J. Am. Chem. Soc. 1991, 113, 7937-7940 7937

lone pairs have much greater s character than N lone pairs and
will be more contracted. Second, the P-P distance is about 0.8
A longer than the N-N distance which keeps the P lone pairs well
separated. The HF/6-31G* surface for 23P does exhibit a gauche
minimum unlike 23N. This too is a consequence of diminished
lone-pair repulsion in 23P as compared to 23N.

The rotational barriers of the unsubstituted phospha-1,3-bu-
tadienes examined here are all relatively small (less than 8 kcal
mol-!), Stable gauche conformers are readily accessible and lie
only 1-3 kcal mol™! above the global minimum trans conformers.
There appears to be no inherent reason the phospha-1,3-butadienes
cannot adopt a gauche (or even sample the cis) conformation that
is needed for electrocyclic and cycloaddition reactions to occur.
The dearth of reactions of this type for the acyclic phosphabu-
tadienes must therefore arise from another source. One distinct
possibility is that the currently produced phosphabutadienes possess
large substituents that may sterically prevent the butadiene
backbone from attaining the necessary cis conformation. Another
possibility is that the transition state for electrocyclic and cy-
cloaddition reactions involving phosphabutadienes is unfavorable.
The former explanation appears most likely since cyclic phos-
phabutadienes are known to undergo pericyclic reactions.* We

are continuing our efforts in this area and will report our results
in due course.
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Abstract: L,; X-ray absorption spectra have been recorded for Mn(II), Mn(11I), and Mn(IV) samples with a variety of ligands.
For high-spin Mn(II) complexes, a systematic variation in spectra is observed as the ligand field is increased. A dramatically
different spectrum is observed for Mn(CN)4*, consistent with the presence of a low-spin complex. Progressing in oxidation
state from Mn(II) to Mn(I1I) through Mn(IV) complexes, the primary peak position shifts first 1.5-2 ¢V and then 1-2 eV
to higher energy, and the ratio of L, to L, intensity decreases. The spectra have been quantitatively simulated with an atomic
multiplet program with an octahedral crystal field superimposed. The high resolution, strong sensitivity to chemical environment
and amenability to quantitative spectral shape analysis indicate that L-edges of the first transition series metals are a potentially

useful probe for bioinorganic studies.

Introduction

This paper presents new data on the chemical sensitivity of
manganese L, X-ray-absorption edges and discusses the potential
bioinorganic applications of soft X-ray L-edge spectroscopy.
Transition-metal complex L, ;-edge spectra involve 2p — 3d
transitions and hence are sensitive to factors which change 3d
orbital splittings and populations.! Improved synchrotron ra-
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Table 1. X-ray Derived 10Dq vs Optical Values

optical
10Dq
Mn(IT) complex (eV) ref X-ray 10Dq (eV)

(Et,N);[MnCl,] ~0.41 21 -0.30
MnS 0.88 22 0.60
MnCl, 0.93 13 0.75
MnCl, 1.03 14
MnF, 0.97 23 0.75
MnSO, ~1.0 24 0.75
(HB(3,5-Me;pz);),Mn ~1.3 24 1.05
K Mn(CN), ~37 26 3.90

diation beam lines allow these 3d metal L-edge spectra to be
probed with high resolution,? and soft X-ray array detectors permit

© 1991 American Chemical Society
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Figure 1. Comparison of K (--) and L; (—) edges for MnCl,. The
spectra have been arbitrarily aligned and only the 1s — 3d region of the
K-edge is shown.

analysis of dilute metalloproteins.’ In this communication, we
illustrate the sensitivity of Mn L-edges to ligand field, spin state,
and oxidation state, and we interpret the effects by performing
atomic multiplet calculations including the cubic crystal field.

Experimental Section

L-edge spectra were recorded in electron yield mode with beam line
U4-B? at the National Synchrotron Light Source. Finely powdered
compounds were spread across the adhesive side of aluminum tape and
placed with the sample normal at 45° to both the incoming beam and
the vertical chamber axis. The sample chamber vacuum of better than
1075 Torr was separated from the upstream vacuum of 107'° Torr by a
1000 A aluminum foil. A Galileo 4716 channeltron electron multiplier
measured the electron yield from the sample as the monochromator swept
the incident energy. The spectra were calibrated arbitrarily with 640 eV
for the absorption maximum in MnF,; the true value may be 1-2 eV
lower.

