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Abstract

The preparation and characterization of several new cyanoligated six-coordinate low-spin iron(I11)
porphyrinates are reported. The synthesis and structure of the new bis(cyanide) derivative K(222)]
[Fe(TMP)(CN),] (TMP= tetramesitylporphyrinate) is described. Three mixed-ligand species of the
general form [Fe(Porph)(CN)(L)], where L = 1-methylimidazole or pyridine, have also been prepared
and structurally characterized. All complexes have been studied with EPR spectroscopy in frozen
solution and in microcrystalline form. In some cases, especially those of the bis(cyanide) derivative
above and the previously reported [Fe(TPP)(CN),] ™, there are significant differences in the EPR
spectra as a result of the state change. These spectral differences can be correlated with changes in
the electron configuration that are the likely result of a differing environment of the coordinated
cyanide ligands; core conformation and electronic structure of the porphyrin ligand are unlikely to
play a role. All four new complexes and [Fe(TPP)(CN)2]~ have been studied by Mdéssbauer
spectroscopy with variable temperature and applied magnetic field measurements. The sign of the
quadrupole splitting value has been established as negative. These measurements have allowed us
to give estimates of the energy difference between the two close-lying d (dy, and dy,) orbitals. These
splitting values range from ~267 cm™1 for [Fe(TPP)(CN),]™ to ~614 cm™2 for [Fe(TPP)(CN)(Py)].

Introduction

The cyanide ion has been an important ligand in the study of hemes and heme proteins. The
strong binding of the cyanide ligand to ferric hemoproteins and porphinatoiron(l11) species has
been long recognized. Cyanide ion readily yields low-spin (cyano)iron(l11) derivatives when
there is a vacant coordination site at the heme in hemoproteins.[1] Cyanide is a frequently used
inhibitor to study enzymatic hemoproteins such as oxidases and peroxidases.[2] Peroxidases
such as horseradish peroxidase, lactoper-oxidase and chloroperoxidase use cyanide as a
substrate and catalyze the one-electron oxidation to form the cyanyl radical.[3] The well-known
acute toxicity of cyanide is the result of the inhibition of cytochrome c oxidase of the respiratory
chain as a result of binding cyanide to the heme a3 oxygen site.[4,5]
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Although most work on the cyano derivatives of hemes, including much early work,[6]7[11]
utilized solution measurements, these cyano species can be prepared as solid species and
characterized. Thus Scheidt and co-workers prepared and determined the X-ray structures of
[Fe(TPP)(CN)2][12] as the potassium acetone solvate salt,[13] and two mixed derivatives,
[Fe(TPP)(CN)(Py)][14] and [Fe(OEP)(CN)(Py)].[15] In an important paper that closely
followed this work, Strouse and co-workers[16] definitively showed that both [Fe(TPP)
(CN)2]17[12] and [Fe(TPP)(CN)(Py)] possessed an unusual EPR spectral type that has been
variously called HALS[17] or large “gmax.”[18] In such complexes, the largest component of
the g tensor has a g-value >~3.3, with the other components of the g tensor frequently
unobservable in microcrystalline or frozen solution samples. Inniss et al.[16] carried out single-
crystal EPR measurements on [Fe(TPP)(CN),]™ and [Fe(TPP)(CN)(Py)] and thus obtained
values for all three components of the g tensor. These data, with use of the Taylor formalism,
[19] provide approximate relative energies of the three lowest-lying d-orbitals.

The appearance of large gmax EPR spectra is associated with the near degeneracy of the d,,
and dy, orbitals; the results of Strouse and co-workers[16] are in complete accord with this.
Such degeneracy can be seen to arise from the z-accepting character of the cyanide ligand,
which is isoelectronic with the well-known z-acid ligand CO. The axially symmetric =
interaction appears to decrease the energy difference between the nominally Jahn-Teller split
orbitals. The electron configuration of these low-spin, large gmax iron(l11) states is thus best
described as a subset of the usual (de)Z(dyZ, dy,)3 configuration with an unusually close energy
difference between the dy,, dy, orbitals. Subsequently, Nakamura and co-workers have reported
that a number of bis(cyano) derivatives of the general form [Fe(Porph)(CN),]~ displayed a
different type of low-spin EPR spectrum, namely an axial EPR spectrum.[20]7[24] As had
been earlier shown by Scheidt, Walker and co-workers,[25] this type of EPR spectrum can
only arise from the (dy;, dXZ)“(de)l electron configuration. Clearly this type of spectrum can
occur only if the in-plane dyy orbital is destabilized relative to the d, orbitals. This can be
effected by z-accepting axial ligands such as isocyanides[25] or 4-cyanopyridine[26] that are
also only weak ¢ donors. Nakamura and co-workers offered stereochemical, electronic and
solvent effects as explanations for the observation of axial EPR spectra. Importantly, all of the
EPR measurements made by Nakamura et al. were carried out in frozen solutions and there
remain significant questions about the stereochemical issues that were suggested to control
electron configuration.

In this paper, we report the preparation of several new (cyano)iron(l11) porphyrinate
derivatives. These are a biscyanide derivative, [K(18-C-6)][Fe(TMP)(CN),], and three mixed
cyano complexes [Fe(TMP)(CN)(1-Melm)], [Fe(TPP)(CN)(1-Melm)], and [Fe(TPP)(CN)
(Py)] (in a new crystalline solvate form). The molecular structures of these complexes have
been determined. They have also been characterized by the application of multitemperature
and applied magnetic field Mdssbauer measurements. EPR measurements have been carried
out on these and the previously reported [Fe(TPP)(CN)2]~, both in frozen solution and the
microcrystalline state. These studies show that subtle environmental effects can switch the EPR
spectral type and the electron configuration. No single feature is likely to uniquely define the
configuration. The temperature-dependent Mdssbhauer measurements have provided new
information into the energy gap between the dy, and dy, orbitals and have allowed us, for the
first time, to make semi-quantitative determinations of the small energy difference between
these nearly degenerate orbitals.

