron) with the remaining spin density delocalized
across the ligand framework.

Table 4. DFT calculated energy differences of possible spin
states for [CoL'-H,0]".

Solution Relative Energy / kcal mol™
Co™-L (singlet) +17
Triplet solution 0
Broken symmetry singlet +2.6
111Co%*-1Le +6.5

wf_}»ﬁ“_‘:&g%ﬂ %

Figure 7. Left: Predicted spin density plot for the triplet solution.
Right: Predicted spin density plot for the broken symmetry
antiferromagnetically coupled ligand radical solution, 1Co®*-|Le.

Time dependent DFT (TD-DFT) accurately predicts the
absence of low energy spectral features for CoL', while
correctly predicting the presence of low energy electronic
excitations for [CoL'-H,0]". One band of significant intensity

8



is predicted (10050 cm™; f = 0.2098), which is slightly blue
shifted in comparison to the maximum of the broad low
energy transition observed experimentally (Figures 4 and 8).
The predicted band is a BHOMO -> BLUMO transition and
AOMix® decomposition of relevant MOs into constituent
components indicates that the predicted transition is
predominantly a ligand to metal charge transfer band (LMCT)
with a shift in electron density from the salen ligand to the
metal dy, orbital. However, even though there is a significant
shift in electron density to the Co center, the salen ligand
remains the dominant component in both donor and acceptor
orbitals. The broken symmetry solution predicts an intense
NIR band at low energy (~4200 cm™, f = 0.1395), however
this band is not observed experimentally.

B-LUMO
44% Co, 56% Sal

+

B-HOMO
5% Co, 95% Sal

Figure 8. Kohn-Sham molecular orbitals for the triplet solution of
[CoL*-H,0]" associated with the calculated NIR transition at
10050 cm™ (BHOMO - BLUMO). MO breakdown calculated
using AOMix,*® see the Experimental Section for details.

We then applied the same calculation protocol to [Co,L*
2H,07%*, ignoring high spin Co(ll) spin states as they are
predicted to be much higher in energy in comparison to the
low spin states for [CoL'-H,0]". The two electronic solutions
found of lowest energy include an overall quintet electronic
structure, incorporating two ‘triplet’ Co salen units; as well as
a BS singlet electronic structure in which ligand radicals and
metal based electrons are antiferromagnetically coupled on
each salen arm to afford an overall singlet electronic state. The
spin density plots of the two electronic structures are shown in
Figure 9. The quintet solution is ~8.5 kcal mol™ lower in
energy in comparison to the BS singlet electronic structure
solution, in line with expected results from the monomer
calculations, as well as the experimental magnetic data (Figure
S15). Whereas the ligand spin density is equally distributed
between both phenolate rings in [CoL'-H,0]", the ligand spin
density shifts slightly to the outermost phenolate rings in
[Co,L*-2H,0]*". Despite this, in both cases the majority (~90
%) of spin density is localized to the central Co ions and N,O,
coordination sphere. For [Co,L?-2H,0]**, TD-DFT analysis
on the quintet electronic structure solution predicts two low
energy transitions that are 353 cm™ apart (Figures 4 and 10).
These transitions are BHOMO - BLUMO and BHOMO ->
BLUMO+1 transitions, respectively and are shown in Figure
10. These transitions, like those of [CoL'-H,0]" are both
predominantly LMCT in character (as determined by AOMix
analysis) in which charge transfers from the phenylene linker

to one of the salen units. However, despite these predicted
transitions, we do not observe splitting of the low energy band
experimentally. We also investigated the TD-DFT transitions
of the broken symmetry singlet solution, in which two lower
energy bands (~3900 cm™, f = 0.1298 and ~4600 cm™, f =
0.1115) are predicted. These bands however, are not observed
experimentally and our characterization data together with the
data for [CoL'-H,0]" strongly supports a quintet electronic
structure for [Co,L2-2H,0]*".

f

o

Figure 9. Left: Predicted spin density plot for the quintet (bis
triplet) spin state. Right: Predicted spin density plot for the bis
broken symmetry singlet solution.
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96% Sal

Figure 10. Kohn-Sham molecular orbitals for the triplet solution
of [Co,L.%-2H,0]?* associated with the calculated NIR transitions
at 10403 cm™ (BHOMO - BLUMO) and 10757 cm™ (BHOMO
- BLUMO+1). MO breakdown calculated using AOMix, see the
Experimental Section for details.