MnF,, MnO,, MnCl,, and MnSO, were used as received from Alfa
Products. MnS was a kind gift from Dr, Russel Chiannelli, Exxon
Research. (NEt),MnCl,* K,;Mn(CN)¢,5 (HB(3,5-Me,pz);),Mn!Y-
(Cl0,),.¢ (HB(3,5-Me,pz),),Mn'(CIO,),” (HB(3,5-Me,pz);),Mn'.,” and
[Mn(acen)(NO,)]® were prepared in the Armstrong laboratory by the
cited literature methods. [Mny(HL)(CI),);(Cl0,)s2dmf-H,0° was
prepared in the McKee laboratory, and Mn,O,(pic),'® was prepared in
the Christou laboratory.

Results and Discussion

The profound differences between 3d metal K- and L-edges
are illustrated for MnCl, in Figure 1. A 1s — 3d transition is
dipole-forbidden, and the weak doublet found at the foot of the
K-edge is thought to occur both as a 1s — 3d quadrupole transition
and by mixing of 4p character into the 3d band, by vibrations,
or other means.!"'2  The splitting of 1.0 eV resolved in the second
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Figure 2. Experimental (O O Q) and theoretical (—) L, ;-edges for (top
to bottom) (HB(3,5-Me,pz);),Mn, MnF,, MnS, and [NEt,],MnCl,.
The 10Dq values used for the simulations are given in Table I. A
Gaussian broadening of 0.1 eV was applied to correct for instrumental
broadening. Additional Lorentzian line widths were applied to best
simulate the data.

derivative spectrum is close to optical values of 0.93-1.03 eV
reported for 10Dq.!>!* In contrast with the simple and weak
K-edge doublet, numerous strong features are observed at the
L-edge.

The additional structure has been interpreted as the combination
of crystal field effects with splittings due to multipole 2p-3d and
3d-3d interactions. For the Mn!'3d" ion, the ¢S atomic ground
state is determined by the multipole 3d-3d interactions, either
factorized in Slater integrals (F,F*) or alternatively in Racah
parameters (B,C). The °S atomic ground state does not split; in
cubic symmetry the fully symmetric state is renamed to 6A;. From
this A (2p®3d°[(t3,(e;)?]) ground state, transitions are possible
to a series of 2p5356 final states of symmetries which couple to
the ground state. The final states are, like the ground state,
determined by the 3d-3d multipole interactions. Important ad-
ditional interactions are caused by the core hole: the 2p core hole
spin-orbit coupling splits the absorption spectrum into an L; and
an L, part, and the 2p—3d multipole Coulomb and exchange
interactions (F2,G',G%), which are on the order of 5 eV, also modify
the spectrum considerably. This gives rise to hundreds of lines
with distinct envelopes.!®

An important factor for the broadening of the line spectrum
is the lifetime of the final state. Depending on the specific sym-
metry of the final state, the possible (Auger) decay channels have
different transition probabilities and lifetimes. As these sym-
metry-dependent relaxation rates are unknown, for the simulations
all lines are broadened equivalently with a Lorentzian of 0.1 eV
for the L, edge and 0.3 eV for the L, edge.

Experimental L-edge spectra for a series of octahedral Mn(II)
complexes are compared with atomic multiplet calculations in
Figure 2. For these calculations, atomic values for the Slater
integrals were used.!¢ The values of 10Dq which gave the best
simulations are compared with parameters derived from UV-
visible spectroscopy in Table I. It reveals that there is a deviation
between the UV-visible and X-ray results. The 10Dq values from
X-ray absorption, which in fact are final state values, are ap-
proximately 25% smaller than the UV-visible results. This relation
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Figure 3. Experimental (00 O) L,;-edge spectrum for K,Mn(CN)g,
compared with the stick diagram showing relative oscillator strengths of
individual transitions before instrumental and line width broadening,
calculated with 10Dq = 3.9 eV,

is valid for all high-spin Mn(IT) complexes. The decrease of the
cubic crystal field strength in the final state may be due to an
increased localization of the 3d states in the presence of the core
hole.!” A similar argument would appear to hold for the K-edge
splittings, yet these appear comparable to the optical values.
Further study of the relationship between X-ray and optical
splittings is clearly needed.