Experimental Section

General Information

THF was distilled over sodium and benzophenone ketyl; all other solvents were used as
received (Fisher). 1,4,7,10,13,16-Hexaoxacyclooctadecane (18-crown-6) (Aldrich) was used
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as received. KCN was recrystallized and purified by a literature procedure.[27] meso-
Tetraphenylporphyrin (HoTPP) was prepared according to Adler et al.[28] and meso-
tetramesitylporphyrin (HoTMP) by a modified version of the procedure published by Lindsey
et al.[29] The metallation of the free-base porphyrins to give [Fe(Porph)CI] was done as
previously described.[30] UV-vis spectra were recorded on a Perkin-Elmer Lambda 19 UV/
vis/near-IR spectrometer and IR spectra were recorded on a Nicolet Nexus 670 FT-IR
spectrometer as KBr pellets. EPR spectra were recorded on microcrystalline (powder) samples
obtained by grinding a sufficient quantity of the crystalline samples. Solution measurements
were made by dissolving the aforementioned samples in methylene chloride. EPR spectra were
collected on a Bruker EMX EPR Spectrometer. For measurements at 4 K, a cavity with attached
Oxford Continuous Flow Cryostat (ESR 900) was used. KBr (99.999%, Aldrich ), which is
EPR silent at 4K, was used to embed some microcrystalline samples. Spectra were collected
and analyzed using Bruker’s EPR Acquisition and WIinEPR programs. Mdssbauer
measurements were performed on a constant acceleration spectrometer from 4.2 K to 300 K
with optional small field and in a 9T superconducting magnet system (Knox College). Samples
for Mdssbauer spectroscopy were prepared by immaobilization of the crystalline material in
Apiezon M grease.

Synthesis of [K((CH3)2,CO),][Fe(TPP)(CN);]

[Fe(TPP)(H,0)7]CI04[31] and [K((CH3)2CO),][Fe(TPP)(CN),] were prepared by the
methods described previously.[13] Single crystals of [K((CH3),CO),][Fe(TPP)(CN),] were
obtained by slow diffusion of pentane-heptane into acetone solution. IR v(C-N): 2120 cm™1,
UV-vis (CH30H) Anax: 332, 424, 539, 560, 596 nm.

Syntheses of [Fe(TPP)(CN)(Py)]-0.65Py and [Fe(TPP)(CN)(1-Melm)]-1-Melm-CHClI3

[Fe(TPP)(H,0)7]CIO4 (20 mg, 0.025 mmol) was dissolved in 8 mL of methanol containing
20 mg (0.31 mmol) of KCN. The solution was stirred 30 min and the methanol was removed
by rotary evaporation. 0.5 mL of pyridine or 1-methylimidazole and 3 mL of CHCI3 was then
added. The solution was stirred for 24 h and then filtered through a cotton-wool plug. Crystals
suitable for X-ray diffraction were grown by slow diffusion of hexanes into the CHCl3 solution.
For both complexes, IR v(C-N): 2130 cm™1. UV-vis (CH,Cl,) Amax: for [Fe(TPP)(CN)(Py)],
333, 420, 554 nm; for [Fe(TPP)(CN)(1-Melm)], 332, 418, 555 nm.

Synthesis of [Fe(TMP)(CN)(1-Melm)]-1.8CHCls.

[Fe(TMP)(H20)2]CI04[31] (50 mg, 0.05 mmol) was stirred with KCN (50 mg, 0.77 mmol) in
methanol (8 mL) for 3 h. After the evaporation of solvent, 0.6 mL of 1-methylimidazole in 3
mL of CHCI3 was added and the solution was stirred overnight. The resulting solution was
filtered and hexanes were slowly diffused into the solution. Single crystals of [Fe(TMP)(CN)
(1-Melm)] (yield 30 mg) were obtained. IR v(C-N): 2125 cm ™1, UV-vis (CH,Cl5) <max: 319,
423, 558 nm.

Synthesis of [K(18-C-6)][Fe(TMP)(CN),]

KCN (5 mg, 0.077 mmol) and 18-crown-6 (11 mg, 0.042 mmol) were added to a solution of
[Fe(TMP)(H20)2]CIO4 (20 mg, 0.021 mmol) in THF. The mixture was stirred for 5 h during
which the solution turning from red to green and was then filtered through a cotton-wool plug.
Hexanes were allowed to diffuse slowly into the solution. Single crystals of [K(18-C-6)][Fe

(TMP)(CN),] (as THF solvate) (yield 15 mg) was obtained. IR v(C-N): 2111 cm™1. UV-vis

(CH2Cly) Amax: 330, 434, 579, 618 nm.
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X-ray Structure Determinations

Single crystal experiments were carried out on a Bruker Apex CCD system with graphite
monochromated Mo-K, radiation (. = 0.71073 A). The crystalline samples were placed in inert
oil, mounted on a glass pin, and transferred to the cold gas stream of the diffractometer. Crystal
data were collected at 100 K. The structures were solved by direct methods (SHELXS-97)
[32] and refined against F2 using SHELXL-97.[33,34] Subsequent difference Fourier
syntheses led to the location of all remaining nonhydrogen atoms. For the structure refinement
all data were used including negative intensities. All nonhydrogen atoms were refined
anisotropically if not remarked upon otherwise below. Hydrogen atoms were idealized with
the standard SHELXL-97 idealization methods. The program SADABS[35] was applied for
the absorption correction. Complete crystallographic details, atomic coordinates, anisotropic
thermal parameters, and hydrogen atom coordinates are given in the Supporting Information
Tables for all structures; a brief description of crystallographic details is given in Table 1.

[Fe(TPP)(CN)(Py)]-0.65Py

A black crystal with the dimensions 0.55 x 0.53 x 0.40 mm was used for the structure
determination. The asymmetric unit contains one ordered porphyrin complex and two
disordered pyridine solvate molecules. The first disordered pyridine was constrained by means
of the fragment (FRAG) command, and anisotropic thermal parameters were restrained by the
‘similar Uij’ (SIMU) command. The second disordered pyridine is symmetric and N and C
atoms were constrained by an EXYZ command. Finally, the occupancy parameters of pyridine
groups were set to 0.4 and 0.25 respectively.

[Fe(TPP)(CN)(1-Melm)]-1-Melm-CHClI3

A dark purple crystal with the dimensions 0.42 x 0.23 x 0.07 mm was used for the structure
determination. The asymmetric unit contains one porphyrin complex, one 1-methylimidazole
and one chloroform molecule.

[Fe(TMP)(CN)(1-Melm)]-1.8CHCl3

A black crystal with the dimensions 0.31 x 0.24 x 0.17 mm was used for the structure
determination. The asymmetric unit contains one porphyrin complex, one ordered and one
disordered chloroform molecule. The disordered chloroform was refined as three distinct
orientations and constrained by means of a DFIX command; all atoms were anisotropically
refined and constrained with an EADP instruction. The occupancy factor sum was found to be
0.8.

