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Spectroscopic and thermodynamic
characterization of a cobalt-verdazyl valence
tautomeric system. influence of crystal structure,
solvent and counteriont
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Crystallization of the verdazyl-based valence tautomeric ion [Co(dipyvd),]?* (where dipyvd is the radical
ligand 1-isopropyl-3,5-di(2'-pyridyl)-6-oxoverdazyl) with a variety of different counterions results in
materials that show varying degrees of valence tautomeric (VT) transition in the solid state. The X-ray struc-
ture of the SbFg salt at 150 K reveals a localized structure for the S = 1/2 tautomer, with a Co®* cation and
distinct anionic and radical ligands. Comparison with the structure of the same material at 300 K reveals
large structural changes in the ligand as a result of the valence tautomeric equilibrium. Data for the S = 3/2
form is less conclusive; X-ray spectroscopy on the PFg salt suggests a degree of low spin Co?* character for
the S = 3/2 tautomer at very low temperature though this is inconsistent with EPR data at similar tempera-
tures and structural information at 150 K. Magnetic measurements on the [BArF4~ and triflate salts in
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Introduction

Valence tautomeric (VT) compounds (compounds that switch
between states that have a different electronic distribution) are
interesting for their complex electronic structure as well as
their possible applications."™ Fundamentally, VT compounds
are asymmetric mixed valence systems; the small energy differ-
ence between tautomers results in an electronic structure that
can be critically dependent on small environmental changes,
and the coupling of molecular geometry with electron transfer
results in an energy barrier for the tautomeric interconversion.
This coupling also means that for VT systems the Born-
Oppenheimer approximation may no longer be valid, and
vibronic coupling must be included in a theoretical
description.*”

The combination of an energy barrier and environmental
sensitivity also means that VT systems have the potential for
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1 Electronic supplementary information (ESI) available: Plot of magnetization vs.
applied field between 2 and 5 K for [Co(dipyvd),](PFe), XAS spectrum of [Co
(dipyvd),](PFe), recorded at 2 K. Full details of the structure determinations of
[Co(dipyvd),](SbF), and [Co(dipyvd),](BF,),. CCDC 2332770, 2332798, 2332805
and 2332825. For ESI and crystallographic data in CIF or other electronic format
see DOI: https://doi.org/10.1039/d4dt00465e
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organic solvents show that the VT equilibrium is dependent on solvent and ion pairing effects.

bistability. Under particular conditions a bistable sample may
exist in one of two (or more) forms that interconvert only
slowly; the particular form observed depends not only on the
current conditions but the history of the sample. As a result,
these systems have possible application as molecular sensors,
in information storage, and molecular and quantum
computing.

Understanding the barrier in metal-ligand VT systems
requires understanding the geometry changes occurring at
both ligand and metal sites. The majority of reported valence
tautomers involve a cobalt ion coordinated to an oxolene (cate-
cholate/semiquinone/quinone) ligand system.” In many of
these cases, electron transfer also results in spin crossover at
the metal ion, though for some recent examples the two pro-
cesses are separate.®® Spin crossover at the metal ion results
in relatively large changes in bond length but changes in the
ligand geometry are relatively small. Recent studies have
explored other ligand systems in order to better control
valence tautomerization and related geometry changes.” In
particular we recently reported a cobalt-verdazyl system, cobalt
bis(1-isopropyl,3,5-di-(2'pyridyl )-6-oxoverdazyl), [Co(dipyvd),]**
that showed valence tautomerism between doublet and
quartet states in solution, but in the solid state (as the PFg~
salt) it was trapped as the quartet (Scheme 1)."°

Studies on related species indicate the oxidized form of the
ligand (a verdazyl radical) is essentially rigid and planar,
however reduction by a single electron gives an antiaromatic

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Synthesis of [Co(dipyvd),]%*

ring that shows strong bond length alternation and deviation
from planarity.">"" Because such large geometry changes may
become the basis of new bistable systems, we have undertaken
a more detailed analysis of this valence tautomeric system. In
particular, we have endeavored to explore in more detail the
different tautomeric structures, and further investigate the role
of counterion and solvent on the position of the tautomeric
equilibrium.

