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Spin-state diversity in a series of Co(II) PNP pincer
bromide complexes†
David W. Shaﬀer,‡§c Indrani Bhowmick,§a Arnold L. Rheingold,b Charlene Tsay,c
Brooke N. Livesay,a,c Matthew P. Shores*a and Jenny Y. Yang*c
We describe the structural and electronic impacts of modifying the bridging atom in a family of Co(II)
pincer complexes with the formula Co(t-Bu)2PEPyEP(t-Bu)2Br2 (Py = pyridine, E = CH2, NH, and O for
compounds 1–3, respectively). Structural characterization by single crystal X-ray diﬀraction indicates that
compounds 1 and 3 are 5-coordinate complexes with both bromides bound to the Co(II) ion, while compound 2 is square planar with one bromide in the outer coordination sphere. The reduction potentials of
1–3, characterized by cyclic voltammetry, are consistent with the increasing electron-withdrawing character of the pincer ligand as the linker (E) between the pyridine and phosphine arms becomes more electronegative. Magnetic property studies of compounds 1 and 2 conﬁrm high- and low-spin behavior,
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respectively, through a broad temperature range. However, complex 3 features an unusual combination
of high spin S = 3/2 Co(II) and temperature dependent spin-crossover between S = 3/2 and S = 1/2 states.

DOI: 10.1039/c6dt03461f

The diﬀerent magnetic behaviors observed among the three CoBr2 pincer complexes reﬂects the impor-
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tance of small ligand perturbations on overall coordination geometry and resulting spin state properties.

Introduction
The electronic ground states enforced by the coordination
environment in transition metal complexes define their magnetic
properties and chemical behavior. Weak field ligand environments that promote high-spin states often result in greater metal
complex reactivity in atom or group transfer reactions.1–7
Intermediate ligand field environments can generate transition
metal complexes that have temperature-dependent changes
between low- and high- spin states. These compounds attract a
great deal of interest for their fundamental magnetic properties
and potential application in switchable materials.8,9 They are also
known to possess unique reactivity.10,11
The spin-crossover/transition phenomenon provides an
externally accessible link between magnetic, optical,
vibrational, structural, and thermodynamic properties for

inorganic coordination complexes.12 Spin state switching properties can be influenced by very small changes in coordination environment and/or supramolecular interactions.
Although the majority of known spin-crossover compounds
contain Fe(II) and Fe(III) ions,13–16 Co(II) complexes in 4-, 5-, or
6-coordinate environments can also exhibit spin-crossover/
transition behavior between the high-spin S = 3/2 and low-spin
S = 1/2 states.17–21 Sacconi showed that the magnetic spin
crossover of 5-coordinate Co(II) complexes depends not only on
the Dq values (donor strength), but also on the electron delocalization onto the ligand.22 To investigate how small changes in
the ligand environment can influence the spin state of a
Co(II) ion, we have prepared, structurally characterized, and
measured the electronic and magnetic properties of CoBr2
complexes of the tridentate pincer ligands (PENEP), shown in
Chart 1. The bromide derivative was investigated because prior
studies on Co(II) complexes with tridentate ligands indicate
that bromide coordination is most likely to result in favorable
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spin-transition properties at the Co(II) center,23,24 whereas the
chloride and iodide analogues are mostly high- and low-spin,
respectively.22,24
Cobalt complexes with these ligands are currently of interest because of their reactivity and catalytic properties.25–28 The
use of atomic linkers of increasing electronegativity (E = CH2,
NH, O) between the phosphine arms and pyridine generates
a stepwise increase in the electron withdrawing nature of
the ligand29 without significantly impacting other structural
parameters. The related 5-coordinate Co(II)LBr2 pincer complexes (L = PNP, PNN) have shown spin state switching
properties,17–24,30 but the extent to which Co(II) spin states can
be tuned by substitution at the non-coordinated atom(s) of
PNP-type ligands has not been investigated systematically. This
study describes how ligand perturbations aﬀect the coordination geometry and corresponding electronic structure,
which is critical in evaluating the propensity of ligand modifications to fine-tune physical properties and tailor reactivity.

