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Advanced electron paramagnetic resonance FS}EPF{) methods have been employed in the study of two high-spin

cobalt(Il) complexes, Co[(SPPh,),N], (Co”

L) and Co[(SPPh,)(SP'Pr,)N], (Co™"P"Ly), in which the bidentate

disulfidoimidodiphosphinato ligands make up for a pseudotetrahedral sulfur coordination of the transition metal. The
CoS, core in the two complexes has slightly different structure, owing to the different peripheral groups (phenyl or
isopropyl) bound to the phosphorus atoms. To determine the zero-field splitting, notoriously difficult for high-spin
cobalt(Il), the two complexes required different approaches. For Co™™"L,, the study of the X-band EPR spectrum of a
single crystal as a function of temperature revealed a nearly axial character of the zero-field splitting (ZFS; E/D ~
—0.05). For Co™"P"L,, the combination of the EPR spectra at 9, 95, and 275 GHz revealed a rhombic character of the
ZFS (E/D ~ —0.33). The energy difference between the Kramers doublets in Co™ "L, and Co™™"P"L, amounts to
24 cm~"and 30 cm ', respectively. From the X-band EPR spectra of diamagnetically diluted single crystals at fields
up to 2.5 T for Co™™"L, and 0.5 T for Co'™"P"'L,, the effective g tensors and cobalt hyperfine tensors have been
determined, including the direction of the principal axes in the cobalt sites. The values of the EPR observables are
discussed in relation to the structural characteristics of the first (CoS4) and second coordination sphere in the

complexes.

Introduction

The biological chemistry of Co is not as extensive com-
pared to other first transition series elements, such as Mn, Fe,
Cuand Zn. It has been postulated that acid—base catalysis in
hydrolytic reactions by biological Co-active sites would not
offer distinctive advantages compared to Zn-active sites,
whereas biological redox reactions could be well performed
by the most accessible biological elements Mn, Fe, and
Cu.' The most easily recognized biological activity of Co is
its organometallic active site in vitamin B;, and related
systems.”

However, extensive work over the past few years has
revealed a number of Co-containing active sites in novel
enzymes with new biological functions. The best characterized
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examples up to now are the Co''-containing nitrile> or thio-
cyanate® hydrolases, the three-dimensional structures of
which have been determined by X-ray crystallography, and
their Co-active sites modeled by a wealth of Co™ coordination
compounds.” On the other hand, the presence of Co' or Zn"
has been documented in the active site of the enzymes ATP
sulfurylase® and adenylate kinase.” In these biological systems,
the Co-active site is dominated by a sulfur rich coordination
sphere, either by intact or post-translationally oxidized S(Cys)
thiolates.

Moreover, in addition to the native Co enzymes, during the
last thirty or so years, Co-active sites have been created b}/
substituting Co" for either paramagnetic metal ions like Fe",
and Cu' or, even more extensively, diamagnetic ones like
Zn'" or Cd". Representative examples of substitution by Co™!
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are the Fe protein rubredoxin'® and the blue Cu protein
amicyanin,'" with Co"[S(Cys)s] and Co"[S(Sys)-S(Met)-N-
(His),] active sites, respectively, as revealed by X-ray crystal-
lography. Moreover, Co'" has also been introduced into the
active site of the ferric uptake protein (FUR),'? the Cu-
enzyme amine oxidase,'” and the Mn-enzyme superoxide
dismutase.'* Owing to the fact that 3d'® Zn' is spectro-
scopically silent and diamagnetic, numerous Zn-enzymes
have been frequently reconstituted by Co'", with the forma-
tion of S(Cys)-rich coordination spheres around Co". The
main interest in such experiments stems from the fact that the
3d” Co"-substituted active sites are amenable to biophysical
characterization by various spectroscopic (UV—vis, magnetic
circular dichroism (MCD)) and magnetic methods (magne-
tism, paramagnetic NMR, electron paramagnetic resonance
(EPR), electron—nuclear double resonance (ENDOR)). Rep-
resentative examples in this case are the enzymes alcohol
dehydrogenase,'® metallo-beta-lactamase,'®!” various amino-
peptidases,'®and phosphotriesterases,'” as well as the Zn" or
Cd" metallothioneins,”® and the transcription factors known
as “Zn-fingers”.>! =} The coordination of Co" to S-containing
ligands has also been studied by using peptides or “maquettes”
as a coordination framework, aiming at retaining critical
structural and spectroscopic properties of analogous Co™
biological sites.”*~

To study the catalytic function of the Co''-active sites in the
above-mentioned native or reconstituted enzymes, it is ne-
cessary to elucidate the electronic properties of the site.
Owing to the paramagnetic nature of the Co''-active sites,
one of the most frequently employed spectroscopic techni-
ques is EPR. Indeed, the EPR properties of native or
reconstituted biological Co-active sites have been probed
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by either continuous wave (cw) '®* or, more recently, by