Results and discussion
The S = 1/2 state

Though our previous results unambiguously identified the low
spin state as a spin doublet (S = 1/2) species, its characteriz-
ation is incomplete. In particular, if the tautomeric transition
involves electron transfer to the ligand manifold, the resulting
species is mixed valence in the ligands but its classification
using the Robin-Day scheme is not immediately obvious. The
isoelectronic iron species [Fe(dipyvd),]" appears to be a com-
pletely delocalized (class III) system'® while the related mixed
valence systems [Ni(dipyvd),]" and [Zn(dipyvd),]" appear to be
completely localized (class I, or possibly class II)."" Since the
VT equilibrium is typically very sensitive to the molecular

This journal is © The Royal Society of Chemistry 2024
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environment and crystal packing, changing the counterion is a
possible way to isolate the low spin state and characterize it by
X-ray diffraction. Consequently we synthesized salts of [Co
(dipyvd),]** with four counterions in addition to the previously
reported'® PFg”; trifluoromethanesulfonate (OTf ™), tetrafluoro-
borate (BF,), hexafluoroantimonate (SbFs ) and tetrakis[3,5-
bis(trifluoromethyl)phenyl Jborate ([BAr*4]7). Of four newly syn-
thesized salts, the IR spectra of the BF,” and SbF,~ salts show
multiple carbonyl stretches at room temperature, while the for
the OTf™ and [BAr",]” (and previouly synthesized PF) salts,
only a single carbonyl stretch is apparent (Fig. 1).

Previous studies have shown that the carbonyl stretching
frequency of 6-oxoverdazyls is sensitive to changes in electron
density on the verdazyl ring, in particular resulting from metal
coordination and oxidation/reduction.>'* Consequently the
presence of multiple carbonyl stretches for the BF,™ and SbFs~
salts suggests the coexistence of valence tautomers in the solid
at ambient temperatures, though other causes, such as crystal
packing should be ruled out.

For the BF,~, SbF,~, [BAr',]” and possibly the triflate salts,
magnetic measurements reveal a decrease in y-T with tempera-
ture consistent with a valence tautomeric transition. In all
cases this transition is incomplete, y-T reaching low tempera-
ture plateau values of 0.56, 0.5 and 1.1 for the BF,™, SbFs~ and
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Fig.1 Top: carbonyl region of the IR spectrum of crystalline [Co
(dipyvd),]?* salts. Bottom: carbonyl region of [Co(dipyvd),]?*(BAr",), and
[Co(dipyvd),]?*(OTf), in solution.

[BAr",]” salts respectively, while the triflate transition only
occurs below 150 K and does not reach a plateau above 50 K.
Plots of y-T vs. T for the solid samples are shown in Fig. 2.

Neither the triflate, nor the [BAr",]” salt gave crystals amen-
able to X-ray analysis, so our understanding of these structures
is more limited; however, X-ray quality crystals could be
obtained from the PF¢~, BF,  and SbFg~ salts. The PF¢~ salt
was reported previously.'® Unit cell parameters for the BF,~
and SbF,~ salts are reported in Table 1.

The BF," salt crystallizes in the orthorhombic space group
Fddd with the cation centered on (and thus disordered about)
the intersection of three perpendicular twofold axes. At 250 K,
the verdazyl ring is essentially planar; the deviation of the ver-
dazyl ring atoms from their mean plane is 0.03 A. When the
temperature is reduced to 150 K the deviation of the verdazyl
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Fig. 2 Top: 4T vs T for different salts of [Co(dipyvd),]>*: PFs~ (blue),
SbF¢ (yellow) BF,~ (red), OTf~ (purple), BAr, (green). Black solid lines
are the best fits to the simple equilibrium model described in the text.
Bottom: plots of 4T vs. T in solution for [Co(dipyvd),]>*(BArf,), in di-
chloromethane (green), [Co(dipyvd),]?*(PF¢), in acetonitrile (blue) (data
from ref. 4) and [Co(dipyvd),]?*(OTf), in dichloromethane (purple). Lines
are best fits to the model in the text.

atoms from their mean plane increases to 0.13 A and the
average metal-ligand bond length drops from 2.019 to 1.971 A.
Between 150 K and 100 K the crystal appears to undergo a
phase change and at 100 K the structure can no longer be
accurately determined. These observations suggest a transition
to a low spin configuration of the metal ion and electron trans-
fer to the ligand consistent with the magnetic data, but,
because of the orientational disorder of the molecules about
the twofold axes of the spacegroup, they do not provide insight
into the localized or delocalized structure of the low spin state.

The SbFs~ salt crystallizes from dichloromethane/aceto-
nitrile in the monoclinic space group P2,/c. There are three
anion sites; one is located on a crystallographic inversion
center and thus has a site occupancy of 0.5. To compensate for
this fractional occupancy one of the remaining anion sites is