[K(18-C-6)][Fe(TMP)(CN),]

Ablack crystal with dimensions 0.22x0.43 x 0.49 mm was used for the structure determination.
The asymmetric unit contains three [K(18-C-6)][Fe(TMP)(CN),] entities, six THF solvate sites
and two water molecules. The potassium ion of each entity is coordinated to the nitrogen atom
of one CN™ ion. One [K(18-C-6)][Fe(TMP)(CN),] was completely ordered, the second entity
has disorder in one ethylene bridge of the [K(18-crown-6)], while the third entity has two
orientations of the 18-crown-6 ring, which was constrained by means of DFIX commands. The
two water molecules are each hydrogen bonded to a coordinated cyanide ion. Two hydrogen
atoms of one water were located from the difference map. One of the disordered THF solvent
molecules was refined as two distinct orientations and the fragment (FRAG) command was
used to constrain it.
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The synthesis, molecular structures, IR, UV-vis, EPR, and Mdssbauer spectra of several six-
coordinate (cyano)iron(l11) porphyrinates are reported. [K((CH3)2CO),][Fe(TPP)(CN),] was
resynthesized[13] and further characterized by M&ssbauer spectroscopy. Four new derivatives
were prepared and vcy determined for all: [K(18-C-6)][Fe(TMP)(CN),] (2111 cm™1), [Fe
(TPP)(CN)(Py)] (2130 cm™1), [Fe(TPP)(CN)(1-Melm)] (2130 cm™1) and [Fe(TMP)(CN)(1-
Melm)] (2125 cm™1). vy for [K((CH3),CO),][Fe(TPP)(CN),] (2120 cm™1) was confirmed
to be identical to that reported previously. Solid-state Mdssbauer spectra were measured on
five samples.

The complexes are low-spin S = 1/2 species and ~4 K EPR spectra have been measured for
each complex, both as ground single crystals and as frozen solutions. Solid-state EPR spectra
observed were those of typical ‘large gmax’ spectrum with the observed g = 3.3 - 3.7. For some
species, a change in the EPR spectra occurred when the samples were measured as frozen
solutions. These results are summarized in Table 2.

The molecular structures of four six-coordinate cyano complexes, [Fe(TPP)(CN)(1-Melm)]-1-
Melm-CHCls, [Fe(TPP)(CN)(Py)]-0.65Py, [Fe(TMP)(CN)(1-Melm)]-1.8CHCI3 and [K(18-
C-6)][Fe(TMP)(CN),], have been determined.

Crystalline [K(18-C-6)][Fe(TMP)(CN),] contains three independent entities per asymmetric
unit. Each entity consists of the potassium 18-crown-6 ether cation and the anionic
porphyrinate. In each entity, the potassium ion is coordinated to a nitrogen atom of one of the
cyanide ligands, making one cyanide an exo-bidendate ligand. A labeled ORTEP diagram of
one such entity is given in Figure 1. In this and subsequent figures, and in all tables for [K(18-
C-6)][Fe(TMP)(CN),], the following atom naming convention has been used: Q(nyy), where
Q is the atom type, n refers to entities 1-3 and yy are further numbers and letters needed to
completely specify the atom. Similar atoms in the three entities have the same name except for
the digit n. The three distinct entities have similar K—N bond lengths: entity 1, 2.848 A; entity
2,2.814 A; entity 3, 2.768 A. The major difference between the three is that entities 2 and 3
have disordered 18-C-6 macrocycles. The disorder is minor in entity 2 while somewhat more
serious in entity 3. Complete ORTEP diagrams of entities 2 and 3 are given in Figures S1 and
S2 of the Supporting Information. ORTEP diagrams of the potassium 18-crown-6macrocycles
for each of the three entities are found in Figures S3, S4, and S5. The other difference is that
only two entities have a water molecule hydrogen-bonded to the nitrogen atom of the
coordinated cyanide (O--N = 2.968 or 3.073 A). The two hydrogen atoms of one water were
located in the difference map (H--N = 2.530 A). Complete crystallographic details of the [K
(18-C-6)][Fe(TMP)(CN),] structure are given in Tables S20—S25 of the Supporting
Information.

ORTEP diagrams of the molecular structures of the three new six-coordinate mixed ligand
cyanide derivatives are shown in Figure 2 which displays the molecular structure of [Fe(TPP)
(CN)(Py)], Figure 3 which shows that of [Fe(TPP)(CN)(1-Melm)] and Figure 4 which displays
that of [Fe(TMP)(CN)(1-Melm)]. The projection of the axial ligand plane in the three
derivatives are all between an N —Fe-Nj, angle. The axial ligand plane in [Fe(TMP)(CN)(1-
Melm)] makes a dihedral angle of 20.8°; with the closest Fe-N,, vector and a dihedral angle
89.6°; with the 24-atom mean plane. The corresponding dihedral angles in [Fe(TPP)(CN)(Py)]
are 39.2and 80.9°; and 26.8 and 87.1°; in [Fe(TPP)(CN)(1-Melm)]. Complete crystallographic
details of these three structure are given in Tables S2—S109.

Formal diagrams showing the displacement of atoms (in units of 0.01 A) from the 24-atom
mean plane of [Fe(TPP)(CN)(1-Melm)], [Fe(TPP)(CN)(Py)], [Fe(TMP)(CN)(1-Melm)], and
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entity 1 of [K(18-C-6)][Fe(TMP)(CN),] are given in Figure 5. As can be seen, most of the
derivatives have predominantly ruffled cores, but the core in [Fe(TPP)(CN)(1-Melm)] is
primarily saddled. The diagrams also display the average values for bond lengths and bond
angles. The longer average Fe-Nj, distance in [Fe(TPP)(CN)(1-Melm)], compared to the other
derivatives shown in Figure 5, isaresult of the differing core conformation. Similar information
for all entities of [K(18-C-6)][Fe(TMP)(CN),] is given in Figures S6. A comparison of the
information in these figures with that of the [K(18-C-6)][Fe(TMP)(CN),] panel of Figure 5
shows the close correspondence in core conformation and other structural of all three entities.

The angle between the two axial ligand donor atoms subtended at the iron are N—Fe—C =
178.88(6)°; for [Fe(TPP)(CN)(1-Melm)], 176.05(9)°; for [Fe(TPP)(CN)(Py)], and 178.20
(11)°; for [Fe(TMP)(CN)(1-Melm)]. The equivalent C—Fe—C angle in [K(18-C-6)][Fe
(TMP)(CN),] appears to be less linear with C—Fe—C angles of 173.06(13)°; (entity 1), 171.61
(14)°; (entity 2) and 172.54(14)°; (entity 3). The Fe—C—N groups are all nearly linear with
observed angles ranging from 172.8 to 177.2°. A summary of selected bond distances and
angles for six-coordinated (cyano)iron(l11) porphyrinates and cyanide bound to hemoproteins
is given in Table 3.