pulsed EPR techniques.” Moreover, a wealth of Co™ com-
plexes with various coordination spheres have also been
studied by EPR or MCD spectroscopy, and their properties
compared with those of biological Co™-active sites. In that
respect, most of the Co" complexes studied so far contain
coordination spheres dominated by either O or N atoms,
whereas the presence of S-ligation is rather limited.?* 3>
Studies on Co''S4-coordinated sites, containing various aro-
matic thiols as ligands and different counterions, have been
reported by Hirota and co-workers, in three successive
articles reporting data derived by magnetism and X-band
EPR experiments.**** These studies included EPR experi-
ments on oriented single crystals, which revealed the orienta-
tion of the g-tensor’s principal axes. In addition, the
complexes studied were shown to exhibit large zero-field
splitting (ZFS),*® ranging between 2 and 100 cm ™', whereas
the rhombicity (A = E/D) was between 0 and 0.3. On the
other hand, high frequency EPR studies on Co*" jons
embedded in CdS have shown rather small ZFS values.*’
The magnitude of the ZFS of Co'" and other paramagnetic
metal complexes determined so far by various experimental
methods has been reviewed in various publications.’*3!4!
Significant discrepancies in the reported data have shown
that the reliable determination of the ZFS is not an easy task,
and would require careful implementation of various tech-
niques such as studies of magnetic susceptibility, EPR, VT-
MCD, or Far-infrared (Far-IR) magnetic spectroscopy.*!
Thus, following the recent development in high-frequency
and high-field EPR (HFEPR) methods, a reliable ZFS value
has been determined for a powdered sample of Co(PPhs),Cl,,
and its magnitude was compared to that of the same and
other Co' complexes derived from different experimental
methods, like variable- temperature and variable-field MCD
(VTVH-MCD) spectroscopy.®’ The ZFS value obtained for
Co(PPh3)Cl, from these investigations was considered as the
only reference value in a recent theoretical study of the MCD
spectra of a series of Co"' compounds.®® Furthermore, in the
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Figure 1. Molecular structures of (a) Co” hPhy and (b, ¢) Co'™™PPL,. In (a) and (c) the (approximate) symmetry axes are indicated, while the view in (b) is

such that the symmetry axis is perpendicular to the plane of the paper.

EPR spectra obtained so far on Co(II) systems, the cobalt
hyperfine interaction is commonly not resolved.

The above considerations show that it is of prime impor-
tance to extend the data set of EPR properties on Co"
coordination compounds, including more examples of Co''S,
coordination, in an attempt to correlate their electronic
properties, derived by EPR experiments, with their structural
properties. To that direction, an appropriate choice was a
series of Co''S;-containing CoL, complexes, obtained by
employing the bidentate disulfidoimidodiphosphinato ligands
LH of the type R,P(S)NHP(S)R’», R, R" = Ph or 'Pr.**
The first Co"'S,-containing complex bearing such ligands,
Co[(SPPh,),N],, which will be denoted as Co™ PP, was
reported in 1971, and its crystallographic structure, along
with the structure of the analogous complex containing R =
'Pr, Co[(SP'Pr,),N],, was determined more recently.*® In
addition to the CoL, complexes bearing symmetric disulfido-
imidodiphosphinato ligands, the corresponding complex con-
taining R = Ph and R’ = 'Pr, Co[(SPPh,)(SP'Pry)N],,
denoted as Co™ " L,, has recently been synthesized and
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structurally characterized.*” The spectroscopic and magnetic
properties of the above-mentioned Co'S,-containing com-
plexes were investigated in combination with theoretical
calculations, with the focus on the covalency of their Co"—S
bonds.*” These complexes present the advantages of (i) being
stable with respect to oxidation of the metal ion, (ii) providing
the possibility to alter their “second coordination sphere” by
employing different peripheral R groups on the ligand, which
would affect the structural and electronic properties of the
metal site, and (iii) showing Co"Ss-coordination spheres with
different degrees of distortion from the ideal tetrahedral
geometry because the Co™ L, and Co™**"L, complexes
possess Sy and C,’ symmetry (Figure 1), respectively, the
consequences of which would be very interesting to probe
by EPR.

Here we report the results of extensive EPR studies on the
Co™PPL, and Co'"™ "ML, complexes, in which various types
of samples (microcrystalline powders, single crystals, magne-
tically diluted crystals to the analogous ZnL, complexes) and
various microwave frequencies and magnetic fields have
been employed. Accurate values of the ZFS, the effective g
tensor and the cobalt hyperfine interaction tensor were
determined. The EPR observables show that the structural
differences between the two complexes, imposed by the
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2006, 79, 2301-2315.
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nature of the peripheral R groups (R = Ph or 'Pr) in the
“second coordination sphere affect significantly the electro-
nic structure of the Co''S, core.

Experimental Section

Synthesis of Co™ Complexes. All experiments were carried out
under an atmosphere of argon using Schlenk techniques. Glass-
ware was dried in the oven at approximately 110 °C and baked
out in vacuo prior to use. The solvents were dried by standard
methods (methanol and dichloromethane over CaH,, n-hexane
over sodium wire) and distilled under argon. The solvents were
deoxygenated by at least two freeze—pump—thaw cycles im-
mediately prior to use. Electronic spectra were recorded in a
Cary 300 Varian spectrophotometer. *'P{'"H} NMR spectra
were recorded in a Varian Unity Plus 300 MHz instrument,
and the reported chemlcal shlfts are relatlve to 85% H;PO,.

The synthesis of Co"™™L, and Col “PhL, was carried out
according to published procedures.***” To optimize the sensiti-
vity of the EPR measurements, specific samples were consid-
ered. For that purpose, fine powder samples, single crystals, and
magnetically diluted crystals to the analogous ZnL, complexes
of Co™ L, and Co™™P"L, were prepared.

For the preparation of fine powder samples, an appropriate
amount of powdered Co™™" L, (~10 mmol) was dissolved in the
minimum amount of dichloromethane (~10 mL). Subsequently,
n-hexane (1:4) was added rapidly under continuous stirring.
Immediately, microcrystals of such small size they can be
defined as fine powder, were formed. The lprempnate was
subsequently collected by filtration. The Co'"™"PL, complex
was isolated as a fine powder.*’

Single crystals of Co™ BPhL ) and CoP™™ML, were obtained by slowly
mixing a dichloromethane solution of each complex with n-hexane
and methanol, respectively, in 1:3 ratio. This procedure resulted in
dark green and dark blue needle-like crystals, respectively.