This journal is © The Royal Society of Chemistry 2024
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Table 1 Crystallographic details for [Co(dipyvd),](BF4), and [Co(dipyvd),](SbFe)2
[Co(dipyvd),](BF.), [Co(dipyvd),](BF)> [Co(dipyvd),](SbFs), [Co(dipyvd),](SbFs),
CCDC deposition number 2332798 2332825 2332770 2332805
Measurement temperature/K 250 150 300 150
Crystal system Orthorhombic Orthorhombic Monoclinic Monoclinic
Space group Fddd Fddd P24/c P24/c
a 13.1032(8) 13.0663(16) 9.0686(7) 9.1759(10)
b 17.2017(10) 17.1914(18) 29.208(2) 28.242(3)
c 30.254(2) 29.810(7) 16.0218(12) 15.6923(16)
a 90 90 90 90
B 90 90 103.966(2) 103.842(2)
EE 90 90 90 90
zZ 8 8 4 4
Ry 8.44 8.44 7.76 6.36

half occupied by CH,CI, solvent. At 300 K one of the anions
shows some rotational disorder, but this is no longer apparent
at 150 K. The cation has two distinct ligands with no obvious
orientational disorder. The two ligands have different geome-
tries. In one ligand the central tetrazane ring is planar and the
ring is relatively symmetric. For the second ligand the tetra-
zane ring is distinctly puckered and there is a pronounced
bond length alternation consistent with an anti-aromatic 8=
electron configuration. These differences become more pro-
nounced at 150 K. Structures of the SbFq~ salt at 300 K and
150 K are shown in Fig. 3.

The (IUPAC) atomic numbering scheme for the ligand is
shown in Scheme 1. Details of the coordination geometries of
the metal ion, along with other structures for comparison are
listed in Table 2. Similarly, selected geometrical parameters of
the ligands, along with parameters from related species, are
listed in Table 3.

The structure of the SbF~ salt along with the three carbo-
nyl stretches in the IR of this species (one for the S = 3/2 tauto-
mer, the other two for the distinct ligands of the S = 1/2 tauto-
mer) provides strong evidence that the structure of the low
spin state is localized in at least this crystal structure, but con-
sidering the small energy differences between different elec-
tronic structures and geometries in spin transition systems, it
is still possible that the valence tautomer is delocalized in
solution.’”” A more detailed investigation of the solution IR
spectra as a function of solvent helps resolve this issue. In par-
ticular since [BAr",]” is a very weakly-coordinating anion, solu-
tions of this salt are expected to show minimal ion pairing
effects and reflect just cation solvent interaction.

Fig. 1b shows the carbonyl region of the IR for the [BAr",]~
salt in the solvents dichloromethane, acetonitrile, and metha-
nol along with the triflate salt in dichloromethane. In particu-
lar for acetonitrile there are prominent maxima in the spec-

Fig. 3 Structure of the cation in [Co(dipyvd),]?*(SbF), at 150 K (left) and 300 K (right).

Table 2 Coordination geometries of different Cobalt species with dipyvd and terpy ligands

[Co(dipyvd)s] [Co(dipyvd)s] [Co(dipyvd),] [Co(dipyvd)s] [Co(dipyvd),] [Cofterpy)s] [Co(terpy)s]
Substance (SbFe), (SbFe), (BF4), (BF4), (PFg), (BF,),” (BF,),”
Temp./K 300 150 250 150 150 375 100
Mean Co-N 2.019 1.938 2.019 1.971 2.120 2.115 2.031
distance

111.0 85.0 108.3 96.9 139.1 120 90.4
@116 356.4 289.3 347.8 344.4 440.0 387 305

“Data from ref. 4. ” Data from ref. 24. “ Determined using Octadist.'® X and © are measures of distortion from an ideal octahedral geometry.

This journal is © The Royal Society of Chemistry 2024
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Table 3 Geometrical parameters for verdazyl ligands in [Co(dipyvd),]X; and related structures

Parameter (IUPAC [Co(dipyvd),] [Co(dipyvd),]

numbering) - see (SbFg), (radical [Co(dipyvd),] (SbF), (SbF), (radical [Co(dipyvd),] (SbFe), [Co(dipyvd),]

Scheme 1 ligand) (anionic ligand) ligand) (anionic ligand) (PFe)* dipyvdH?
Temp./K 300 300 150 150 150 300
N4-N5 1.355(9) 1.383(9) 1.359(5) 1.415(6) 1.425(3) 1.434(3)
C3-N4 1.335(9) 1.35(1) 1.326(6) 1.375(6) 1.357(5) 1.373(3)
N2-C3 1.314(8) 1.32(1) 1.310(6) 1.309(7) 1.284(3) 1.282(3)
N1-N2 1.351(10) 1.36(1) 1.358(6) 1.377(7) 1.415(5) 1.410(3)
Planarity” 0.018 0.023 0.016 0.081 0.13 0.172
Sum of bond angles of 360.0 355.3 360.0 340.1 338.9 334.97

coordinated atom

“Data from ref. 4. ® Data from ref. 24. ° Mean distance of the verdazyl ring atoms from their own mean plane. ¢ Sum of bond angles around the

N-H nitrogen.