Results and discussion
Synthesis, characterization, and structural studies of
(PENEP)CoBr2 (1–3)
The bis( phosphino)pyridine compounds PCNCP, PNNNP,
PONOP shown in Chart 1 were synthesized according to literature preparations.31–33 Dichloromethane solutions of the
PENEP (E = C, N, O) ligands were added to CoBr2 dissolved in
acetonitrile to give the complexes (PENEP)CoBr2 (E = C, 1; O, 3)
or [(PNNNP)CoBr]Br (2). The dark purple crude product of 1
was isolated by solvent removal and recrystallized by layering
pentane over a saturated dichloromethane solution to give the
analytically pure product in 96% yield. Related preparations
have been reported for other (PCNCP)CoX2 (X = Cl, Br, I)
complexes.24,27,34–36 Product 2 precipitated from the reaction
solution and was isolated in 92% yield after washing with
diethyl ether. The dark violet crude product for (PONOP)CoBr2
(3) was isolated by solvent removal and recrystallized by layer-
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ing dichloromethane solutions with pentane to give the
product in up to 31% yield. Compounds 1 and 3 are soluble in
polar organic solvents such as dichloromethane and acetonitrile; in contrast 2 has limited solubility, even in alcoholic
solvents, reflecting the diﬀerent coordination geometry of the
three dibromide complexes (vide infra). The identity and purity
of 1, 2, and 3 were determined by X-ray crystallography,
ESI-MS, and elemental analyses.
Single-crystal X-ray diﬀraction analysis of 1 revealed a
5-coordinate cobalt(II) center with a geometry between square
pyramidal and trigonal bipyramidal, shown in Fig. 1a. Selected
metrical parameters are provided in Table 1. The asymmetric
unit contains two molecules of 1 and one molecule of CH2Cl2.
In both molecules of 1, the largest angle around the cobalt
center is between the pyridine donor and the bromide approximately trans to it (Npy–Co–Breq = 166.25(5)° and 168.48(5)°).
The P–Co–P angles are the second-largest at 140.14(2)° and
134.61(2)° in the two molecules. These values correspond to
geometries close to half-way between square pyramidal and trigonal bipyramidal. The metric τ5 can be used to describe
5-coordinate geometries in terms of their deviation from these
two ideal cases, with τ5 = 0 corresponding to square pyramidal
and τ5 = 1 corresponding to trigonal bipyramidal.37 τ5 is
defined as the value of (β − α)/60, where β is the largest ligandmetal–ligand bond angle and α is the second-largest. The
values of τ5 for the two molecules of 1 in the asymmetric unit
are 0.44 and 0.56 (Δτ5 = 0.12). It is also notable that the pincer
‘arms’ are significantly twisted from the pyridine plane, with
P–C–C–N torsion angles of 23.7°, 30.1°, −36.2°, and 29.4°.
X-ray diﬀraction analysis was performed on crystals of 2
grown by cooling a saturated EtOH solution. The single crystal
X-ray structure revealed 2 to be a 4-coordinate cobalt(II)
complex with an outer-sphere bromide ion in [(PNNNP)CoBr]
Br. The unit cell contains eight ion pairs with the formula
[(PNNNP)CoBr]Br and eight ethanol molecules, which were
highly disordered (see ESI† for more details). One of the two
4-coordinate cobalt complexes contained in the asymmetric
unit is depicted in Fig. 1b with two neighboring bromide ions,