The synthesis of Zn"™"L, was first reported in 1971 but its
crystallographlc characterlzatlon has been recently accom-
plished.*® The synthesis of Zn'P"PPL, was carried out according
to published procedures.*

Magnetic dilution methods were employed to diminish the
dipolar interactions between the paramagnetic Co' (S = 3/2)
centers such that the hyperfine interaction between the electron
spin and the cobalt nuclear s lpm I =17)2) could be resolved in
the EPR spectrum. The Co™™P"L, and Co'""F"L, complexes
were cocrystallized 1nt0 the diamagnetic host crystal matrix
of their respective Zn'! analogues, Zn*™"™L, and Zn'""""L,,
to form 1% Co'/zZn"-doped single cocrystals The UV—vis
spectra of solutions of 5% and 50% CoP™PL,/Zn™Ph,
cocrystals dissolved in CH,Cl, are shown in Figure S1, along with
the °'"P{'"H} NMR spectrum of the 50% cocrystallized system.
Such spectra enable an estimate as to the degree of magnetic
dilution of crystals, which was found to be larger than in the
solutions from which the crystals were grown.

EPR Experiments. The measurements at X- and W-band
frequencies were performed on a Bruker Elexsys E680 spectro-
meter. The X-band spectra were obtained using 100 kHz field
modulation, with an amplitude of 0.5—1.5 mT, depending on
the line width. The W-band spectra were obtained at a modula-
tion frequency of 80 kHz, with an amplitude of 1 mT.

The X-band spectra of polycrystalline powders of Co
and Co™"""L, were recorded with the sample in the super-
conducting magnet, belonging to the W-band part of the
spectrometer, in combination with the X-band bridge for micro-
wave generation and detection. In this way, X-band spectra have
been acquired up to fields of 3 T. Use was made of the dielectric

Ph PhL
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resonator (Flexline, frequency about 9.7 GHz). The probe-head
support was modified to position the resonator active volume in
the center of the magnet homogeneity zone and to fit into the
cryostat of the W-band probe-head.

The single-crystal measurements at X-band were carried out
in the electromagnet using the rectangular TEq, cavity,
equipped with the ESR 900 Cryostat (Oxford Instruments).
To enable sample rotation about two orthogonal axes, a new
sample holder was constructed compatible with the ESR 900
cryostat and operating from room temperature to about 4 K.
This device has been described elsewhere.*

For temperature-dependent measurements, the calibration of
the temperature was performed as follows: a Lake Shore
Carbon-Glass sensor (CGR-1 series) was calibrated in a com-
mercial Quantum Design physical properties measurement sys-
tem (PPMS) and subsequently placed at the sample position in
the cryostat. The Oxford temperature unit was then calibrated
against this sensor.

The J-band (275 GHz) spectrum of polycrystalline powder of
Co'P"PhL, was measured on a home-built spectrometer,”! using
1.2 kHz field modulation of about 0.2 mT amplitude. To avoid
self-orientation of the microcrystals in the high magnetic field
(upto 12'T), the powder was pressed into the sample tube using a
tiny amount of cotton.

Theory

The description of the EPR spectra of the high-spin Co'"
complexes (S = 3/2) is based upon the spin Hamiltonian that
includes the ZFS, the electron Zeeman interaction, and the
cobalt hyperfine and nuclear Zeeman interaction.

=S.DS+uS. g B+S.A T —g(Couxl.B
(1)

where S and I represent the electron-spin and cobalt nuclear-
spin angular momentum operators and the D, g and A
tensors represent the interactions. A full description of the
S = 3/2 case can be found in textbooks.>* Here we introduce
part of the theoretical results and present the equations as
used in the analysis of the EPR data of the cobalt complexes.
Note that the low symmetry of the cobalt complexes under
study precludes us from assuming the principal axes of D and

g being parallel.

The first term in eq 1 gives rise to four magnetic sublevels,
which form two Kramers doublets,

3 3 . 3
cos 0 > j:§> +sin 0 > )

31 . 3
cos 0 > i? —sin 0| :F§> (2)

where the angle 6 in terms of the ZFS parameters is given
by tg20 =+/3E/D =+/31. The energy separation bet-
ween the doublets amounts to 2D’, with D’ given by

(50) Milikisyants, S.; Sottini, S.; Disselhorst, J.; van der Meer, H.;
Groenen, E. J. . 2008, 79(4), article number 046107.

(51) Blok, H.; Disselhorst, J. A.J. M.; Orlinski, S. B.; Schmidt, J. Laidegd
Besau. 2004, 166, 92-99.

(52) Principles of Electron Spin Resonance; Atherton, N. M., Ed; Ellis
Horwood PTR Prentice Hall, 1993.
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1/2
D’ —|—3E2‘2 ! . The ZFS parameters are defined in terms
of the priricipal values of the D tensor by D = %DZ and
E = (D4 —Dy). Although m,is not a good quantum number,
we will refer to the doublets as 4-3/2 and £1/2, respectively.

In a small magnetic field, such that the electron Zeeman
interaction is much smaller than the zero-field interaction, the
effect of the second term in eq 1 on the energy of the levels
may be obtained by considering the doublets separately. Both
for the +1/2 and the £3/2 doublet, the energies may be
written in the effective S = 1/2 picture as

1/2

2
E=+ %/ABB > (Z/ag;ﬂ> (3)
B a

Here o8 = x,y,z and I represents a unit vector in the
direction of B in the reference axes system x,y,z.

The effective g'matrix is defined by Zop = Lapp (4

with

Wy = (2\/§cos 6 sin 0 + 2 sin’ 0)
0, = (2v/3cos 0'sin 0 —2sin” 0) (5)
w, = (3 cos? 6 —sin’ 6)

for the +3/2 doublet. The corresponding expressions for the £1/2
doublet are obtained by replacing cos 6 by —sin 6 and sin § by cos 6.