trum at 1725 and 1700 cm™*

reveals a shoulder at 1740 cm

and more detailed inspection

~'. In comparison, in dichloro-
methane, there is one prominent C=0 stretch at 1740 cm™"
and the peaks at 1725 cm™' and 1700 cm™" are reduced to
inconspicuous shoulders. Since the [BAr",]” salt, which is
largely high spin in the solid state at ambient temperature,
shows only the peak at 1740 cm™" in the solid state, this is
likely associated with the high spin tautomer, while the two
lower frequency peaks are from the low spin species. The pres-
ence of two carbonyl stretches associated with the low spin
species is consistent with a localized structure with the peak at
1725 cm™" due to the radical ligand, while that at 1700 cm™"
due to the anionic ligand. Vibrational frequencies of mixed
valence species can provide insight into the strength of the
interaction between the two redox sites (and thus the Robin-
Day classification). In particular Atwood and Geiger'® devel-
oped a charge distribution parameter for mixed valence
species based on IR measurements, Ap, defined as:

(Al/ox - Al/recl)
2(l/'ox - l/red)

Ap =
where Avgx = Viox — Vg™, Alred = V'red — Vo s and /oy is the
vibrational frequency of the system when both redox active
entities are in the oxidized state; similarly v'..q is vibrational
frequency of the system when both redox active entities are in
the reduced state. The value of Ap varies from near zero for a
completely localized, class I system, to 0.5 for a delocalized
class III system. Using the carbonyl frequencies of cobalt(u)
species [Co(dipyvd),]** (C=0 at 1733 cm™") and [Co(dipyvd),]*
(C=0 at 1685 cm™)'® as 1/, and ',.q respectively, and the
values from the solution IR, 1725 cm™' and 1700 cm™ as
vg™ and V", we obtain Ap = 0.24 indicating significant
interaction between the ligands; i.e. a class II system. This ana-
lysis must be treated with a little caution however; unlike the
related species [Ni(dipyvd),]”" and [Zn(dipyvd),]"" for which
the C=O stretching frequencies are essentially invariant in
solid and solution, the C=O stretches for [Co(dipyvd),]**
species are quite sensitive to the molecular environment, as
can be seen by comparison of the solid and solution IR
spectra. Even in solution, though the [BAr",]” salt seems to

7540 | Dalton Trans., 2024, 53, 7536-7545

show the same three C=O stretching frequencies at different
intensities depending on solvent, examination of the OTf™
spectrum indicates the C=O stretch can also depend upon
counterion.

A class II Mixed valence system would be expected to show
an intervalence charge transfer band; however, the overlapping
spectra of the S = 3/2 and S = 1/2 tautomers make the identifi-
cation of bands associated with the individual forms more
complex. Inspection of the VT-vis-NIR spectra reveal that the
relatively sharp peak at 617 nm gains intensity with lower
temperatures and thus is associated with the low spin tauto-
mer, while the broad feature at 560 nm loses intensity and is
thus associated with the high spin tautomer. Surprisingly
perhaps, the broad feature at 725 nm remains relatively
unchanged with temperature. Approximate spectra for the low
and high spin species can be derived by deconvolution using
the concentrations determined by solution magnetic suscepti-
bility. These are shown in Fig. 4.

As for the solution IR spectrum (above) the spectrum for
the low spin tautomer can be compared with several cobalt(ur)
reference compounds; the terpyridine analog, [Co(terpy),]**
along with the reduced species [Co(dipyvd),]" and the oxidized
species [Co(dipyvd),]**. All three reference compounds are low
spin Co(m). Since [Co(terpy),]’" is essentially transparent in
the visible aside from weak d-d transitions'® the visible tran-
sitions in the two corresponding dipyvd species are almost cer-
tainly ligand or charge transfer (CT) based. For the trication,
the bandshape and vibronic structure are similar to the intrali-
gand transitions in the Ni*" and Zn** analogs"' and thus likely
arises from a similar transition, that is, excitation into the ver-
dazyl SOMO. The peak maximum is somewhat redshifted from
the Zn>" and Ni** species - this is probably due to the greater
charge on the cation lowering the energy of the verdazyl
SOMO. The broad absorbance in the spectrum of [Co
(dipyvd),]" at 630 nm however likely arises from a ligand-
metal charge transfer transition (LMCT) since the coordinated
leucoverdazyl ligand itself only shows a tail into the visible
range.'" The low temperature spectrum arising from deconvo-
lution of the VT spectra shows both the sharper intra-ligand
transitions associated with a coordinated radical and a broad

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Top: electronic spectra of [Co(dipyvd),]* (blue), The low spin (S
= 1/2) and high spin (S = 3/2) forms of [Co(dipyvd),]>* obtained by
deconvolution (yellow and orange respectively), and [Col(dipyvd),**.
Bottom: solvent and counterion dependence of the electronic spectrum
of [Coldipyvd),]?*.

band similar to the LMCT band observed for the coordinated
anion. The expected intervalence charge transfer (IVCT) band
probably overlaps with the LMCT band and may contribute to
its asymmetric appearance.