Fig. 1 (a) ORTEP of molecule A in the asymmetric unit of (PCNCP)CoBr2 (1). Hydrogen atoms (except –CH2–) and one molecule of CH2Cl2 have
been omitted for clarity. (b) ORTEP of molecule A and neighboring outer-sphere bromides in the asymmetric unit of [(PNNNP)CoBr]Br (2). Hydrogen
atoms (except for N–H) and an ethanol molecule have been omitted for clarity. (c) ORTEP of molecule A in the asymmetric unit of (PONOP)CoBr2 (3).
Hydrogen atoms have been omitted for clarity. All ellipsoids are shown at 50% probability.
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Table 1 Compounds 1, 2, and 3 each contain two cobalt molecules in the asymmetric unit. Selected bond distances (Å) and angles (°) for both
molecules and τ5 (where relevant) for [(PENEP)CoBr2] (E = C, 1; O, 3), and [(PNNNP)CoBr]Br (2). Breq and Brax indicate the bromide ligands best
described as trans and cis, respectively, from the pyridine donor
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1

Co–Npy
Co–P1/3
Co–P2/4
Co–Breq
Co–Brax
Npy–Co–Breq
P–Co–P
τ5

2

3

Molecule A

Molecule B

Molecule A

Molecule B

Molecule A

Molecule B

2.252(2)
2.4755(7)
2.4543(7)
2.4591(4)
2.4576(4)
166.25(5)
140.14(2)
0.44

2.270(2)
2.4875(7)
2.4508(7)
2.4561(4)
2.4713(4)
168.48(5)
134.61
0.56

1.929(2)
2.2267(7)
2.2291(7)
2.3424(4)
—
175.73(6)
168.48(3)
—

1.925(2)
2.2351(7)
2.2252(8)
2.3366(4)
—
177.97(6)
169.29(3)
—

1.945(2)
2.2552(8)
2.2751(8)
2.3784(5)
2.5930(5)
168.83(7)
156.66(3)
0.20

2.134(2)
2.4517(8)
2.4610(9)
2.4454(5)
2.4333(5)
147.30(6)
152.28(3)
0.08

and selected metrical parameters are listed in Table 1. The
cobalt centers in 2 are nearly square planar, with P–Co–P and
N–Co–Br angles of at least 168° and the angles around the
cobalt centers summing to 360.3° and 360.1°. The P–N–C–N
torsion angles range from 2.55° to 12.49°, showing higher
rigidity compared to the methylene ‘arms’ of the PCNCP ligand
in 1. The outer-sphere bromide ions reside between the N–H
functionalities of two adjacent cobalt complexes with N⋯Br
distances of 3.362(2), 3.426(2), 3.390(2), 3.402(2) Å, consistent
with weak hydrogen bonding interactions, which likely contributes to the stability of the 4-coordinate cation.
Dark purple X-ray quality crystals of 3 were grown from dichloromethane layered with pentane. The asymmetric unit
contains two 5-coordinate (PONOP)CoBr2 molecules, each with
slightly diﬀerent molecular geometries and diﬀerent bond distances around the cobalt center. The structure of molecule A is
shown in Fig. 1c, and the structure of molecule B is shown in
Fig. S1.† Both molecules are distorted from ideal square pyramidal geometry, with the P–Co–P and Npy–Co–Breq angles
ranging from 147° to 169°. The τ5 parameters for the two molecules are 0.20 and 0.08 (Δτ5 = 0.12). These values are more consistent with distorted square pyramidal structures than trigonal bipyramidal. The more rigid arms of the PONOP ligand,
relative to PCNCP, are demonstrated by the smaller P–O–C–N
torsion angles: −15.3°, −8.6°, 10.9°, and 0.1°. There is a discrepancy between the two molecules comprising the asymmetric
unit. The pseudo-equatorial cobalt–ligand distances are all
longer in the molecule containing Co(2) (molecule B) than
those in the molecule containing Co(1) (molecule A), with a
diﬀerence of approximately 0.19 Å for the neutral donors
(N and P) and 0.07 Å for the bromide. On the other hand, the
pseudo-axial Co–Br distance is 0.16 Å shorter in molecule
B. The P–Co–P and Npy–Co–Breq angles of molecule B are also
more acute and more similar to one another than those in
molecule A, leading to a smaller value of τ. Thus, the two
molecules can both be described as pseudo-square-pyramidal,
with the cobalt center of molecule B being significantly more
distorted towards the pseudo-axial ligand. Notably, while the
Co(2)–ligand distances are generally similar to those in 5coordinate 1, the equatorial Co(1)–ligand distances are similar
to those in 4-coordinate 2, with the addition of a long axial
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Co(1)–Br bond. We attribute the distortional diﬀerences in
molecule A and B to packing interactions in the solid state,38
and the axial distortions may be associated with diﬀerent spinstate behavior (vide infra).22
Electrochemical studies of (PENEP)CoBr2 (1–3)
The redox behavior of (PENEP)CoBr2 (1–3) was investigated by
cyclic voltammetry in acetonitrile to evaluate the electronic
eﬀects of the diﬀerent linkers on the ligand arms. Reduction
potentials vs. Fe(Cp)2+/0 (Cp = C5H5−) are listed in Table 2.
Complexes 1–3 each exhibit two reductions as shown in Fig. 2.
An additional reductive process is observed for 1 at −2.83 V. As
expected, the first two reduction events shift to more positive
potentials as the ligand becomes more electron-withdrawing.
Based on our prior study of the corresponding [Co(PENEP)
(CH3CN)2]2+ complexes, we believe the first reduction occurs