In the particular case that the principal axes of D and g
coincide, eq 4 turns into the well-known relations between the
principal values of ¢’ and g in terms of the parameter 4.>*

For larger magnetic fields, when the low-field approxima-
tion no longer applies, the eigenvalues corresponding to
the first two terms of the spin Hamiltonian in eq 1 are no
longer proportional to B. For coincidence of the principal
axes of Dand g, analytical expressions have been obtained
for orientations of B parallel to the principal axes.>® For B //z,
the energy of the magnetic sublevels may be written as

1 1 2
E = +u,Bg, - {Dz —5(Dx+Dy) j:yBBgz}
3 1/2
+ Z(Dx _Dy)2 (6)
1 1 2
E = £5uyBg, + | { Dz —5(Dx +Dy) £ u5Be,
3 1)2
+5(Dx ~Dy)’ (7)

where for negative D the energies in eq 6 refer to the +1/2
doublet and in eq 7 refer to the £3/2 doublet. For positive D
the reverse applies. Cyclic permutation of X, y, and z yields the

(53) Banci, L.; Bencini, A.; Benelli, C.; Gatteschi, D.; Zanchini, C. Sguct,
easeeniianin) 1982, /2, 37-86.
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corresponding expressions for B //x and B //y. In these expres-
sions gy, g,, and g, refer to the principal values of the g matrix.

The cobalt nuclear spin I = 7/2 may result in a splitting of
the lines in the EPR spectra. In case the mixing of the
electron-spin states is negligible, the nuclear part of the spin
Hamiltonian in eq 1 may be written as

H, = (S).AT —g(Co)uyI.B 8)

where (S) represents the expectation value of the electron-
spin angular momentum. From this Hamiltonian we find for
the energy shift AE of the nuclear spin sublevel with quantum
number my in the effective S = 1/2 picture

5y 12
AE(my) =my Z Z<SV>AW3 ~8colnB/s )
Y

0

where y,0 = X'y, and x',y’,Z represents the principal axes
system of the g’ tensor.

The expectation values for the two substates of the doublet
are given by

1 I
<Sy> = iiwy/ygy/g (10)

where g represents the principal values of the g’ matrix and

1/2

g =¢>7g’ (11)

4

In terms of the effective hyperfine tensor A’ defined by
A;é =w,A (12)
eq 9 becomes
AEi (Il’l])
oy 172

1
= mq Z iEZ/Vg;/A;a/g/ _gCOAMNB/é
o Y

(13)

At temperatures such that kT < ZFS, only the lowest
doublet (1) will be occupied. Upon temperature increase, the
higher doublet (2) becomes populated as well, and the EPR
transition within this doublet may become detectable. Its
intensity will be proportional to the population difference
between the sublevels of doublet (2) given by

e—2D’/kT/{T(1 _l_e—zD'/kT)] (14)

The ratio of the intensities of the transitions in both
doublets becomes

L Pioopjr
— = — 15
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Figure 2. EPR spectra of powder samples of Co™™™L, and Co™""hL,

at X-band and 8K.

where P; and P, refer to the probabilities of the transitions
within the respective doublets. For not too large magnetic
fields, the zero-field functions (eq 2) may be used and the
ratio of the transition probabilities may be written in terms of
6. In case the +3/2 doublet is lowest in energy

P {ﬂtg0+tg29}2 16)

P, | 1-3tgh

Results

Figure 2 shows the cw X-band EPR spectra of powder
samples of Co™™PL, and Co™"" L, in a superconducting
magnet at about 8 K. A pronounced difference is observed
between the two complexes. The g’ values reveal that the
effective g-tensor is rhombic for Co™"F'L,, whereas it is
nearly axial for Co™"L,. The EPR spectra are determined
by the ZFS, the electron Zeeman interaction, and the
(unresolved) cobalt hyperfine and nuclear Zeeman inter-
action. To unravel these respective contributions, we made
use of single crystals, performed experiments at different
microwave frequencies and temperatures, and studied sam-
ples of CoP™P"L, and Co™"PM'L, diluted into the qures%)ond-
ing diamagnetic zinc complexes Zn"™"L, and Zn"""*L,.

Zero-Field Splitting. For Co™F"L,, we derived the
ZFS from the variation of the cw X-band EPR spectrum
with temperature between 4 and 60 K. A single crystal has
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Figure 3. Temperature dependence of the X-band EPR spectrum of a
single crystal of Co™ L, for an orientation of the crystal such that the
external magnetic field makes an angle of about 10° with the principal 7/
axis of the effective g tensor. (a) Spectra for three representative temp-
eratures. (b) Variation of the double integral of the high-field transition
(band 2) as a function of temperature. (c) Ratio of the intensities of the low-
(band 1) and high-field (band 2) transition as a function of temperature.

been studied oriented with its z’ axis (the principal z axis
of the g’ tensor) about 10° away from the direction of the
magnetic field B. Spectra at three temperatures are
represented in Figure 3a. At 5 K the spectrum shows only
one relatively narrow band (called 1) atabout 0.1 T. Upon
increasing the temperature, the intensity of this band
decreases and a broad band (called 2) arises around
0.3 T, which above 30 K quickly loses intensity as well.
Band 2 corresponds to a transition within the doublet at
highest energy, which becomes populated at higher temp-
eratures. From the variation of the double integral of
band 2 as a function of temperature (Figure 3b) we
calculate, according to eq 14, a value of 11.9 cm ™' for
D’. Subsequently, from the ratio of the intensity of both
bands (Figure 3c), we determine P;/P, according to eq 15.
In doing so, we take into account the intensity ratios up to
22 K, because the error in this ratio becomes too big at
higher temperatures. We find P;/P, ~ 6.10>. The fact
that the probability of transition 1 is much smaller than
that of transition 2 means that the transition at lower field
corresponds to the “forbidden” transition within the
£3/2 doublet, i.e., D is negative. From eq 16 we then
obtain 4 ~ —0.05, where the negative sign corresponds to
the fact that we label the midfield transition by y.