The S = 3/2 state

Like the low spin state, the high spin state was incompletely
characterized in our previous report. Crystallographic cobalt-
ligand bond lengths and octahedral distortion parameters are
comparable with other high spin octahedral cobalt species
(Table 2), while the IR data and ligand geometries are consist-
ent with radical ligands (Table 3). The problem is that tra-
ditional coupling of the radical ligands (S = 1/2) to the high
spin cobalt ion (S = 3/2) would be expected to give either a
sextet (S = 5/2, ferromagnetic coupling) or doublet (S = 1/2,
antiferromagnetic coupling) while the high field EPR and mag-
netism data reported previously,'® along with magnetization

This journal is © The Royal Society of Chemistry 2024
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vs. field measurements at low temperature (ESIf) are all con-
sistent with a spin quartet (S = 3/2) with significant zero field
splitting (D = +16 cm™"). A similar phenomenon was observed
in the oxolene valence tautomer Co(3,5-DBSQ),(TMED), for
which Pierpont et al. proposed that the coupling was in fact
weak, and all states were roughly equally populated.>® Other
evidence suggests that coupling of high spin Co** to single
semiquinones®' or verdazyl radicals®* is ferromagnetic, though
as Gransbury and co-workers point out, the coupling is aniso-
tropic with spin-orbit coupling playing a significant role, and
is likely extremely dependent on subtle geometry changes.”!
Furthermore, Robert and co-workers’ computational studies
on this species® provided the important insight that in a para-
magnetic ligand field capable of two spin states, the metal ion
cannot necessarily be described as purely ‘low spin’ or ‘high
spin’ (a phenomenon labeled spinmerism). Despite this com-
plexity we considered that a better understanding of the
system might start through determination of traditional ligand
field parameters and comparison with similar systems but
with closed shell ligand manifolds.

Earlier studies indicate that the ligand field splittings of [Ni
(dipyvd),]** and [Ni(terpy),]*" are comparable."’ Consequently,
it is reasonable to assume that the electronic structures of [Co
(dipyvd),]** and [Co(terpy),]*" will show some similarity, at
least with regard to the metal ion, and that [Co(terpy),]**
provide a useful point of comparison.

[Co(terpy),]*" is a spin crossover compound with a high
spin (S = 3/2) and low spin (S = 1/2) state in equilibrium
depending upon the temperature and counterion.>*>® The
coordination geometries of both the high spin and low spin
states are detailed in Table 2. Several authors have examined
the electronic structure of both the high spin and low spin
states of [Co(terpy),]**. In particular, Kremer and co-workers**
estimated the ligand field splitting, 10Dg, for the high spin
configuration as 13 500 cm ™, while for the low spin configur-
ation 10Dg was reported as 15000 cm™'. The latter number
was also reported by Krivokapic et al.>**® As previously men-
tioned,'® the geometry of the high spin state of [Co(dipyvd),]**
is more consistent with the geometry of the high spin rather
than the low spin structure of [Co(terpy),]**. However, deter-
mining other parameters that can further clarify the electronic
structure is more challenging. Optical transitions that can
confirm the ligand field splitting are obscured by intraligand
transitions as well as the spectrum of the S = 1/2 tautomer. As
we did for the nickel analog, we turned to X-ray spectroscopy
to provide better insight. Fig. 5 shows L-edge X-ray absorption
spectra (XAS) recorded on [Co(dipyvd),]*"(PFs ), and [Co
(dipyvd),]**(SbFs ), at 300 K as well as L edge XAS spectra of
[Co(terpy),]**(PF¢ ), and [Co(dipyvd),]"(PFs") as reference
compounds.

Not surprisingly considering the magnetic data, the SbFs~
salt shows features associated with both Co®*" and Co®" metal
centers. In fact, the major features of the spectrum can be
largely reproduced by a combination of the two reference
spectra. More surprising is that the spectrum of the PFs~ salt
at 300 K also shows both Co®" and Co>" features, despite there

will
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Fig. 5 XAS spectra of [Co(dipyvd),]** (PFe), (top) and [Co(dipyvd),**
(SbFg), (bottom) recorded at 300 K. Spectra in black are reference
spectra scaled to the spectra: Col(terpy),(PFg), (dotted line) and [Co
(dipyvd),]* (dashed line).