Discussion

The diaquo complex, [Fe(Porph)(H20),]CIO4,[31] is a useful starting material for the
preparation of all cyano-complexed derivatives reported herein. Cyanide ion is strongly basic,
but the use of dried solvents and solubilizing an adequate concentration of potassium cyanide
in the synthetic solvent systems is sufficient to eliminate any hydrolysis derived from the use
of the diaquo complex. Although [K((CH3),CO),][Fe(TPP)(CN),] had been readily
synthesized from a KCN-saturated acetone solution as the cyanide ion source,[31] an attempt
to prepare an analogous tetramesityl derivative [Fe(TMP)(CN),] ™ using the same method
failed. The use of the crown ether 18-crown-6 to solubilize potassium cyanide easily allowed
the synthesis of the bis(cyano) derivative, [K(18-C-6)][Fe(TMP)(CN),].

The mixed ligand complexes [Fe(TPP)(CN)(Py)], [Fe(TPP)(CN)(1-Melm)], and [Fe(TMP)
(CN)(1-Melm)] were synthesized by the reaction of the appropriate diaquo complex with KCN
solubilized in methanol, removal of the methanol followed by reaction of the neutral nitrogen
ligand in chloroform solution. Unlike earlier syntheses of mixed ligand derivatives,[14,15] the
bis(cyano) intermediate was not isolated.

Cyanide has been extensively used as a probe ligand in hemoproteins; the properties of the
resulting complexes have been studied by a variety of spectroscopic methods including infrared
spectroscopy.[49,50,51] The IR C—N stretch provides a useful monitor of the bonding sites
and ligand environment.[52,53] As has been noted for hemoproteins, the C—N stretching band
in cyano-substituted iron(l11) porphyrinates is very weak. The C—N stretching frequency of
the bis(cyano) derivatives are 2120 cm~2 for [Fe(TPP)(CN),]™ and 2111 cm™1 for [Fe(TMP)
(CN),] . The C—N band shifts to higher frequency by 10-14 cm™1 when the trans-cyanide is
replaced by pyridine or 1-Melm ([Fe(TPP)(CN)(Py)], 2130; [Fe(TPP)(CN)(1-Melm)], 2130
and [Fe(TMP)(CN)(1-Melm)], 2125 cm™1).

Caughey and coworkers reported[52] a similar 10-13 cm™1 IR shift to higher frequency when
a cyanide is replaced with pyridine in a series of 2,4-substituted deuteroporphyrin IX
derivatives. They explained this “proximal or trans-effect” in terms of the substitution
“rendering the iron(l11) a less effective dr-donor and a more effective c-acceptor.” However,
we note that the substitution of pyridine (a modest z-acceptor) or 1-methylimidazole (a modest
r-donor) give identical IR shifts. Consequently, we conclude that the effect is clearly a result
of change in the m-acceptor behavior of iron(l11). Caughey and coworkers[52] also discussed
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possible correlations between the ¢ frequency and the stereochemistry of the bound cyanide.
They suggested that an increasing ¢ represents an increased bending of the Fe—C—N bond.
However, our current structural data of the cyano complexes shows no correlation of ¢ on
the tilting of the Fe—C¢y vector from the normal to the heme plane (Table 3) or on any bending
of Fe—C—N. The mixed ligand porphyrinate derivatives have tilt angles (2.2 to 3.3°) both
larger and smaller than the bis(cyano) species (1.6 to 5.2°) and have higher vcy frequency.
With the available data, we would regard any correlation between structural distortion and C
—N stretching frequency as tenuous.

We also note that the C—N stretching frequency of the tetramesitylporphyrinates are
systematically lower than the corresponding TPP species. As is well-known, the CN™ ion acts
both as a 6-donor to the metal and a z-acceptor from the metal. It has been generally agreed
that 6-donation tends to increase the value of vy, while z back-bonding decrease the value of
ven:-[53]7[57] From this and our experimental data, we deduce that the Fe(d,)—cyanide
(p,¥) interaction is enhanced for the tetramesitylporphyrinates compared to the TPPs because
of the electron-donating substituents at the meso-phenyl positions and thus lead to a shift

of on to lower frequency.

A blue-shift of the Soret maxima in the absorption spectrum was observed upon replacing a
trans-cyanide with a neutral nitrogen donor. For example, the Soret band of [Fe(TPP)
(CN)2]™ (424 nm) is blue-shifted when the trans-cyanide is replaced by pyridine ([Fe(TPP)
(CN)(Py)], 420 nm) or 1-Melm; ([Fe(TPP)(CN)(1-Melm)], 418 nm). This is consistent with
an increased ability of the iron(l11) to accept electron density from the porphyrin nitrogens.
[52] Interestingly, the magnitude of the blue shift is larger in the tetramesitylporphyrinate
species consistent with the better o-donating properties of this porphyrin.

The structural characterizations of four new six-coordinate cyanide derivatives [Fe(TPP)(CN)
(1-Melm)]-1-Melm-CHCls, [Fe(TPP)(CN)(Py)]-0.65Py, [Fe(TMP)(CN)(1-Melm)]
-1.8CHClI3 and [K(18-C-6)][Fe(TMP)(CN),] are also presented in this paper. The average Fe—
N, distances in these four new complexes range from 1.973 to 1.993 A, distances that are all
consistent with a low-spin state for the iron(l11) atom.

We first consider the X-ray structure determination of the bis(cyano) complex of (meso-
tetramesitylporphyrinato)iron(l11). Three separate [K(18- C-6)][Fe(TMP)(CN),] entities are
found in the asymmetric unit of structure; each entity consists of an [Fe(TMP)(CN),] ™~ anion
and a [K(18-crown-6)]* cation. An ORTEP drawing of [K(18-C-6)][Fe(TMP)(CN)-] (entity
1) is shown in Figure 1. The diagram clearly shows that one of the cyanide ligands has the
nitrogen atom coordinated to the potassium of the 18-crown-6 with a K—N distance of 2.848
(4) A. The remaining two entities also have the same geometry and are shown in the supporting
information. These tight ion-pair arrangements lead to two distinct Fe—C(CN) bond distances.
The cyanide ion that is also bonded to the potassium ion has the longer Fe—C bonds (entity 1,
1.993(4); entity 2, 1.982(4); entity 3, 1.984(4) A). The other set of Fe—C bonds are shorter
(entity 1, 1.966(4); entity 2, 1.973(4); entity 3, 1.971(4) A). The small (0.016 A) difference in
the two types of Fe—C distance is clearly a consequence of the electrostatic interaction of the
one cyanide with the positively charged K(18-crown-6)] cation. The iron atom in entity 1 is
displaced by 0.03 A towards the cyanide ion complexed by the K(18-crown-6)] cation, while
the iron atom in the other two entities are displaced by a small amount (0.01 A) in the opposite
direction. The conformation in all three porphyrin rings is similarly and strongly ruffled; the
conformations of the three rings are compared in Supporting Information Figure S6.