For Co™"P'L,, the magnitude of the ZFS was esti-
mated from cw EPR experiments at W-band and J-band
microwave frequencies. If the electron-Zeeman splitting
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Figure 4. EPR spectra of powder samples of Co™™L, at W-band
(20 K) and at J-band (6 K).

is no longer much smaller than the ZFS, deviations from
the effective spin S = 1/2 description become noticeable
and the g’ values become frequency dependent. Spectra of
a powder sample of Co™™"F"L, at 94.2 and 275.7 GHz are
shown in Figure 4. The spectrum at 94.2 GHz shows the
same effective g, value, within experimental error, as for
X-band (cf. Figure 2a), but a clear decrease of g’.. At
275.7 GHz we can only detect the z and y transitions. The
g', value is still about the same, but the g'. value is now
clearly smaller than at lower microwave frequencies.
From the fields of resonance in W- and J-band we obtain,
according to eq 7: [D| = 129 cm ! and 1 = —0.33,
corresponding to a value of about 14.8 cm ™' for D’. Note
that the labeling of the transitions corresponds to the
interpretation in which the EPR spectra derive from the
+3/2 doublet. In case the EPR spectra derive from the +1/2
doublet, the x and z labels should be interchanged but the
estimated value of the ZFS remains the same. This result
relates to the fact that A = [1/3| (see Discussion).

Effective g-Tensor. To determine the complete effective
g-tensor for Co'PrPhy including the directions of the
principal axes, we have studied the X-band cw EPR
spectrum at 5 K of a 1% Co'""FPL,/ Zn""P"L, single
crystal as a function of the orientation of the magnetic
field B with respect to the crystal.

In Figure 5, spectra are summarized for four orientations.
The fields of resonance span about the full range of mag-
netic fields corresponding to the powder spectrum in
Figure 2a. In the 1% Co™"P'L,/Zn™"P"L, crystal, the
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Figure 5. EPR spectra of a single crystal of 1% Co'T""L,/Zn!"P1L, for
four orientations of the magnetic field with respect to the crystal: (a)
parallel to the 7' axis, (b) 53 degrees from 7' in the y'Z’ plane, (c) 77 degrees
from 7' in the y'Z plane, (d) parallel to the X" axis. Spectra a, b, and ¢ were
obtained with the same microwave power.
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Figure 6. Variation of g’ for a single crystal of 1% Co'™"P"L,/ Zn™"""L,
as a function of the orientation of the magnetic field in a plane that
contains the principal x" axis (direction corresponds to 0 degrees). The
dots represent the experimental observations and the line represents the fit
according to eq 3.

cobalt—cobalt dipolar interaction decreases to such an
extent that the cobalt (I = 7/2) hyperfine interaction
becomes fully resolved. Taking into account the fields of
resonance for many orientations of B in three planes, the
(¢ - ¢') matrix was obtained and diagonalized. The quality of
the data and the analysis is illustrated for orientations of B
in one plane in Figure 6. The resulting principal g’ values are
presented in Table 1. The orientation of the principal axes of
the ¢ tensor is obtained in a laboratory fixed axes system.
Combination with an X-ray diffraction study of the crystal
as mounted for the EPR measurements, enabled the trans-
lation of these directions into the crystallographic a,b,c axes
system. The orientation of the principal g axes in the
crystallographic unit cell is given in Table 1.

For CoP™PhL,, determination of the effective g-tensor
is more complicated than for Co™™"P"L,. The spectrum at
X-band in Figure 2b shows that g, and g, are close to
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Table 1. Effective g Tensor and the Effective Cobalt Hyperfine Tensor for Co™™L, ¢

Maganas et al.

g, =162 g, =238 g. =644 |A',] = 83 |A’,| = 50 |A.| = 302
X/ y/ Z/ X// y// Z//
a 0.447 0.003 —0.895 x’ —0.999 0 —0.027
b 0.018 0.999 0.012 y 0 1 0
c(axb) 0.894 —0.022 0.446 7 —0.027 0 0.999

“The principal hyperfine values are given in MHz. The orientation of the principal axes x',y’,z’ of the effective g tensor is represented by their direction

111

cosines in the crystallographic axes system a,b,c. The orientation of the principal axes x”,y”,z” of the A’ tensor is represented by their direction cosines in

the axes system x',y’,Z’.

Table 2. Effective g Tensor for Co™™PhL,*

Z/

g 0.3 a 0.978
g, 0.3 b —0.230
o 7.12 c —0.242

“The principal values and the orientation of the principal 7' axis
represented by its direction cosines in the crystallographic axes system a,
b.c.

zero, which means that for most orientations of B with
respect to a single crystal, the contribution of g’y and g’ to
the effective g’ value is negligible. In addition, the value of
E is about zero in this case, which corresponds to a low
intensity of the 4+-3/2 transition. Consequently, the transi-
tions in the plane perpendicular to the principal z' axis
were only observed for a few orientations of the magnetic
field.

We have studied the X-band cw EPR spectrum at 5K of
al% Coph’PhLz/Zn_]jh"phLz single crystal, as a function of
the orientation of B with respect to the crystal, in a way
similar to the investigation for Co'™™"L,. From the fields
of resonance for many orientations of B in three planes we
obtained the principal g’ values. In addition, we obtained
the direction of the principal 7’ axis in a laboratory fixed
coordinate system and, from a combination with X-ray
diffraction data, in the crystallographic axes system. Both
the g’ values and the orientation of the 7’ axis are given in
Table 2.