being no evidence for population of the low spin state in the
PF,~ salt at this temperature. The PFs~ salt was further exam-
ined at 2 K by XAS and X-ray magnetic circular dichroism
(XMCD). At low temperatures, the Co®>" features in the PFq~
salt XAS spectrum become more prominent, though in prior
studies there was no evidence for the low spin species in the
low temperature EPR and magnetic data."® There are two poss-
ible explanations for this phenomenon. The most likely results
from the fact that X-ray spectroscopy is largely a surface
phenomenon. At the surface of samples of [Co
(dipyvd),]**(PFs "), the lattice forces that prevent relaxation of
the molecules to the S = 1/2 state are reduced. Alternatively,
this could be an example of Soft X-ray Induced Excited Spin
State Trapping (SoXIESST), though this phenomenon has not
been previously observed at ambient temperature.>”

7542 | Dalton Trans., 2024, 53, 7536-7545

View Article Online

Dalton Transactions

The presence of overlapping signals complicates the simu-
lation of the XAS spectra; however, the XMCD signal is
expected to arise almost entirely from the Co** species and
thus simulation of this signal may provide better insight. The
XMCD data collected at 2 K is shown in Fig. 6.

Surprisingly, the best fit to the XMCD signal is obtained
with 10Dg = 2.0 eV (16 100 cm™") and Slater-Condon integrals
scaled by a factor of 0.69 corresponding to a Racah B para-
meter of 670 cm™'. These parameters are more consistent with
a low spin Co®" center, but this is inconsistent with the geo-
metric parameters determined at 150 K, and more crucially
the EPR spectrum at 5 K.'>** Several recent publications have
provided evidence for low spin cobalt ions in cobalt oxolene
valence tautomers.®® A quartet state can arise from ferro-
magnetic coupling of a low spin Co** with the two radicals,
and thus our data suggests an equilibrium population of two
distinct quartet states. Alternatively this could be a manifes-
tation of the spinmerism phenomenon described by Robert
et al.®® Initial density functional calculations on the quartet
state of [Co(dipyvd),]** using the B3LYP functional favor the
low spin Co®" geometry as an energy minimum, but since the
results of DFT calculations on VT systems are critically depen-
dent upon the functional used, and the calculations must also
take into account intermolecular interactions,*® we do not put
much weight on this result; rather, we consider the complexity
of this system requires a separate, dedicated computational
study.

Other spectral measurements also hint at the complexity of
the electronic structure of this species. Based on the analysis
of the solution IR for [Co(dipyvd),]** [BAr", ], (above), the sol-
vated [Co(dipyvd),]*" cations exhibit a single C=0 stretch at
1740 cm™ . This is significantly higher than the C=0 stretch
in other [M(dipvyd),]*" complexes (C=O at 1725 cm},
M=Fe,"* Ni, Zn'") and also in [Co(dipyvd),]**, (C=0 at

:mznﬂ/f/

Signal

s L L L L L L L L y

760 765 770 775 780 785 790 795 8O0 805 810 815
X-ray energy /eV

Fig. 6 XMCD spectrum of [Co(dipyvd),]?*(PFe), at 2 K/6T (blue) along
with crystal field multiplet simulation (red line) — simulation parameters
10Dq = 2.0 eV, Slater—Condon integrals scaled by a factor of 0.69.
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1733 em ™). The 1740 cm™" stretching frequency is maintained
in the solid state for the [BAr",]™ salt, but not for the triflate or
PF,~ salt which both have a single C=0 stretch at 1725 cm ™
in line with observations for other [M(dipyvd),]** species. The
verdazylium cations derived from oxidation of 1,5-diisopropyl
verdazyls have C=O stretches in 1740 cm™' region,*
suggesting that in solution, or in the environment provided by
the [BAr*,]” counterions, the high spin form of [Co(dipyvd),]**
has some degree of positive charge on the verdazyl ligands. It
is possible that this reflects contributions to the electronic
structure of this system where the metal ion is formally d° Co
(). Such electronic structures are still consistent with an
overall spin of 3/2 and have a precedent in that the related
reduced species, [Co(terpy),]’, is best described as a Co(i)
system,*® but more investigation is clearly necessary.

Equilibrium and environment

With (somewhat) better descriptions of the two valence tauto-
mers, we turned to examine possible factors that influence the
equilibrium between them. The solvent dependence of the
C=O0 stretching frequency has already been noted. Solution
magnetic susceptibility of the [BAr",]” salt in dichloromethane
and acetonitrile (as determined by Evans method) is shown in
Fig. 2b. Also shown is the data for the triflate salt in dichloro-
methane. The magnetic data was fitted to a simple equili-
brium model** to give estimates of AH and AS listed in
Table 4.