The structures of three other bis(cyano) complexes have been previously determined and
selected reported parameters are shown in Table 3. [K((CH3)2CO),][Fe(TPP)(CN)][13] and
[PPN][Fe(TMP)(CN)_][44] have similar Fe-N, and Fe—C distances. The complex [PPN][Fe
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(TMP)(CN)5] had been reported as an iron(l1) species, but in our view, the disordered I, is
more likely better described as a disordered 1™3. The basket-handle porphyrin complex [K
(222)][Fe(BH(Bipy)2P)(CN),][45] has shorter distances that reflect the special steric effects
that were built into the molecular structure. A somewhat different macrocyclic example, the
octaethyloxoporphyrin species, [Fe(OEOP)(CN),], also shows relatively small values for the
coordination group bonds.

Table 3 also reports the same parameters for all known mixed axial ligand complexes. Three
important generalizations concerning the entire group of (cyano)iron(l11) complexes can be
made. First, the Fe—C—N groups are all nearly linear. The two examples where the angle
deviates most from linearity are the basket-handle porphyrin complex that was designed to
sterically crowd the Fe—C—N group and force nonlinearity.[45] The second example are the
Fe—C—N groups that are bonded to the [K(222)] cations in [K(18-C-6)][Fe(TMP)(CN)5],
where the electrostatic interactions can be judged to lead to the larger deviation from linearity.
Second, the Fe—C vector is always slightly tilted from the heme normal. This angle is denoted
as tin Table 3; the largest values of t are found for the Fe—C—N groups that show the largest
deviations from linearity. Finally, it can also be seen from Table 3 that all of the bis(cyano)
species have longer Fe—C(CN) bonds compared to the mixed ligand species. This 0.05-0.07
A A difference in Fe—C is readily explained by the competition of two CN~ ligands on both
sides of the porphyrin. There will be less 7 donation (per bond) by the iron to two z-accepting
cyanides compared to a single cyanide acceptor in the mixed ligand species. The C—N bond
distances are still seen to cluster within the narrow range of 1.15 to 1.16 A.

The three mixed-ligand species display two different core conformations. [Fe(TPP)(CN)(1-
Melm)] has a rather strongly saddled porphyrin core while the TMP form of the same complex
has a very ruffled core. The differences in core conformation probably explains the small
difference in the values of the Fe-Nj, bond distances: 1.993(3) A A for [Fe(TPP)(CN)(1-
Melm)] and 1.982(8) A A for [Fe(TMP)(CN)(1-Melm)]. The new crystalline form of [Fe(TPP)
(CN)(Py)] has a ruffled porphyrin core as did the previously reported crystalline form.[14]
Both have relatively short Fe-N, bond distances (1.970 and 1.977, Table 3). Similar pairs of
saddled and ruffled cores are seen in a series of [Fe(TPP)(CO)(L)] complexes.[58]

Prior to the current study, the only mixed-ligand cyano complexes that had been structurally
characterized were two derivatives with a pyridine ligand trans to the cyanide, [Fe(TPP)(CN)
(Py)]1[14] and [Fe(OEP)(CN)(Py)].[15] In those two derivatives, the Fe—N(Py) bond distance
was relatively long at 2.075(3) A A or 2.087(3) A, respectively. The new crystalline form of
[Fe(TPP)(CN)(Py)] is similar with Fe-N(Py) = 2.072(2) A; the average for the three complexes
is 2.078(8) A. The two new imidazole-ligated cyanide derivatives are seen to have significantly
shorter trans Fe—N distances of 2.0149(12) A and 2.026(2) A or an average of 2.020(8) A.
Similar differences are seen in carbonyl or thiocarbonyl complexes with pyridines or
imidazoles trans to the CO[58,59,60] or CS.[61] The effect of differing trans bond distances
is likely the difference that imidazoles are modest z-electron-donors compared to the modest
m-accepting character of pyridine.[62,63] Clearly, one can expect that the cyanide and pyridine
will compete for the same iron z density whereas the imidazole can z-donate and hence form
a stronger bond.

We have also studied the electron paramagnetic spectra (EPR) of these compounds in frozen
solution and especially in the solid (microcrystalline) state. The earliest EPR spectra obtained
for iron(l11) cyanides were all of the large gmay type and were primarily obtained on solids.
The early single crystal experiments of Strouse and coworkers[16] established the value for
all three components of the g tensor rather than only the largest value. The largest value is all
that is commonly seen for solution or powder measurements for these complexes. Hence,
Strouse et al. conclusively established the reality of the large gmax type of EPR spectrum for
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cyanide derivatives. This type of EPR spectrum is consistent with a (dxy)z(dxz,dyz)3 ground
state with nearly degenerate energies for the two d,; orbitals. The near degeneracy of the two
d, orbitals results from the z-acceptor character of the cyanide ligand which with its axial
symmetry interacts effectively equally with both orbitals. Subsequently, axial EPR spectra
were observed for a number of bis(cyano)iron(l11) derivatives in frozen solution.[20,21,23,
24] This EPR spectral type is consistent with a different ground state electron configuration,
that of (dxz,dyz)4(dxy)1, as first shown by Walker, Scheidt and coworkers.[25,26] In this state,
the dyy orbital energy is higher than the energy of the dy,,dy, (d,) orbitals. The state results from
the coordination of z-accepting ligands that stabilize the d, orbitals relative to the the dyy orbital.
Nakamura has suggested that porphyrin core ruffling is the cause of many if not most of the
bis(cyano) complexes that exhibit the (dxz,dyz)“(dxy)l ground state.[20] This is consistent with
the conclusion of Walker, Scheidt and coworkers[25] in that core ruffling does stabilize this
state; ruffling is observed in all complexes of known structure and this (dxz,dyz)4 (dxy)1 ground
state.