Cobalt Hyperfine Interaction. The cobalt hyperfine
interaction does not result in resolved hyperfine structure
for solution (for examples see Figure S2), powder
(Figures 2 and 4) or crystalline (Figure 3) samples, neither
for CoP™PPL, nor for Co™™*F'L,. For diluted powders of
CoL, in the diamagnetic ZnL,, cobalt hyperfine structure
gets resolved in the low-field transition corresponding to
¢’_. Upon dilution of the CoL, complex in the host crystal
of the corresponding diamagnetic ZnL, complex, hyper-
fine splitting may show up at all fields as shown for a 1%
Co'P"PhL,/Zn'P"PPL, single crystal in Figure 5. As long as
the mixing of electron-spin states by the hyperfine inter-
action is negligible, eq 9 applies, which points to eight
equidistant lines. This comes close to the experimental
observations, but slight systematic deviations are ob-
served. This is illustrated in Figure 7, for the orientation
of B parallel to the principal 7' axis. The hyperfine
splitting increases with increasing magnetic field, the
separation between the two highest-field components
being about 1% larger than that between the two low-
est-field components. The separation between the m; =
+n/2 lines (n  =3,5,7) lines is found to be n times the
separation between the inner m; = =+1/2 lines, which

EPR signal
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Figure 7. EPR spectrum of a single crystal of 1% Co™*"ML,/Zn"PhL,
for the magnetic field parallel to the principal 7’ axis. The cobalt hyperfine
splitting gradually increases at higher magnetic fields.
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Figure 8. Hyperfine splitting Ay, between the m; = =£1/2 lines of the
cobalt multiplet in the EPR spectrum of a single crystal of 1% Co'™ "L,/
Zn'""PhL, as a function of the orientation of the magnetic field in the same
plane as in Figure 6. The dots represent the experimental observations and
the line represents the fit based on eq 13, with Ayy,= 2 [AET(1/2)+AE™
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shows that there is a small contribution to the line
positions, quadratic in the nuclear spin quantum number.
In this case, the splitting of the m; = 41/2 lines can be
obtained from eq 13. From a least-squares fit of the
variation of this splitting as a function of the orientation
of B in the three planes (the same used for the analysis of
the g’ tensor), the effective cobalt hyperfine tensor has
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been derived. The fit showed that one of the principal axes
of this tensor is parallel to the y" axis, and this direction
was fixed in the final fit. The quality of the description is
illustrated for one plane in Figure 8. The principal values
of the A’ tensor and the direction of the principal axes in
the g’ tensor principal axes system are given in Table 1.

For Co™™"7L, the determination of the complete
cobalt hyperfine tensor is hampered by the small values
ofg’vand g,. Consequentlyf from the hyperfine splitting
only (A, *+ AL, >+ A, *)"*can be extracted, for which
a value of 222 MHz is found.

Discussion

The electronic structure of high spin (S = 3/2) Co(II)
complexes is difficult to study by EPR because of the large
ZFS of the spin sublevels. The complexes under study here,
for which the cobalt is coordinated by four sulfur atoms,
indeed have a substantial ZFS. For Co™™"L, the magnitude
of the ZFS (2 D') amounts to 23.8 cm™ ' (714 GHz) and for
Co'™PPL, 10 29.6 cm ™' (887 GHz). These splittings between
the £1/2 and +3/2 doublets are much larger than the
microwave quantum at the standard X-band EPR frequency
(~9 GHz). Nevertheless, we have successfully applied EPR
through the use of several microwave frequencies, variable
temperatures, and sin%le crystals.

Co"™™PL,. For Co™™PM'L,, the +3/2 doublet is found to
be the lowest in energy, i.e., D is negative. The ZFS tensor
is close to axial (A = E/D ~ — 0.05), and the transitions
within the £3/2 doublet, forbidden for £ = 0, are
correspondingly weak. The values of ¢’ and g, are small
and the EPR resonance field is largely determined by g’.
for many orientations of the magnetic field. The study
of the EPR spectrum at X-band on a 1% Co"™P'L,/
Zn""PPL, single crystal as a function of the orientation of
the magnetic field shows that the principal z’ axis of the
effective g tensor makes an angle of about 12° £ 3° with
the crystallo%raphic a axis. A comparable study for a
100% Co"™PL, crystal resulted in a value of 6° + 3° for
this angle. The values of this angle are the same within
experimental accuracy, but we can not exclude that the
difference (partly) results from a slight deviation in the
orientation of the Co complex with respect to the Zn
complexes in the mixed crystal.

To discuss these EPR results, we consider the structure
of Co™PML, as obtained from X-ray diffraction studies.
The Co™™P"L, complex crystallizes in the P-1 space group
with four molecules in the unit cell.*® The CoS, core is
made up by two bidentate (SPNPS) ligands with average
endo P—S—Co—S torsion angles of about 20°. For zero
torsion angles, the core would have D,y symmetry. This is
impossible because it would require planarity of the six-
membered CoSPNPS rings. The nonplanarity of the
ligands lowers the symmetry of the whole complex to
approximately Sy, with the 4-fold improper rotation axis
nearly along the N—N direction (Figure 1). The direction
of the symmetry axis makes an angle of 3° with the
crystallographic a axis. The Co™™" L, and Zn™™P"L,
complexes are isostructural,”® and we assume that the
description of the structure of the Co™™ L, complex also
applies to the structure of the complex in the mixed 1%
CoPMPhL,/ZnPPPhL, system, which we investigated in the
EPR study.
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Figure 9. Orientation of the principal axes of the effective g tensor and
of the A tensor in the CoS, core of Co™™PL,. The principal y’ and y” axes,
parallel to the C, axis and the crystallographic b axis, are normal to the
plane of the paper. The directions of the crystallographic a and c axes are
also shown.