The branching ratio of L; edge intensity to total line strength,
I(L;)/I(Ly + L,), decreases significantly for low-spin Mn(II), as
illustrated by the spectrum of Mn(CN)4* in Figure 3. Such
changes have been theoretically analyzed by Thole and van der
Laan.’”® For Mn(IT) the theoretical branching ratio is 0.75 for
high-spin and 0.59 for low-spin. A crystal field multiplet calcu-
lation with an octahedral crystal field strength of 3.9 eV results
in a 2T,(3d*[(13,)3(t5,)?]) ground state. From this ground state,
transitions are possi%le to 2p°3dS final states where the six d
electrons have 'A [(t3,)3(t3,)°] symmetry. For the L, region, this
state is separated by about 2 eV from the other 2p°3d® multiplet
lines. Examination of the low energy side of this band reveals
a line width of ~0.35 eV.

Significant changes in L-edge structure and position occur upon
oxidation from Mn(II) to Mn(III) or Mn(IV), as shown in Figure
4. For complexes with the same ligands, the average shift in main
peak position is on the order of 1.5-2 eV for Mn(II) to Mn(11I)
and about 1-2 eV for Mn(I1I) to Mn(1V). For comparison, Mn
K-edges shift on the order of 3—4 eV for similar oxidation state
changes.!® Since the reported natural line widths for K- and
L-edges are 1.12 and 0.32 eV, respectively,? it appears that the
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Figure 4. Oxidation data dependence of L-edge position and shape. Top
to bottom: (HB(3,5-Me,pz)3);Mn!¥(ClO,), (—) and Mn(*¥),0,(pic),
(ess), where pic = picolinate anion; piemontite~Ca,(Mn!! Fe!l-
Al),Al0-OH[Si,0,][SiO,] (—) and Mn"(acen)(NO,) (ee<), where acen
= N,Nl-ethylenebis(acetylacetone imine); Mn'Fe, (—) and [Mn'},-
(HL)(Cl);]2(ClO4)2-2dmf-H20 (eoe), where HzL = 1,7,14,20-tetra-
methyl-2,6,15,19-tetraaza[7,7](2,6)-pyridinophane-4,17-diol. The spec-
trum of the first Mn(IV) complex appears to be contaminated by a small
amount of its Mn(11) precursor complex. Energy calibration arbitrarily
used MnF; maximum as 640 eV.

ratio of edge shift to resolution is higher for the L-edges. This
should make L-edges more favorable for deciphering mixtures of
oxidation states.

In the present simulations it is assumed that the Mn(II) ion
exists as a pure 3d5 ground state. For a higher oxidation state
such as Mn(IV), assumption of the corresponding 3d> ground state
is less justified. Due to increased covalency, mixing of 3d‘L
character, where L means a hole on the ligand, is more important.
In the present calculations the role of covalency is not considered
explicitly, but the effects are effectively included by reducing the
Slater integrals.

An additional complicating factor for high-spin Mn(III) spectra
is that the °E — 3d*[(t3;)(eg)'] ground state in octahedral sym-
metry is not stable because of the half-filled e, level. This de-
generacy is lifted by a Jahn—Teller distortion which reduces the
symmetry to tetragonal. Preliminary investigation reveals lower
symmetry can have a considerable effect on the spectra. In
summary, although the simulations of ionic Mn(II) complexes
were successful, additional work is needed to assess the utility of
the atomic multiplet model for lower symmetry and more covalent
Mn(I11) and Mn(IV) complexes.

Conclusions and Prognosis

Since K level near edge and EXAFS spectroscopies are now
popular tools for bicinorganic studies, it is worth noting the po-
tential of L, 3 edges for first transition-metal characterization in
biological samples.”? A dominant experimental factor is the short
penetration length of L-edge X-rays. In the 500-1000 eV range
where vanadium through zinc L-edges occur, most absorption
coefficients are 2-3 orders of magnitude higher than at K-edge
energies. Thus, for example, the 1/e transmission length in
aqueous media is 7800 A at the Mn L-edge, compared to 0.4 mm
at 6 keV near the Mn K-edge. This requires dramatic changes
in sample handling, window technology, and detectors. Also, the
L, 3 fluorescence yields are 0.3-1%,*" 50-100 times lower than

(28) Thole, B. T.; Cowan, R. D.; Sawatzky, G. A,; Fink, J.; Fuggle, J. C.
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the K-edge yields. Fortunately, the background signal from
Compton scattering is small at L-edge energies. Although the
overall experimental sensitivity may be lower, the signal-tc .1oise
requirements for edge analysis are less stringent than for EXAFS,
and as the technology improves, obtaining these spectra will no
doubt eventually become routine.