3.8 Double Oxidation of CoL'. Investigation of the CV
spectrum of [CoL'-H,O]" reveals splitting of the higher
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potential, two-electron redox process into independent one
electron processes separated by ~200 mV at 233 K (Figure
S16). This splitting allowed us to investigate the oxidation of
CoL' to the bis-oxidized form using the aminium radical
chemical oxidant [N(CgH3Br,)s] "[SbFe] (Eox = 1.1 V vs F'/F,
in CH,CI,). Sequential addition of oxidant under an inert
atmosphere at 198 K resulted in clean conversion to the
doubly oxidized species with isosbestic points at 12000 cm™,
20000 cm™ and 23000 cm™ (Figure 11). The doubly oxidized
species exhibits a broad shoulder at ~8700 cm™ (¢ = 1700 M™
cm™) and a more intense band at 15000 cm™ (¢ = 6800 M™ cm’
1, similar to the electronic spectra observed in other reports on
Co(I11)-phenoxyl radical species.” The overall spectral shape
is in good agreement with that observed by Thomas et. al. for
an electrochemically generated Co salen doubly oxidized
complex.”®  Furthermore, the EPR spectra for the doubly
oxidized species consists of an S = % signal centered at g =
2.00 (Figure 12). A g value that is slightly lower than the free
electron g value (g. = 2.002) is common in Co(lll) complexes
bearing a phenoxyl radical, and thus lends support to this
electronic structure description for the doubly oxidized
complex herein.®® ** This is further emphasized by the

appearance of a °'Co hyperfine interaction, observed as
shoulders on the S = % peak although not fully resolved due to
broadening of the experimental spectrum. The hyperfine
coupling is on the order of ~1.2 mT which is in agreement

with hyperfine coupling constants observed in the EPR spectra
52a, 52¢

of other Co(l11)-phenoxyl radical complexes.

30

N
o

, 110°M"em”
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Energy/10° cm™

Figure 11. Oxidation titration of [CoL'-H,O]" (red line) to the
doubly oxidized species (blue line) with the chemical oxidant
[N(CgH3Br,)s] “[SbFe]”. Intermediate gray lines are measured
upon sequential addition of oxidant during the titration.
Conditions; CH,Cl,, 198 K.

The experimental evidence for an electronic structure
consisting of a Co(lll) metal centre bound to a phenoxyl

radical is further corroborated by DFT analysis on the doubly
oxidized species with two axially bound water molecules,
[CoL'-2H,0]*". The spin-density plot of DFT optimized
[CoL'-2H,0]*" is depicted in Figure S18, 98% of which is
localized to the phenyl substituted side of the salen ligand.
This result further emphasizes that double oxidation of CoL*
results in a species with a Co(lll)-phenoxyl radical electronic
structure.

310 320 330 340 350 360
B/mT

Figure 12. X-band EPR spectra of doubly oxidized CoL' in
frozen CH,CI, with g = 2.00 (blue line). Simulation (grey line).
Conditions: frequency = 9.378; power = 2.0 mW; modulation
frequency = 100 kHz; modulation amplitude = 0.6 mT; T = 110
K.

4. Discussion and Summary

Neutral complexes CoL' and Co,L? were prepared and
characterization of both complexes is consistent with the
formation of low spin d’ Co(ll) centers bound to di-anionic,
closed shell salen ligands on the basis of EPR, NMR and X-
ray diffraction techniques. The central Co ion in CoL" exists
in a slightly distorted square planar environment in the solid
state. This distortion is also present in the bimetallic complex
Co,L% Of particular interest is the lack of spin-spin coupling
between the two metal-localized unpaired spins in Co,L°.
Characterization techniques such as cyclic voltammetry, Vis-
NIR and EPR all display a doubling of spectral intensities
relative to CoL", consistent with a description of Co,L? having
two independent metal-salen units. Although solid state
magnetic SQUID data does suggest limited coupling at low
temperature, the high magnetic anisotropy in the system
prevents more detailed analysis. These results agree well with
expected findings based on the large intramolecular metal-
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metal separation distance of ca. 10 A between the two Co
centers in the complex.

The geometric and electronic structure of oxidized
analogues were studied, using [CoL'-H,O]" to inform the
characterization of [Co,L°-2H,0]**. Upon oxidation CoL'
gains an apically bound water molecule, in similar fashion to
the structure reported by Thomas et. al.”®. Unfortunately, we
were unable to obtain X-ray quality crystals of [Co,L*
2H,01** likely due to the many possible conformers the
molecule can adopt as well as the presence of two SbF
counter ions. However, on the basis of characterization data,
Co,L? also gains two water molecules upon oxidation,
presumably one apically bound to each of the two Co centers
in the complex.