The EPR results are consistent with the structural
observations. The four molecules in the unit cell are
magnetically indistinguishable, which corresponds to
the fact that we have seen signals from one site only in
the EPR spectra. The small but nonzero value of E agrees
with the nearly Sy symmetry of the Co"™F"L, complex.
The 7' axis makes an angle of 12° 4 3° with the crystallo-
graphic a axis and of 20° & 3° with the N—N direction.
The close to S4 symmetry implies that the principal z axes
of gand D coincide in good approximation and eq 4 then
reduces to g;~ 3 g.. The value of 7.12 for ¢'. translates to a
value of about 2.37 for g.. In this case also the principal
7" axis of the effective hyperfine tensor of cobalt will be
along the symmetry axis. The observed effective cobalt
hyperfine then corresponds to the principal value of the
effective hyperfine interaction along the 7z’ direction,
from which we obtain, according to eq 12, an absolute
value of 74 MHz for the 7z’ component of the cobalt
hyperfine interaction.

Co'""PPL,. For Co'™""PL,, the ZFS tensor is found to
be rhombic (A ~ —0.33). For E/D = =+1/3, the EPR
spectra do not allow to determine the sign of the ZFS.
Inverting the +1/2 and +3/2 doublets is equivalent to
interchanging x and z (cf. eq 5 for § = —15°), and neither
the fields of resonance nor the intensity of the transitions
are affected. We note that we have not been able to resolve
a second transition in the EPR spectra at higher tempera-
tures, as we did for Co™™P"L,. However, even if we could
have performed an analysis similar to that for Co"™PPL,,
the determination of the sign of D would have been
impossible. From the study of the EPR spectrum as a
function of the orientation of the magnetic field with
respect to a crystal, we have obtained the complete
effective g tensor (Table 1 and Figure 9). The principal
y" axis is found to make an angle of 1° & 3° degrees with
the crystallographic b axis. In view of the small contribu-
tion of the Zeeman term, the x',y’, and 7' axes represent
not only the principal axes of the effective g tensor but
also of the ZFS tensor.

The complex Co'™"FPL, crystallizes in the C2/¢ space
group with four molecules in the unit cell.*’ Because the
two phosphorus atoms in each CoSPNPS ring carry
different substituents (a phenyl and an isopropyl ]group),
the symmetry of the complex is lower than for Co"™"PL,
Only one 2-fold rotation axis is left, which is indicated by
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Table 3. Cobalt Hyperfine Tensor for Co'"™ L,

A, =127 A,1=50 A|=107
X// y// Z//

% —0.826 0 —0.563

y 0 1 0

7 0.563 0 —0.826

“The principal hyperfine values are given in MHz. The orientation of
"y" 7" of the A tensor is represented by their

the principal axes x".y”,
direction cosines in the axes system x’,y’,z’ of the effective g tensor.

C, as it is perpendicular to the S, axis of the core
(Figure 1). The C,’ axis bisects the exo S—Co—S angles
and is parallel to the crystallographic b axis. The complex
adopts the so-called “bird-arrangement”,>*>> and its
structure is close to that of the FeS-site found in the
active center of desulforedoxine.”® We assume that the
Co™"PM'L, complex has the same structure in the mixed
1% Co'""PhL,/Zn'""PPL, crystal as in the pure crystal.
One of the principal axes of the effective g tensor, the y’
axis, virtually coincides with the crystallographic b axis
(cf. Table 1), which is consistent with the symmetry of the
complex. One of the principal axes should be parallel to
C2’ , and the C,' axis is indeed parallel to the b axis. The
y’ axis and one of the principal axes of the D tensor
coincide along C,, and from g’, = 2.38 and A = —0.33 we
obtain g, = 2.38. The other prmmpal axes of the gand D
tensors might well be rotated with respect to each other, a
fact that prohibits the determination of g, and g. from the
corresponding effective g values. The principal axes of the
effective g tensor and of the effective cobalt hyperfine
tensor virtually coincide. The cobalt hyperfine tensor can
be determined from the effective tensor according to
eq 12. The principal values and the direction of the
principal axes are presented in Table 3 (Figure 9). One
of the principal axes, the y” axis, is for symmetry reasons
parallel to the y' axis, while X" and z/ are found to be rotated
by 34° with respect to X’ and z'. Unfortunately, a further
interpretation of the cobalt hyperfine interaction is as yet
impossible, because only the absolute value of the tensor
elements is known. The signs could not be determined from
the EPR data, because the contribution of the nuclear
Zeeman interaction to the hyperfine splitting is too small.
In the next paragraphs we discuss our results in relation
to EPR reports on cobalt coordination in the litera-
ture. Of partlcular interest is a series of papers by
Fukui et al.** 3¢ in which they reported on Co-thiolate
coordination as studied by variable-temperature magnetic
susceptibility measurements and low-tem lperature X-band
EPR experiments. They investigated [Co"(SR)4]A, type of
complexes, where R = (substituted) phenyl and the coun-
terion A = [N(CHz)4]", [N(CoHs)]", or [P(CeHs)sl".
From experiments on powder samples, largely different
ZFS values have been reported, even when only the counter-
jon is different.*® The parameter D’ was found to vary
between 2 and 100 + 30 cm ™', and the parameter A varied

(54) Vrajmasu, V. V.; Bominaar, E. L.; Meyer, J.; Munck, E. Sictaibs
2002, 41, 6358-6371.

(55) Vrajmasu, V. V.; Munck, E.; Bominaar, E. L. kil 2004, 43,
4867-4879.