Compared to the broad K-edge features, the sharper and richer
L, ;-edge multiplet structure appears more amenable to resolving
the presence of mixtures of oxidation states, although this remains
to be proven. For spectroscopic determination of interatomic
distances, K-edge EXAFS is not challenged by 3d metal L-edge
EXAFS, because several hundred volts of uninterrupted oscilla-
tions are generally required, and too many overlapping and in-
terfering edges occur in the soft X-ray region. However, for

(31) Krause, M. O. J. Chem. Phys. Ref. Data 1979, 8, 1979, 307-321.
(32) Lynch, D. W.; Cowan, R. Phys. Rev. 1987, B36, 9228.

detecting small changes in the transition-metal site symmetry, the
sharper L,; edge spectra may be more sensitive and more
quantitatively interpretable than the K-edge data. The confluence
of better sources, monochromators, detectors, and theoretical
procedures makes soft X-ray spectroscopy a promising new tool
for bioinorganic problems.
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Abstract: We report on the magnetic behavior of the compounds M'M(M’EDTA),-4H,0 (in short [M'MM’]) in the very
low temperature range. The structure of these compounds can be formally regarded as ordered bimetallic layers of alternating
chelated and hydrated octahedral sites M and M’, with tetrahedral sites M' connecting different MM’ layers. We have obtained
the compounds [ZnZnNi], [ZnNiNi], [CoNiNi], [CoCoNi], and [CoCoCo]. While the compound [ZnNiNi] may support
a 2-D magnetic lattice of Ni(II), since Zn(II) occupies tetrahedral sites, in the compounds without Zn the layers are connected
through Co(II), increasing the dimensionality of the lattice to 3-D. A leveling of the magnetic susceptibility has been observed
in [ZnNiNi], which has been attributed to zero-field splitting effects of the chelated Ni(II) ions. On the other hand, as expected
on the basis of the structure, the substitution of Zn(IT) by Co(Il) in the tetrahedral site leads to the appearance of 3-D ferrimagnetic
interactions in the compounds [CoNiNi], [CoCoNi], and [CoCoCo]. This is clearly noticeable from the sharp transition
temperatures in the first two compounds at T, = 0.44 and 0.10 K, respectively, with an out-of-phase susceptibility signal below
T.. In [CoCoNi}, there is a rounded maximum in the x,, T plot at T = 0.40 K. The magnetic data in the low-dimensional
region have been analyzed for the compounds [CoCoCo) and [CoCoNi] by means of an anisotropic (Ising-type) model that
assumes three different magnetic sublattices exchange-coupled by two magnetic interactions, as well as the local anisotropies

of tetrahedral Co(II) and chelated Ni(II) ions.

Introduction

Major progress is being made by chemists in preparing novel
low-dimensional magnetic materials in which two magnetic sub-
lattices of unequal magnitude are structurally ordered. Thus, there
are a variety of new bimetallic materials in which the different
metal ions are chemically ordered, in particular the so-called
ferrimagnetic chains or 1-D ferrimagnets. These compounds are
desirable because they may have distinctive magnetic properties
associated with the inability of the antiferromagnetic interaction
to cancel the opposing unequal moments.! Further, they provide
starting blocks from which to synthesize molecular-based ferro-
magnets, i.e., compounds having spontaneous magnetization below
a critical temperature. This has been found when 1-D ferrimagnets
are assembled in a ferromagnetic fashion taking advantage of the
dipolar interchain interactions.>? Such an approach is clearly
limited by the chemical inability to control the relative positions
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of chains on the lattice scale, as well as by the weakness of the
interchain interactions. A much more promising approach consists
of connecting the chains by covalent bonds (instead of hydrogen
bonds) in order to obtain 2-D or 3-D ordered bimetallic lattices.

Our own contribution in this area has dealt with the synthesis
and magneto—structural chemistry of an extensive series of ordered
bimetallic materials, namely the EDTA family.# We have shown
the usefulness of EDTA and EDTA-like ligands in the preparation
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