Fig. 4b shows the vis-NIR spectra of the triflate and [BAr" 4]~
salt as a function of solvent. The magnetic data, along with the
IR and vis-NIR spectra all indicate that the low spin form is
slightly more favored by polar solvents. This is somewhat
expected from the dipole generated by localization of charge
on one ligand. However, this description is simplistic. The low
spin state is not exceptionally favored in methanol, even
though hydrogen bonding might be expected to stabilize the
development of negative charge on the carbonyl carbon.
Conversely in the less polar solvent dichloromethane, the equi-
librium is strongly influenced by counterion, with triflate
favoring the S = 1/2 form. It seems likely that ion pairing plays

Table 4 Thermodynamic parameters for valence tautomerization in
salts of [Co(dipyvd),]**

System AH k] mol™ ASJK!

[Co(dipyvd),] (PFs), 18 66

CH;CN solution

[Co(dipyvd),] (BAT*,), 17 65

CH,ClI, solution

[Co(dipyvd),] (OTf), 19 56

CH,CI, solution

[Co(dipyvd),] (BAT*,), 15 57

[Co(dipyvd),] (BF,), 7.9 (<170 K) 40 (<170 K)
6.0 (>170 K) 33 (>170 K)

[Co(dipyvd),] (SbF), 4.4 (<200 K) 11(<200 K)
9.7 (>200 K) 20 (>200 K)

[Co(dipyvd),] (OTf), 3.6 24
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a big role in this behavior but at first glance the presence of
negatively charged ions near the ligands would disfavor the
development of a negative charge on the ligand.

The entropy associated with the VT transition is lower than
that typically observed for the cobalt-oxolene valence
tautomers.>*> For the oxolene systems, the increase in
entropy is generally attributed to increased vibrational entropy
as a result of the lower force constants for the Co®"-ligand
bonds. The lower entropy change in the present system prob-
ably reflects greater vibrational entropy associated with the
more flexible geometry of the ligand in the low spin state.

The large change in ligand geometry upon tautomerization
is also likely responsible for the variety of behavior observed in
the solid state from entirely high spin throughout the tempera-
ture range (PFs ") to mostly low spin (SbFs"). In particular, the
fact that in general the tautomeric transition does not go to
completion at low temperature in the solid reflects the geo-
metric requirements of the reduced ligand. Similar to the
approach we used for the solution data, a simple equilibrium
model can be used to fit the magnetic data in the solid state.
For the [BAr",]” salt and triflate, this model provides accepta-
ble fits for the entire range between 50 and 300 K. For the
SbF¢~ and BF,~ salts, such a simple model is inadequate, but
reasonable fits are obtained by fitting the data in two separate
temperature ranges. Values for AH and AS obtained from
these fits are listed in Table 4; however, as noted by LaBute
and co-workers,*® such fits assume that valence tautomeriza-
tion occurs randomly throughout the sample, whereas in prac-
tice there may be clustering of tautomers as a result of inter-
molecular interactions within the lattice. Consequently, the
values should be treated with a little skepticism. Nevertheless,
the reduction in the apparent AH and AS at higher tempera-
tures in the BF,~ salt indicates a level of cooperativity between
molecules which suggests the possibility of more abrupt tran-
sitions and hysteresis with careful tuning of this or related
systems.

Conclusion

More extensive studies on the [Co(dipyvd),]** system have pro-
vided more information on the two VT states in equilibrium.
In particular, the low spin state has predominantly low spin
Co®" character with a localized, mixed valent ligand manifold
and some degree of interaction between the ligands. The high
spin state is a spin quartet, but a fully satisfactory description
of its electronic structure is still elusive, with different analyti-
cal methods suggesting high spin Co*>*, low spin Co** and
even possibly Co" character. The geometry changes associated
with the VT transformation result in lower entropy changes
compared to the more common oxolene systems, but suggest a
potential for cooperative behavior in the solid state, though
such behavior has not yet been realized. Together these obser-
vations suggest avenues for further study of this system, along
with potential design criteria for tuning VT behavior of this
and other verdazyl based coordination compounds.
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Experimental

General

DipyvdH, [Co(dipyvd),](PFs) and [Co(dipyvd),](PFe), were syn-
thesized as reported previously.'® Other chemicals were pur-
chased from commercial suppliers.

Low temperature X-ray absorption spectra and X-ray mag-
netic circular dichroism spectra were recorded at the BOREAS
beamline, ALBA synchrotron, Barcelona, Spain. Additional
X-ray spectra were recorded at the Stanford Synchrotron
Radiation Laboratory (SSRL), Stanford, CA USA. Simulations of
X-ray spectra were performed with the frontend program
CRISPY** and the package QUANTY.?”