Oxidation of CoL' to [CoL'-H,0]" affords a complex
with significant ligand radical character. Solid state magnetism
data for [CoL'-H,0][SbFg] can be fit to either a high spin
Co(Ill) complex, or a low spin d’ Co(ll) ligand radical
complex with weak antiferromagnetic coupling (J = -5.2(1)
cm™) between the metal and ligand (Figure 6). DFT
calculations predict the triplet state to be slightly lower in
energy (2.6 kcal mol™) in comparison to the broken symmetry
antiferromagnetic solution. Interestingly, the high spin Co(lll)
complex (11Co*-L), low spin Co(ll) ligand radical (1Co*'-
1Le), and high spin (111Co*-|Le) initial guesses converge to
the same triplet electronic solution. Further analysis of the
DFT triplet solution show this to be a mixture of both the
(11Co*-L) and (1Co**-1L¢) electronic isomers with ca. 75%
of the spin density residing on Co. This result is in agreement
with paramagnetic NMR data analysis by Kurahashi and
Fujii.2”™ Further oxidation of [CoL'-H,0]" affords the doubly
oxidized species whose electronic structure is best described
as a Co(lll) ion bound to a phenoxyl radical. Isosbestic points
in the UV-Vis-NIR indicate clean conversion from the singly
to doubly oxidized species, while EPR and DFT analysis
confirm the presence of a Co(lll)-phenoxyl radical electronic
structure.

While two separate one electron waves were observed in
the CV spectrum of Ni,L% ' a single two-electron process is
observed for Co,L* (Figure 2). This result suggests that the
locus of oxidation in these geometrically-equivalent systems
differs, facilitating weak coupling in the case of Ni,L*
Comparison of the predicted spin densities of the doubly
oxidized Ni,L? and Co,L? systems shows that the locus of
oxidation is more contracted in the case of the Co derivative
with the majority of the spin density centered on the Co and
coordinating atoms. In the case of Ni, the spin density is
extensively delocalized across the salen moieties, providing a
mechanism for increased communication between the two
salen units.

Further evidence pointing towards ligand radical character
in these systems is evident from the low-energy transitions of
moderate intensity in the Vis-NIR spectrum of both [CoL'-
H,0]" and [CoZL2-2HZO]2+. TD-DFT calculations were used
to further investigate the nature of these electronic transitions.
For [CoL'-H,0]" the predicted band is predominantly LMCT
in character with significant ligand contribution to both donor
and acceptor orbitals (Figure 8). The analogous one electron
oxidized Ni complex'® displays two much more intense low

energy bands (9100 cm™ / 9200 M™ cm™ and 4500 cm™ /
27700 M cm™) assigned as ligand-ligand charge transfer
(LLCT) bands. The LMCT character of the low energy band
for [CoL'-H,0]" results in less overlap between the donor and
acceptor orbitals in comparison to the Ni derivative, resulting
in lower intensity.** The electronic spectrum of [Co,L’-
2H,0O]** displays a doubling of spectral intensities across all
wavelengths in comparison to [CoL'-H,0]". The low energy
envelope of transitions was also investigated by TD-DFT
calculations. Two low energy transitions are predicted which
fall under the experimentally observed broad band (Figure 4
and 10); and like [CoL'-H,O]", both transitions are best
described as LMCT transitions on the basis of AOMix
decomposition analysis. The analogous Ni dimer complex
exhibits two intense bands (4890 cm™/26500 M™ cm™ and
4200 cm™/21200 M cm™) in place of the single low energy
band in the monomeric Ni complex. These bands are equally
spaced in comparison to the band observed for the oxidized
monomeric complex (~4500 cm™) and are attributed to exciton
coupling in the excited state.”®> The broad low energy band
observed in the spectrum of [Co,L2-2H,0]*" does not display
resolvable splitting; despite two closely spaced transitions
predicted by TD-DFT calculations. The interaction between
chromophores, leading to exciton coupling is a function of the
transition moment dipole of the monomer, and the angle and
distance between the transition dipoles in the dimer.>>*° For an
oblique dimer arrangement, as in this case, two bands are
expected if certain criteria can be met.>* ***” T low band
intensity, a result of the LMCT character and contracted donor
and acceptor orbitals, likely limits exciton coupling in the case
of [Co,L%2H,0]*. Overall, we have shown that the
bimetallic Co complex Co,L? can be doubly oxidized to the
dication and that each salen unit remains effectively isolated in
both neutral and oxidized structures.
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The neutral and oxidized forms of a bimetallic cobalt(Il) complex (Co,L?), and the monomeric analogue (CoL'), were
studied using a number of experimental and theoretical methods. The results demonstrate strong metal and ligand frontier
orbital mixing and the presence of both high spin Co(III) and Co(IT)L¢ character in the electronic ground state.
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