(56) Archer, M.; Huber, R.; Tavares, P.; Moura, 1.; Moura, J. J. G.;
Carrondo, M. A_; Sieker, L. C.; Legall, J.; Romao, M. J. Jukdabmiigd 1995,
251, 690-702.
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between —0.21 and 0.19, which implies a change in the order
of the levels of the Kramers doublet. Two subsequent papers
described more detailed investigations of single crystals of
two of the complexes.

For [Co(SPh)4] [P(Ph)4]».>” a complex of approximate
D»4 symmetry, the ZFS parameters have been reported as
D= —70+ 10 cm ' and |4] < 0.09, and the effective
gvaluesas <0.6, < 1.5,and 7.75 £ 0.1. Only upper limits
of the lowest g’ values could be determined because the
EPR experiments were limited to X-band frequency and
magnetic fields below 1 T. Comparison with the data
for Co™™P"L,, a complex of approximate S4 symmetry,
shows that the effective g values are similar (0.3, 0.3, and
7.12), while the D value is negative as well but much
smaller (—11.9 + 0.2 cm™ ).

For [Co(SPh),] [N(CH3)4]».*® the ZFS parameters have
been reported as D’ = 6.5cm 'and A = 0.30. Fukui et al.
describe the symmetry of this complex as approximately
S4, which seems to be at variance with the rhombicity of
the zero-field splitting. The conclusion as regards the
positive sign of D is based on the analysis of the principal
g’ values but, as shown above, cannot be conclusive
because of the value of A being close to 1/3. The principal
g values found for this complex are 1.64, 2.34, and 5.68,
similar to the values we obtained for ColP P hL (1.62,
2.38, and 6.44), and compatible with both negative and
positive D, which leaves the order of the Kramers doub-
lets undetermmed Besides the largest g’ value, also the
magnitude of D’ (14.8 cm™ 2) is bigger for Co'™™ PhL2 than
for the rhombic [Co(SPh)4]~~ complex.

Whether the magnitude of the ZFS of four-coordinated
high-spin Co(II) co rplexes varies largely, remains to
be seen. For the Co™™PPL, and Co™""L, complexes
the Kramers doublets are about 24 and 30 cm™ ' apart
(values of 2D’). An accurate value of the splitting has also
been reported for Co(PPh3),Cl,, and is of comparable
size. It amounts to 29 cm ', as derived from HFEPR and
VTVH-MCD.*

Combining the observations on all complexes with a
CoS, core indicates that subtle structural variations are
attended with significant changes of the electronic level
structure. For the [Co(SPh),]*~ complexes, the structural
variations are induced by changing the counterion,
whereas for the complexes studied here by a change in
the substituent at the phosphorus atoms in the bidentate
ligand. In both cases, a change in the S—Co—S—X (X =
C or P) torsion angles seems to be involved. Fukui
et al.®® concluded that the large variation of the level
structure in zero field derives from a strong dependence of
the spm orbit coupling between the *T, excited state and
the *A, ground state on the S—Co—S—C torsion angles.
This dependence in turn has been described in relation to the
variation in the o- versus szz-character of the Co—S bonds. In
retrospect, their conclusions may have been premature,
being based upon incomplete data and interpretations, but
are 1nterest1n% and stimulate further study.

For Co™"P"L, we have derived the complete cobalt
hyperfine tensor, which to the best of our knowledge
presents the first such result for (distorted) tetrahedral
cobalt complexes. Previously, cobalt hyperfine splitting
was resolved for powders or solutions in a few cases,
mostly limited to the low-field EPR transition. This
concerns cobalt sites in which the cobalt is coordinated
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to sulfur, nitrogen, and/or oxygen.>”>’~>° Only the effec-
tive hyperfine coupling can be derived, and the scarce
data do not allow a systematic comparison as yet.

In conclusion, the application of EPR spectroscopy in
a broad range of magnetic fields and microwave fre-
quencies has been found most suitable in the study
of complexes with a pseudotetrahedral CoS,4 core. The
EPR experiments reveal that the Kramers doublets of
CoP™PPL, and Co™™"PPL, are 24 and 30 cm ™! apart in zero
magnetic field. In that sense the complexes are found to be
similar, but the EPR spectra are very different. This
results from the fact that the ZFS is close to axial for
Co™PIL, and rhombic for Co'™"PL,, in agreement with
the different symmetry of the complexes, which is deter-
mined by subtle differences in the “second” coordination
sphere of the CoS, cores. Different microwave frequen-
cies have been employed in the EPR experiments, the
largest one being 275 GHz, which corresponds to about
9 cm~'. This means that we have by far not reached the
situation that the Zeeman contribution dominates the
ZFS, which complicated the interpretation of the spectra.
We have nevertheless successfully analyzed the spectra
through the use of variable low temperatures, fine powder
samples, and (diamagnetically diluted) single crystals. In
this way the contributions to the spectra of the ZFS, the
Zeeman interaction, and the cobalt hyperfine interaction
have been separated. Complete effective g and cobalt
hyperfine tensors have been obtained, including the prin-
cipal values and the directions of the principal axes in the
cobalt sites. Because these experiments were performed
under the condition of a very small Zeeman contribution,
the directions of the principal axes of the effective g tensor
also represent those of the ZFS tensor.
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To be able to fully describe the electronic properties of
the Co™P"L, and Co™"P"L, complexes, more data are
necessary. Toward this goal we presently extend our
investigations to electron—nuclear double resonance ex-
periments, to probe the delocalization of the electronic
wave function over the ligand.®® In parallel, density-
functional-theory and ab initio multireference calcula-
tions are currently being applied, which are expected to
further elucidate the electronic structure of these systems.
The accurate values of the ZFS and the cobalt hyperfine
interaction obtained in this work for two CoS,-contain-
ing complexes provide important reference data for such
a theoretical approach.
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