Spectroscopic characterization of [Co(dipyvd),]**

This species was generated electrochemically in solution from
[Co(dipyvd),](PFe), in acetonitrile using a Pt-honeycomb
working electrode and 0.1 M Buy,N'PF, supporting electrolyte.
Formation of the cation was monitored by UV-vis spectroscopy.
The C=0O0 region of the IR spectrum was obtained by examin-
ation of the same solution when the oxidation was complete; a

single C=0 stretch was observed at 1733 cm™".

[Co(dipyvd),](OTf),

Cobalt triflate (72 mg, 0.2 mmol) and dipyvdH (118 mg,
0.4 mmol) were combined in 5 mL acetonitrile and the
mixture stirred vigorously while open to the air at ambient
temperature for 48 h. After this period crystallization was
induced by diffusion of diethyl ether into the solution. The
dark purple crystals were isolated by filtration: 121 mg, 64%,
IR (ATR) 1722 cm™' (C=O0), 1597, 1468, 1438, 1260, 1220,
1142, 1028, 773, 706 cm™*; caled for:C;,H;0CoFgN;,04S,-2 H,O
C, 39.07; H, 3.48; N, 17.09. Found: C 39.01, H 3.08, N 16.53.

[Co(dipyvd),]X,

[Co(dipyvd),](OTf), and the sodium or ammonium salt of the
counterion were both dissolved in the minimum amount of
methanol and the solutions combined. Distilled water was
added to the resulting solution. If precipitation did not occur
immediately, methanol was removed by rotary evaporation
until precipitation occurred. The precipitate of the salt was
removed by filtration and dried under vacuum, then recrystal-
lized as described below.

[Co(dipyvd),](BF.),

[Co(dipyvd),](OTf), (18.0 mg, 0.02 mmol) and NaBF, (10 mg,
0.1 mmol) gave 6.0 mg, (0.007 mmol, 36%) of [Co(dipyvd),]
(BF,), recrystallized by vapor diffusion of ether into an aceto-
nitrile solution. IR (ATR) 1725 (C=O0), 1691 (C=0), 1603,
1595, 1481, 1463, 1437, 1276, 1247, 1217, 1157, 1051 (B-F),
1030 (B-F), 785, 630 cm-1. Calcd for: C30H30B,C0oFgN;,0,: C,
43.77; H, 3.67; N, 20.42. Found: C, 43.48; H, 3.74; N 20.16. A
single crystal of dimensions 0.089 x 0.123 x 0.584 mm was
mounted for examination by crystallography at 150 K. A
second crystal of dimensions 0.015 x 0.204 x 0.298 mm was
mounted for examination by crystallography at 150 K. Unit cell
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dimensions for both data collections are listed in Table 1. Full
details of data collection and refinement are available from the
Cambridge Crystallographic Data Centre in .cif format.

[Co(dipyvd),](BAT".),

[Co(dipyvd),](OTf), 18 mg, 0.02 mmol, and NaBAr", (34 mg,
0.04 mmol) gave 20.7 mg (0.009 mmol, 44%) of [Co(dipyvd),]
(BAr*,),, recrystallized by layering a dichloromethane solution
with heptane and diffusion of the layers. IR (ATR) 1740 (C=O0),
1606, 1464, 1440, 1353, 1274, 1110 (C-F), 887, 838, 775, 743,
711, 682, 669 cm . Caled for: CoyHs,B,COF,15N;,0,: C, 47.52;
H, 2.29; N, 7.07. Found: C, 47.37; H, 2.18; N 6.48.

[Co(dipyvd),](SbFs).

Cobalt triflate (72 mg, 0.2 mmol) and dipyvdH (118 mg,
0.4 mmol) were combined in 5 mL acetonitrile and the
mixture stirred vigorously while open to the air at ambient
temperature for 48 h, after which the solvent was removed by
evaporation. The residue was redissolved in methanol and fil-
tered before adding a solution of 108 mg NaSbFs in water to
the filtrate. Methanol was removed by rotary evaporator and
the resulting precipitate removed by filtration. The precipitate
was redissolved in acetonitrile and crystallization induced by
diffusion of dichloromethane vapor into the solution giving
the product as dark green crystals. (25.9 mg, 11% from Co
(OTf),) IR (ATR) 1725 (C=0), 1699 (C=0), 1669 (C=O0), 1599,
1438, 1367, 1274, 1244, 1211, 1148, 1017, 779, 734, 659 cm™*
(Sb-F). Caled for: CsH;oCOF;,N;,0,Sb,-(CH,Cl,)o5: C, 31.48;
H, 2.69; N, 14.45. Found: C, 31.59; H, 2.72; N 14.31. A single
crystal of dimensions 0.4 x 0.1 x 0.1 mm was mounted for
examination by crystallography at 300 K and 150 K. Unit cell
dimensions are listed in Table 1. Full details of data collection
available from the Cambridge

and refinement

Crystallographic Data Centre in .cif format.
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