However, the expected structural and conformational features used by Nakamura et al. for
cyano derivatives are based on analogy with observations made on related systems, they were
not based directly on determined cyano derivatives structures. Our new structural and physical
data clearly shows that the idea that core ruffling alone can cause the (dxz,dyz)"'(dxy)1 ground
state is too simple an explanation for the appearance of such a ground state for cyano
derivatives. As can be seen from the EPR data given in Table 2, [K(18-C-6)][Fe(TMP)
(CN),] displays a large gmax type of EPR spectrum in the solid state with g = 3.47, 1.68, and
1.20. But, as we have noted earlier, all three distinct bis(cyano) entities in the solid state have
extremely ruffled porphyrin cores. Clearly, even the substantial core ruffling found for [K(18-
C-6)][Fe(TMP)(CN),] does not lead the complex to display the (dxz,dyz)“(dxy)1 ground state
as deduced by its EPR spectrum. Additional data emphasizes this point even more, when the
EPR spectrum of [K(18- C-6)][Fe(TMP)(CN),] is measured in frozen CH,Cl solution an axial
EPR spectrum is observed. The differing EPR spectra observed in the two phases are illustrated
in Figure 6. The exact nature of the core conformation in solution is unknown; but, since there
are no packing considerations that suggest reasons for solid-state ruffling, a ruffled core in
solution is probable. One possible effect of the solution environment is that the tight ion pairing
observed for the three distinct entities in the solid state can be disrupted and an “isolated” [Fe
(TMP)(CN),] "~ ion, with no FeCN-:-K(18-C-6) interactions, will be the solution species. The
crystal-field environment of the iron is thus likely to be more symmetric in solution.

Similarly, EPR spectra of [K((CH3)2CO),][Fe(TPP)(CN),][13] are different in the solid state
and in frozen CH,Cl,/CH30H solution. However, the differences are distinct and more
complex than those of [K(18-C-6)][Fe(TMP)(CN),]. A large gmax spectrum (g = 3.67) is
observed in a microcrystalline sample of [K((CH3),CO),][Fe(TPP)(CN),] along with features
that are clearly the result of preferential orientations in the microcrystalline sample. As shown
in Figure 7, microcrystalline [K((CHz3),CO),][Fe(TPP)(CN),] embedded in KBr shows 3.67
and 1.06 features associated with the complex and observed in an oriented single-crystal
sample.[16] In addition, this method of sample preparation also leads to the appearance of axial
spectral features with g = 2.57 and 1.45. This axial signal must also derive from a bis(cyano)
derivative; replacement of cyanide with bromide is unlikely. In CH,Cl»,-CH30H solution, the
large gmax feature decreases to 3.54. The solution spectrum also displays a classical rhombic
EPR spectrum, the origin of which is not known. However, we believe that the spectrum is
derived from a cyano-based species, not a hydrolysis species; further work on the EPR spectra
of bis(cyano) derivatives and related species are in progress.

Environmental factors that lead to different EPR spectra, especially those caused by different
solvents and conditions, have been previously reported by Nakamura et al.[23] There are clear
solvent effects although we believe the origin of these effects are not necessarily those
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described by Nakamura et al. The appearance of two types of EPR spectra (large gmax and
axial) observed in 4.2K frozen solution, such as that observed for [Fe(TEt3PP)(CN),]~ have
been attributed to conformational changes between ruffled and planar porphyrin cores.
However, it seems that the interconversion of two conformers on the EPR time scale is not
necessary and even unlikely, given the low temperature of the measurements. Simply freezing
the solution of the bis(cyanide) complex could lead to two distinct environments, one of which
could be an ion-paired system; there need be no necessary change of conformers for changing
EPR spectra.

The EPR spectra of the mixed axial ligand systems [Fe(Por)(CN)(L)] are simpler: in the solid
state all display a large gmax type of EPR spectrum (see Table 2 and Figures S7-S9). The frozen
solution spectra of these characterized solid-state species is simple, they continue to display
large gmax EPR spectra, with some change in the observed value of the largest g. An unusual
feature of many of these species is that they often display one additional g value. Again, ruffled
porphyrin cores in cyanide complexes do not lead to the observation of EPR signals appropriate
forthe (dxz,dyz)"'(dxy)1 ground state as two of the mixed ligand species have substantially ruffled
cores.

The only mixed axial ligand species for which an axial EPR has been reported are solution
spectra for complexes where the trans axial ligand is 2-methylimidazole.[41] This hindered
imidazole is known to have a diminished binding constant in iron porphyrinates. It seems likely
to us that the species for which an EPR spectrum has actually been obtained are those with two
cyanide ligands bound. (Note the similarity in these values with those reported for the bis
(cyanides) in Table 2.) No such species with a less sterically hindered imidazole has been
shown to display an axial EPR spectrum, on the contrary, all show large gmax EPR spectra. It
would be useful to have EPR spectra on characterized solid-state species where all questions
of stoichiometry are absolutely established. At the moment, we conclude that the effect of the
pyridine or imidazole ligand is to lower the symmetry of the complex sufficiently to disallow
a (dyz,0y;)*(dxy)! ground state.

Solid-state Mdssbauer spectra have been obtained on two bis(cyanide) complexes, [K
((CH3)2CO),][Fe(TPP)(CN),] and [K(18-C-6)][Fe(TMP)(CN),], and three mixed ligand
complexes, [Fe(TPP)(CN)(Py)], [Fe(TPP)(CN)(1-Melm)], and [Fe(TMP)(CN)(1-Melm)].
Selected attempts to obtain solution Mdssbauer spectra were unsuccessful, even with>’ Fe
enrichment, owing to limited solubility in solvent mixtures appropriate for Mdssbauer
measurements. The spectra obtained over a large temperature range in the presence of a small
(500 gauss) field and in high field show several common features. At room temperature the
lines widths of all species are relatively sharp with normal line widths. At this temperature, the
right-hand and left-hand lines of the quadrupole doublet have similar widths. As the
temperature is lowered, the lines broaden and the two lines become less symmetric. In some
cases, the lines become so broad that a fit for the line widths and the quadrupole splitting is
impossible (at the lowest temperatures). All of the cyanide species show evidence of this
magnetic broadening. The temperature-dependent spectra are illustrated for all complexes in
the Supporting Information. These data have been summarized in Table 4 along with the limited
amount of information already available in the literature, all of which had been measured at T
> 78 K. Although there is very little prior temperature-dependent data, the same pattern can be
observed.