Table 2 Potentials vs. Fe(Cp)2+/0 (V) for the ﬁrst (red1) and second
(red2) reductions of (PENEP)CoBr2 complexes, (E = C, 1; N, 2; O, 3),
measured at 100 mV s−1

Compound

Epc(red2)

Epc(red1′)

Epc(red1)

Epa(red1)

1
2
3

−2.45
−2.60
−2.27

−1.27
−1.22
−0.94

−1.14
−1.04
—

−1.05
−0.94
−0.62

a

a

Measured at 1600 mV s−1.

Fig. 2 Cyclic voltammograms of (PENEP)CoBr2 (E = C, 1, top, black;
N, 2, middle, blue; O, 3, bottom, red); 1.0 mM analyte in CH3CN with
0.20 M Bu4NPF6 at 100 mV s−1. Arrows indicate scan direction and
resting potential.
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at the metal.29 We cannot definitively assign whether the
additional reductive events occur on the metal or ligand
because of the possibility of ligand-centered reduction.39,40
Cyclic voltammograms of the first reductions of 1 and 2
display scan rate dependent reversibility, shown in Fig. 3
(normalized for the diﬀusion controlled current at the planar
electrode (current (i) ∝ ν1/2, ν = scan rate)). At a scan rate of 25
mV s−1 (shown as dark red CV for 1 in Fig. 3, top), the first
reduction of 1 is reversible with E1/2 = −1.10 V. As the scan rate
increases, the cathodic portion of the wave at −1.14 V
(Epc(red1)) decreases in intensity as another cathodic feature
grows in at −1.27 V (Epc(red1′)). The anodic portion of the wave
remains constant (Epa(red1)). Similar behavior is observed with
2, though the second part of the feature is more evident at
slower scan rates and it appears nearly irreversible at 1.6 V s−1
(Fig. 3, middle). As shown in Fig. 3 (bottom), 3 exhibits no
partial reversibility at scan rates as low as 25 mV s−1. This behavior is consistent with bromide anion dissociation upon
reduction of 1, and supported by the electrochemical behavior
of the corresponding [Co(PCNCP)(CH3CN)2]2+ complex, where
the Co(II/I) redox event is reversible at all scan rates.29 The
second cathodic waves for all three dibromide complexes (and
third for 1) coincide with those of the corresponding [(PENEP)
Co(CH3CN)2]2+ complexes, suggesting the loss of both bromide
ligands occurs after the first reduction of 1–3.29 Furthermore,
the potential of the anodic portions of the first reductions for
1–3 match closely with those for [(PENEP)Co(CH3CN)2]2+. After
a 1-electron reduction to cobalt(I) and bromide loss, the resulting solvent adduct with the more π-accepting acetonitrile
ligand [(PENEP)Co(CH3CN)]+ generates the square-planar d8
complex. Along with the 4-coordinate nature of 2 in the solid
state, this suggests only a single bromide ligand remains
bound to the complexes in the cobalt(II) state in polar solvents,
which is exchanged for an acetonitrile upon reduction. For 1
and 2, an equilibrium between the cobalt(II)–bromide (Epc =
−1.27 and −1.22 V, respectively) and the corresponding
cobalt(II)–acetonitrile (E1/2 = −1.10 and −0.96, respectively)
results in the scan rate dependent observation of one or both
of these species on the cathodic scan. This equilibrium is not
observed for the more electron-poor 3.