The isomer shifts for the new compounds are all smaller than those found for “classical” low-
spin iron(111) porphyrinates[67] with a value of ~0.09—0.10 mm/s at room temperature. This
small isomer shift is consistent with significant covalency in the Fe—C(CN) bond. The values
and the temperature dependent quadrupole splittings of these cyanide derivatives present
interesting patterns.
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We first consider the two bis(cyanide) derivatives. [K((CH3)»,CO),][Fe(TPP)(CN),] and [K
(18-C-6)][Fe(TMP)(CN),] show substantially different values for the quadrupole splitting
constant (AEq) and very different temperature dependences. [K(18-C-6)][Fe(TMP)(CN),]
shows temperature-dependent changes of the quadrupole splitting value in the usual direction:
an increased magnitude of the AE as the temperature decreases. The magnitude of the change
in the AEq over temperature is extraordinarily large and varies from 1.27 at 50 K to 0.68 mm/
sat RT. A large variation in the temperature dependence of the AE, is typically the result of a
low-lying excited state. A crystal-field model fit of the temperature dependence of the AEq of
[K(18- C-6)][Fe(TMP)(CN),] using the experimental values between 50 and 298 K allows the
prediction of the lower temperature values. The procedure gives a value for the AEy of —1.25
mm/s at 4.2 K, which can be checked with a fit to the spectra obtained in high field. The fit to
the spectra obtained in high field also allows the determination of the sign of the AEg, which
is negative. Importantly, the temperature-dependent fit gives an estimate of the energy gap
between the two d,, orbitals of 214 cm1.[68]

The Mdssbauer spectrum of [K((CH3)2CO),][Fe(TPP)(CN),] at room temperature shows an
extremely narrow quadrupole doublet, with AEq = 0.24 mm/s, and an isomer shift of 0.09 mm/
s, reasonable values for a low-spin ferric system. AEq shows little if any temperature
dependence down to 100K. Below this temperature, the magnetic hyperfine interaction is in
the intermediate fluctuation limit, and magnetic broadening obscures the quadrupole doublet.
This intermediate fluctuation regime persists down to 4.2K and even in an applied field of 1T.
However, in larger fields of 5 and 9 T at 4.2K magnetic hyperfine lines are well-resolved,
indicating the slow fluctuation limit has finally been reached (see Figure 8). When the
temperature was raised to 10K in the 9T applied field, the magnetic lines were broadened and
the overall magnetic splitting was slightly reduced. Both of the effects argue once again for
the onset of intermediate spin fluctuations. So even in 9T, our maximum available field, we
are unable to follow the temperature dependence of AEq above 4.2K.

The solid lines in Figure 8 are fits made using an S=1/2 spin Hamiltonian model, with final
parameters given in Table S1. The large g-values for the system and the corresponding large
magnetic hyperfine A-tensor results in an internal field of about 45T at 4.2K. The large
magnetic splitting unfortunately makes the spectra relatively insensitive to the value of AE,.
However, a plot of X2 vs. AEg, where all free parameters are minimized for each value of
AEgq, shows a modest minimum for AEq z = 0.4mm/s, a value that is slightly larger than the
high-temperature value, but with an uncertainty that is comparable to the difference.

Although the energies of the dy, and dy, orbitals are close, they are subject to Jahn-Teller
splitting and are not degenerate. We have carried out crystal-field calculations in order to
estimate AEq using parameters that fit the observed g-values (0.52, 1.05, 3.7),[16] various
assumed values of the energy difference between dy, and dy, and a value of the spin-orbit
coupling parameter of 250 cm™1. Energy splittings of 1, 20, 40, 60, 80, and 100 cm ™1 between
the two dz orbitals were evaluated. After inclusion of spin-orbit coupling, the difference in the
energies of the ground state and the excited state are between 264 and 282 cm™1. Moreover,
for the small values of the crystal field splitting of the dx orbitals, the spin-orbit mixing leads
to electric field gradients of the ground and excited states that are very similar. Calculated
values of AE, as a function of temperature, have been obtained and are plotted in Figure S15.
These calculation suggest, given the observed constant value of AE, between 100 and 298 K,
that the splitting in the two dz orbitals must be very small, near 40 cm™1 or very close to the
35 cm~1 estimate of Inniss et al.[16] based on EPR measurements. The resulting energy
difference between the ground state and the excited state is 267 cm™L. Thus the observed weak
temperature dependence is credible. The small magnitude of the quadrupole splitting also
argues for a near cubic field around iron, viz., the axial and equatorial ligand fields are nearly
equal.
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The mixed ligand complexes show AE values ranging from —1.04 to —1.41 mm/s. The lower
value of —1.04 is observed for the [Fe(TPP)(CN)(Py)] derivative where the modest z-accepting
character of the pyridine ligand could be expected to lower the AE, value. The values for the
two [Fe(Por)(CN)(1-Melm)] are similar (—1.35 and —1.41 mm/s); the higher values are
consistent with a modest z-donating character for the imidazole ligand.

The mixed ligand complexes also show temperature-dependent changes in the magnitude of
the quadrupole splitting constant. The direction of change is the usual one: a shift to increased
values of the quadrupole splitting as the temperature is decreased. Although the total magnitude
of the change is larger than usual, the magnitude of change observed is smaller than that of the
[K(18-C-6)][Fe(TMP)(CN),] derivative. Crystal-field model fits of the temperature
dependence of the AE of the three complexes using the experimental values between 100 and
298 K allows the prediction of the lower temperature values. Again the fits can be checked
with a fit to the spectra obtained in high field. The fit to the spectra obtained in high field also
allows the determination of the sign of the AE, which is negative for all complexes. As before,
the temperature-dependent fit gives an estimate of the energy gap between the singly-occupied
dy, orbital and the doubly-occupied dy, orbital in all three complexes.[68] The values of this
splitting are in qualitative agreement with the value of the largest g-tensor component observed
in each of the three species. For the three species the values of the energy gap and the g-tensor
value are: [Fe(TPP)(CN)(Py)], 556 cm 1 and 3.17; [Fe(TPP)(CN)(1-Melm)], 396 cm~! and
3.51; and [Fe(TMP)(CN)(1-Melm)], 309 cm ™1 and 3.37. These calculated energy differences
have ignored the effects of spin orbit coupling, which has an increasingly important
contribution as the crystal field splitting between the d, orbitals becomes smaller. The energy
gaps between the two d,; orbitals in the five complexes studied are shown schematically in
Figure 9 and where the inclusion of spin orbit coupling effects are shown in the bottom panel
of the figure.[71]

Thus the Mdéssbauer spectra gives the ground state of all cyanide species measured thus far as
(dxy)?(dxz)(dy)* in the solid state. The possible exception is that of [K((CH3)2CO),][Fe(TPP)
(CN),] where the energy may be so small as to make such distinctions unimportant and the
configuration simply described as (dxy)z(dxz,dyz)3. Although other electron configurations may
be accessible under different conditions, the (dxy)z(dxz)z(dyz)1 electron configuration is
dominant.