Fig. 3 Normalized cyclic voltammograms showing the ﬁrst reduction
events for (PENEP)CoBr2 (E = C, 1, top; N, 2, middle; O, 3, bottom) with
varying scan rates (ν). 1.0 mM analyte in CH3CN with 0.20 M Bu4NPF6.
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The oxidative portions of the cyclic voltammograms for 1–3
contain a number of irreversible anodic waves, listed in
Table S2.† These include a group of two to three features
between 0.33 and 0.75 V, and another feature above 1 V, but
were not studied further.
Solution magnetic properties of (PENEP)CoBr2 (1–3)
The spin states of complexes 1–3 were initially determined by
EPR spectroscopy in ethanol glass at 77 K, shown in Fig. 4,
and are indicative of low-spin, S = 1/2; systems. The three compounds exhibit similar spectra with signals centered around
g = 2.3 and approximately 90 G hyperfine coupling to the
cobalt center (I = 7/2). This indicates similar coordination
environments for the Co(II) ions in the frozen ethanol solution.
At room temperature and in the aprotic solvent environment provided by chloroform, complexes 1 and 3 give solution
μeﬀ values of 4.6 and 3.9, respectively, as determined via Evans
method (see Fig. S2†). (The low solubility of 2 in CDCl3 precludes its measurement in that solvent.) These eﬀective magnetic moment values are consistent with at least some population of high-spin states for the Co(II) ions.
From the combination of available EPR and 1H NMR spectral
data in ethanol and chloroform, respectively, we cannot diﬀerentiate spin-state (switching) behavior from ligand dissociation
processes. The scan rate dependent cyclic voltammograms
obtained in acetonitrile indicate the bromide anions are labile.
The main positive ion peaks in the mass spectra acquired in
acetonitrile are consistent with dissociation of one bromide for
all three compounds, but this does not necessarily correspond
to the speciation of neutral entities in solution. However, previous work with a series of phenyl-substituted (PCNCP)CoX2
complexes presented evidence for both dissociation in solution
and temperature-dependent spin state switching.24 Regardless
of the dominant coordination environment in solution, it is
clear the variable coordination geometries and intermediate
ligand fields observed for this family of complexes signified
interesting spin behavior that merited further investigation.
Solid state magnetic property studies
To probe magnetic properties in an environment where more
robust magnetostructural correlations can be established,