The structural and spectroscopic data for the various (cyano)iron(l11) porphyrinates reported
herein clearly show that the ground electron configuration is always (dxy)z(dxz)z(dyz)l, with the
energy gap between the dy, and dy, orbitals quite small (<~600 cm~1) and variable. Estimates
of the gap from temperature-dependent Mdssbauer are in qualitative agreement with those
obtained from EPR spectra. For bis(cyanide) derivatives the two limiting low-spin states can
be close in energy. It is also clear that there is not a single structural feature that assures that
bis(cyano) iron(I11) porphyrinates will not have the (dyy)?(dx,)?(dy;)* ground state
configuration. However, small perturbations of the bis(cyano)iron(l11) porphyrinate systems
may be sufficient to tip them to an alternate state. Thus far, in our experience, those
circumstances always require a solution state.
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Figure 1.

ORTEP diagram of entity 1 of [K(18-C-6)][Fe(TMP)(CN),] displaying the atom labeling
scheme. Thermal ellipsoids of all atoms are contoured at the 50% probability level. Hydrogen

atoms have been omitted for clarity.
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Figure 2.

ORTEP diagram of [Fe(TPP)(CN)(Py)] displaying the atom labeling scheme. Thermal
ellipsoids of all atoms are contoured at the 50% probability level. Hydrogen atoms have been
omitted for clarity.
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Figure 3.

ORTEP diagram of [Fe(TPP)(CN)(1-Melm)] displaying the atom labeling scheme. Thermal
ellipsoids of all atoms are contoured at the 50% probability level. Hydrogen atoms have been
omitted for clarity.
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ORTEP diagram of [Fe(TMP)(CN)(1-Melm)] displaying the atom labeling scheme. Thermal
ellipsoids of all atoms are contoured at the 50% probability level. Hydrogen atoms have been

omitted for clarity.
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Formal diagrams of the porphyrin cores of [Fe(TPP)(CN)(1-Melm)], [Fe(TPP)(CN)(Py)], [Fe
(TMP)(CN)(1-Melm)], and entity 1 of [K(18-C-6)][Fe(TMP)(CN),]. The perpendicular
displacements (in units of 0.01 A) of the porphyrin core atoms from the 24-atom mean plane
are displayed. In all diagrams, positive values of the displacement are towards the cyanide
ligand. Also displayed on the formal diagrams are the averaged values of the chemically unique
bond distances (in A) and angles (in degrees). The numbers in parentheses are the esd’s
calculated on the assumption that the averaged values were all drawn from the same population.
The orientation of the imidazole or pyridine ligand is shown on these diagrams; the circle shows
the position of the methyl group of the imidazole.
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4.2 K EPR spectra for [K(18-C-6)][Fe(TMP)(CN),] in the solid (microcrystalline) state and in

a frozen CH,Cl, solution.
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EPR spectra (6K) of [K((CH3)2CO),][Fe(TPP)(CN),] (top) ground microcrystalline, (middle)
ground microcrystalline sample embedded in KBr, and (c) in a frozen CH,Cl,-CH30H

solution.
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Figure 8.

Figure illustrating the fits to the Mdssbauer data obtained for [K((CHz3),CO),][Fe(TPP)
(CN),] at 4.2 Kand 5and 9 T (top two panels). The bottom panel displays the fit obtained,
using the 4.2 K fit parameters, for the 9 T, 10 K data, showing the onset of intermediate spin
fluctuations.
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Schematic drawing showing the relative energy difference between the two near degenerate
d, orbitals of the cyanide complexes reported. The top panel shows values from a crystal field
model that ignores spin orbit coupling, while the second takes into account an assumed value
of 250 cm™1 for the spin orbit coupling.
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Table 1
Crystallographic Details for [Fe(TPP)(CN)(Py)]0.65Py, [Fe(TPP)(CN)(1-Melm)]1-Melm CHCl3, 3{[K(18-C-6)][Fe

(TMP)(CN),]}-5.1THF-0.9H,0 and [Fe(TMP)(CN)(1-Melm)]-1.8CHCl3

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Fe(TPP)(CN)(1- 3{[K(18-C-6)][Fe(TMP) Fe(TMP)(CN)(1-

[Fe(TPP)(CN)(Py)] Pinei N ety e

0.65Py 1-Melm CHClI, 5.ATHF 0.9H,0 1.8CHClI,
empirical formula Cs3.25H36 25F€Ng 65 Cs4Hy1Cl3FeNg C30.40H270.60F€3K3N18054 Cé2.80Hs50.80C15.40F€N7
FW, amu 825.09 978.16 3960.90 1159.86
a, 13.1214(2) 20.7612(3) 23.0103(9) 16.4839(2)
b, A 23.5538(4) 9.7535(1) 20.1843(8) 17.6960(3)
c 14.0324(2) 26.5363(4) 46.1854(18) 20.0081(3)
B, deg 102.606(1) 121.109(1) 98.535(2) 99.032(1)
v, A 4232.29(11) 4600.67(11) 21213.1(14) 5763.98(15)
space group P2,=n P2,=c P2,=c P2,=n
z 4 4 4 4
crystal color black black dark purple black
crystal dimensions, mm 0.55 x 0.53 x 0.40 0.42 x 0.23 x 0.07 0.49 x 0.43 x 0.22 0.31x0.24 x0.17
temp, K 100 100 100 100
total data collected 48079 79823 202746 51896
unique data 8310 (Riy, = 0.022) (1)%13614) Rint = 46934 (R, , = 0.051) 12045 (R;,, = 0.067)
gg'(?)‘je observed data [I > 7789 13118 36729 6964
ggodness-of-fit (based on 1.044 1111 1.100 0.923
final R indices R, =0.0515 R, =0.0462 R, =0.0789 R, =0.0513
>[1>20(1)] WR, = 0.1511 WR, = 0.1281 WR, = 0.1979 WR, = 0.1221
final R indices R, =0.0543 R, =0.0765 R, =0.0992 R, =0.0896
(@l data) ©R,=0.1531 R, = 0.1380 R, = 0.2100 R, = 0.1292
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