Fig. 4 EPR spectra for (PENEP)CoBr2 (E = C, 1, top, black; N, 2, middle,
blue; O, 3, bottom, red), obtained in ethanol at 77 K.
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solid state magnetic properties of the complexes were studied
by SQUID magnetometry (Fig. 5 and S3–S5†). As we measured
crystalline samples, our data interpretation uses the chemical
formulas of the solvated compounds determined from singlecrystal X-ray diﬀraction experiments: 1·0.25CH2Cl2, 2·EtOH
and 3, respectively. At room temperature (300 K), compounds
1·0.25CH2Cl2 and 3 show behavior consistent with high-spin
Co(II) ions. At 300 K the χMT products are 2.68 and 2.78 cm3 K
mol−1, respectively. These values are higher than the theoretical Curie constant for a S = 3/2 ion with g = 2 (1.875 cm3 K
mol−1), but consistent with high-spin Co(II) complexes featuring significant orbital contributions: calculated room temperature g values of 2.39 and 2.44 are similar to literature
values.41,42 In contrast, the room-temperature χMT value for
2·EtOH, 0.86 cm3 K mol−1, is too small to correspond to highspin Co(II), but is consistent with a low-spin S = 1/2 Co(II) ion
(theoretical Curie Constant = 0.375 cm3 K mol−1, for S = 1/2
spin with g = 2). Here, the calculated isotropic g value is large
(3.02) but this is comparable with literature values.43–45
We note that there are few examples of high-spin square
planar Co(II) complexes, and they require significant electronwithdrawing capacity in ligand substituents.46
As the temperature is decreased, the χMT products for compounds 1·0.25CH2Cl2 and 2·EtOH change as expected for their
respective spin states. For 1·0.25CH2Cl2 the χMT product
remains mostly constant until 70 K, and then gradually
decreases to 1.52 cm3 K mol−1 at 1.8 K. This temperaturedependent downturn of the χMT product is a signature of magnetic anisotropy related to the high-spin Co(II) centers, and/or
antiferromagnetic interactions between the magnetic centers
in the crystal lattice. In this regard, we note that the minimum
Co–Co distances are 8.81(1) Å, 7.79(1) Å and 8.93(4) Å for
1·0.25CH2Cl2, 2·EtOH and 3, respectively, suggesting that intermolecular antiferromagnetic interactions will be weak.
The χMT vs. T data of 1·0.25CH2Cl2 are fit with program
0
2
PHI,47 using the spin Hamiltonian Ĥ ¼ μB gBŜ þ ðD=3ÞÔ2 þ EÔ2 ,

Fig. 5 Temperature dependence of χMT collected for solvated compounds 1–3 between 1.8 and 300 K. Data for 1·0.25CH2Cl2 and 3 are
measured at 1000 Oe, while data for 2·EtOH are measured at 5000 Oe.
Solid lines are ﬁts to the data using the program PHI (detail in text) for
compound 1·0.25CH2Cl2 and 2·EtOH. The solid red line is the ﬁt to the
data of 3 as described in the text (and as Model 2 in the ESI†).
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where Ô is the Stevens operator. The best fit (Fig. 5) gives gx =
gy = 2.385(0), gz = 2.366(4), D = −22.324(2) cm−1, E = 2.404(2)
cm−1 and |E/D| = 0.108. The magnitude of axial anisotropy
|D| = 22.324(2) cm−1 is comparable with other anisotropic
5-coordinate Co(II) complexes described in the literature;48,49
we note that the sign of the D parameter cannot be reliably
extracted from bulk magnetic measurements. As our present
work is focused on spin states of the Co(II) complexes, we will
not discuss further the possible dynamics of slow relaxation of
magnetization of these compounds; although we note that
the strong axial anisotropy of the Co(II) ion in compound
1·0.25CH2Cl2 could lead to single-molecule magnet behavior.50
For compound 2·EtOH, the χMT value preserves the paramagnet type behavior within the measured temperature range
and reaches 0.81 cm3 K mol−1 at 1.8 K. When the fit of the χMT
vs. T data for 2·EtOH is performed (Fig. 5), considering only
an isotropic g-factor and spin Hamiltonian Ĥ ¼ μB gBŜ, giso =
3.02(2) is extracted.
In contrast, the temperature dependence of χMT for 3 is very
diﬀerent from 1·0.25CH2Cl2: with lowering of temperature, the
χMT value decreases slowly until 200 K; then, between 200 K
and 50 K, a comparatively steep decrease of χMT values is
observed, consistent with spin-crossover behavior. Between
50 K and 20 K the slope of the χMT product is less steep,
whereas below 20 K the value again decreases rapidly to
1.43 cm3 K mol−1 (at 1.8 K). The lowest temperature downturn
could be due to magnetic anisotropy related to any remaining
high spin Co(II) centers, and/or intermolecular antiferromagnetic interactions between the Co(II) complexes. The possibility of spin transition of the Co(II) ion in 3 from S = 3/2 to
S = 1/2 is known for similar 5-coordinate systems depending
on the ligand field of Co(II).18,22–24,51–53 Nelson and Kelly
reported a doublet–quartet equilibrium in the Co(PNP)Br2
system22,30 similar to that observed in 3. In the current work, a
key diﬀerence is the presence of two crystallographically distinct Co(II) complexes with diﬀerent geometries.52,53 Based on
the structural evidence reported in the literature,52,53 we expect
that the Co(1) center (molecule A, τ5 = 0.20), which has bond
distances similar to the square planar 2·EtOH, undergoes
spin-crossover from high-spin S = 3/2 to low-spin S = 1/2,
whereas the Co(2) center (molecule B, τ5 = 0.08) remains highspin over the entire temperature range.
We estimated the thermodynamic parameters of the putative spin crossover behavior of 3 by fitting the variable temperature χMT data to the ideal solution model.54,55 In the most
complete model, the two Co(II) complexes would have independently optimized g and temperature-independent magnetic
susceptibility (TIP) values, which could be diﬀerent in the lowand high-spin states (LS and HS, respectively). In addition,
axial and rhombic magnetic anisotropy terms (D and E,
respectively) should be present for Co(II) ions in the HS state.
Assuming that one Co(II) ion, Co(1), undergoes spin crossover,
and the other, Co(2), is HS at all temperatures, we identify ten
variables that could be estimated: gHS(Co2), gHS(Co1), gLS(Co1),
TIPHS(Co2), TIPHS(Co1), TIPLS(Co1), ΔH, TC, D(Co2) and E(Co2).
Since a model that contained all these variables would be
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overparameterized, we considered several diﬀerent constraints
for the g and TIP values of the HS and spin crossover Co(II)
centers. For all models, we also neglected low-temperature
data where magnetic anisotropy eﬀects are prominent. These
assumptions and corresponding eﬀects on the model are
detailed in the ESI.†
The model which provides the best fit to the data (Model 2,
Fig. 5 and S7†) is based on the following equation:


  2

gHS 2
TIPHS
gLS
TIPLS
CHS þ
T 
CLS þ
T
4
2
8
2



χMT ¼
ΔH
1
1


1 þ exp
R
T TC
 2

gLS
TIPLS
CLS þ
T
þ
8
2
where g, C and TIP are the Landé factor, Curie constant and
temperature-independent paramagnetism terms of the S = 3/2
(HS), and S = 1/2 (LS) states, respectively; R is the gas constant;
ΔH is the enthalpy term; and TC is the spin-transition temperature (where HS : LS = 50 : 50). Here, both Co(1) and Co(2) are
high spin at 300 K, but only 50% of cobalt centers are doing
spin crossover, therefore at TC (= T1/2) only 1/4 of the cobalt
ions are LS.
The best fit of the data between 25 and 300 K (R = 0.99999)
extracts gHS = 2.200(1), gLS = 2.90(5), TIPHS = 0.0018(4) cm3 mol−1,
and TIPLS = 0.0024(2) cm3 mol−1. The g values found are
reasonable for Co(II) ions in 5-coordinate geometries.22,52,53
The thermodynamic parameters associated with the spin
crossover event in compound 3 are as follows: TC = 166(1) K,
ΔH = 7.71(9) kJ mol−1 ΔS = 46.4(5) J K−1 mol−1. The entropy
term (ΔS) is larger than found in Co(II)-terpyridine based spin
crossover complexes, but comparable to other long alkyl chain
substituted-terpyridine based Co(II) spin crossover complexes.56 The overall agreement between model and data supports the notion that spin crossover is operative in half of the
Co(II) complexes.
Investigation of the field dependence of the magnetization
measured at 2 K between 0 and 5 T (Fig. S5†) allows us to
confirm the spin ground state for these Co(II) complexes. All
three compounds give magnetization values close to saturation
at 5 T. The magnetization for the square planar complex 2
saturates at 1.39µB at 5 T, consistent with an S = 1/2 system
having a large g value. The M vs. H data (at 2 K in field range
0–5 T) are modeled well by a Brillouin function for a non-interacting isotropic S = 1/2 spin (Fig. 6) with a fit g value of 2.94(6),
comparable to the value obtained from the susceptibility data.
Compounds 1·0.25CH2Cl2 and 3 show magnetizations of
2.27µB and 1.95µB, lower than expected for isotropic spin
systems containing full and 50% occupancy of high-spin Co(II)
ions, respectively (3.58µB for 1·0.25CH2Cl2 and 2.42µB for 3,
assuming g values determined from susceptibility data);
however, the depression of magnitude of magnetization is a
common result of magnetic anisotropy contribution of the
high-spin Co(II) centers. The non-superimposable isofield
plots in the M vs. H/T data for compound 1·0.25CH2Cl2, col-
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Fig. 6 Field
dependence
of
magnetization
for
compound
1·0.25CH2Cl2, collected at 2 K. The blue circles are the experimental
data and the solid red line is the best ﬁt to the Brillouin for non-interacting S = 1/2 spins with g = 2.94(6). Inset: M vs. H/T curves for
1·0.25CH2Cl2; lines are of best-ﬁt determined using ANISOFIT 2.0.

lected between 2 K and 20 K, confirms the presence of magnetic anisotropy (Fig. 6 inset). Best fits to these reduced magnetization data for 1·0.25CH2Cl2, using the program ANISOFIT
2.0,57 show significant axial (D) and rhombic (E) magnetic
anisotropies, with D = −20.85 cm−1 and E = 3.82 cm−1 (|E/D| =
0.183) which are comparable to the anisotropic parameters
obtained from the fit of χMT vs. T data using PHI (Fig. 5).

Conclusions
The pincer ligands (PENEP, E = C, N, O) used in this study were
selected because they are structurally similar and represent a
synthetically accessible means to progressively alter the ligand
field strength around Co(II) ions. While the expected ligand
electronic eﬀects are confirmed by cyclic voltammetry of complexes, structural characterization of 1–3 demonstrate that
each ligand enforces unique geometries at the Co(II) in the
solid state. These resulting changes in geometry govern the
overall magnetic behavior of the Co(II) complexes.
Compound 2 is shown by X-ray crystallographic analysis to
have a square planar geometry, with only one bromide anion
bound to the Co(II) and the second in the outer coordination
sphere. The magnetic properties are consistent with a low spin
Co(II) ion throughout the temperature range examined.
In contrast, compounds 1 and 3 are 5-coordinate compounds in the solid state, with the pincer and two bromide
anions in the primary coordination sphere. Depending on the
solvent, the bromide anions can dissociate to form the
4-coordinate compound or a solvato-complex, which may play
a role in the ability of these complexes to mediate inner-sphere
reactivity. The magnetic properties for both compounds indicate that doublet and quartet states are energetically close to
each other. The solid state magnetic properties of 3 indicate
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spin-crossover behavior of half of the Co(II) ions; this analysis
was complicated by the existence of two geometric isomers
observed in the solid state, each of which appear to have
unique
magnetic
properties.
Notwithstanding,
both
1·0.25CH2Cl2 and 3 show magnetic anisotropy, which indicate
the potential for single-molecule magnetism, which is currently being explored.
The electronic spin state of transition metal complexes
plays an important role in rationalizing and imparting reactivity. This study on a series of catalytically relevant cobalt pincer
complexes has important implications on how ligand changes
intended to adjust the ligand field strength while maintaining
the general structure can generate surprising eﬀects on the
geometry and coordination around the Co(II) ion. Specifically,
the NH linker in compound 2 enforces a square planar geometry in the solid state instead of the 5-coordinate geometry
observed for compounds 1 and 3. Our study indicates these
alternations in coordination geometry among structurally
similar pincer ligands ultimately play the largest role in the
magnetic properties of each compound, resulting in a Co(II)
ions with low-spin, high-spin, and spin-crossover electronic
behaviours.
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