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The spin states of microcrystalline samples of
[Fe(OMTPP)L,]* (L = DMAP or Py) have been examined and
interpreted using Mossbauer spectroscopy, SQUID mag-
netometry and X-ray crystallography. The Mdssbauer spectra
of [Fe(OMTPP)(DMAP),]* and [Fe(OMTPP)Py,]|* showed that
both of these complexes maintain the low-spin (S = 1/2) state
over the 77-300 K temperature range. The spin states of
these complexes were further confirmed by SQUID mag-
netometry. Thus, the magnetic behavior of [Fe(OMTPP)Py,|*
is quite different from that of the structurally related species
[Fe(OETPP)Py,]*. The latter complex exhibits a novel spin
crossover between the S = 3/2 and S = 1/2 states as revealed
by the spectroscopic and magnetic measurements. In order to
understand the reasons for the absence of the spin crossover
process in [Fe(OMTPP)Py,|*, we have compared the crystal
and molecular structures of [Fe(OMTPP)Py,|* with those of
the recently reported species [Fe(OETPP)Py,]*. In the case of
[Fe(OMTPP)Py,]*, the Fe—Ngy;q; bond lengths hardly change
with temperature and are 2.058(6) and 2.024(4) A at 298 and
80 K, respectively. These results are in sharp contrast to those

of the spin crossover complex [Fe(OETPP)Py,]*, in which the
Fe—N_yia bonds contract from 2.201(3) A at 298K to 1.993(3)
A at 80 K. We have ascribed the difference in magnetic be-
havior between [Fe(OMTPP)Py,]* and [Fe(OETPP)Py,|* to
the difference in molecular packing; the former adopts a
densely packed cubic crystal system while the latter shows a
less condensed monoclinic system. A cavity calculation has
further confirmed the above mentioned assumption. While
the cavity sizes around the pyridine ligands in
[Fe(OETPP)Py,|* are 32.08 and 28.88 A3 at 298K, that in
[Fe(OMTPP)Py,]* is only 19.81 A3, Furthermore, the cavities
contract by 17.7% in [Fe(OETPP)Py,]|* when the temperature
is lowered from 298 to 80 K whereas the contraction is only
5.3% in the case of [Fe(OMTPP)Py,]*. On the basis of these
results, we have concluded that the loosely packed crystal
system and the wide cavities around the axial ligands are the
important requirements for the occurrence of the spin cross-
over process in the solid state.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The spin states of iron(11) porphyrin complexes are con-
trolled by several factors!! 3] the most important being the
number and nature of the axial ligands. For example, axially
bound strong field ligands such as cyanide, imidazole, and
pyridine form low-spin (S = 1/2) six-coordinate complexes.
In contrast, anionic ligands such as ClI~ and F~ lead to the
formation of five-coordinate high-spin (S = 5/2) complexes.
Maltempo discussed a quantum mechanically spin admixed
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S = 3/2, 5/2 state and suggested that the S = 3/2 state is an
important contributor to the spin states of cytochromes c’,
which are recognized as histidine ligated five-coordinate
iron(1r) complexes.*~° In fact, the mono(imidazole) com-
plexes of iron(mr) porphyrin exhibit the S = 3/2, 5/2 ad-
mixed intermediate-spin in a series of [Fe(TMP)(R —Im)]*
complexes, where R —Im indicates alkyl-substituted imidaz-
oles and benzimidazoles.”~° In general, the degree of the
S = 3/2 contribution in five-coordinate complexes corre-
lates with the ligand field of the anionic axial ligands - it
increases as the ligand field of the axial ligands weakens.
Reed and co-workers thus ranked the relative field strengths
of weak anionic ligands (X) in [Fe(TPP)X] on the basis of
spectroscopic and magnetic properties and called the result-
ant hierarchy a magnetochemical series.['%!!] We and others
have recently reported that the deformation of the porphy-
rin ring is also an important factor which affects the spin
states!!>!31 and the electron configurations of iron(im)
ions.!47211 Thus, highly nonplanar six-coordinate com-
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plexes with weak field axial ligands such as the saddled
[Fe(OETPP)(THF),]* and the ruffled [Fe(TiPrP)(THF),]"
exhibit an essentially pure intermediate spin state.l'?! These
results have been ascribed to the short Fe—N,, (N,,: nitrogen
atoms of porphyrin) bond lengths caused by the nonplanar-
ity of the porphyrin rings!!?!322-25 together with the weak
coordinating ability of the axial ligands.['%!!] The strongly
S, saddled OETPP ring stabilizes the intermediate spin state
even in the presence of nitrogen bases. Thus the complexes
[Fe(OETPP)L,]* (L = Py and 4-CNPy) show the S = 3/2
state at room temperature and exhibit a novel spin tran-
sition from the S = 3/2 to the S = 1/2 state as the tempera-
ture is lowered.?8! In this paper, we report on the spin
states of other saddle shaped complexes, namely
[Fe(OMTPP)L,]* (L = DMAP and Py) in the solid state
on the basis of a combined analysis by Mdssbauer spec-
troscopy, SQUID magnetometry, and X-ray crystallogra-
phy. We also report on the anomalous difference in mag-
netic  behavior between the structurally similar
[Fe(OMTPP)Py,]* and [Fe(OETPP)Py,]* in the solid state
and on the requirements for the occurrence of the spin
crossover process (Scheme 1).

R R

[Fe(OMTPP)L,]* (R = Methyl)
[Fe(OETPP)L,]" (R =Ethyl)
L =DMAP, Py

Scheme 1

Results and Discussion

Structural Characteristics

Figure 1  shows the molecular  structure  of
[Fe(OMTPP)(DMAP),]Cl104-4CHCI; determined at 298 K.
Two of the four solvent molecules and a counter anion (not
shown) exhibit two disordered structures, A and B, in each
site. The site-occupancy factors of the two solvent mol-
ecules and the counter anion for A:B are 0.85:0.15,
0.72:0.28, and 0.54:0.46, respectively. Figure 2 shows the
molecular structure of [Fe(OMTPP)Py,]ClO41/3HCIO
4/3CHCI; determined at 298 K. Because the Fel, N2, and
C16 atoms lie on the four-fold inverted axis, only a quarter
of the molecule is crystallographically independent. Simi-
larly, because Cl1, O2, C17, and H17 are on the three-fold
axis, one-third of the counter anion and solvent molecules

Eur. J. Inorg. Chem. 2004, 798—809 www.eurjic.org

are in an asymmetric unit. The counter anion is disordered
and the site-occupancy factors for the disordered O1A and
O1B are 0.59 and 0.41, respectively, at 298 K. The structure
of the counter anion at 80 K 1is, however, ordered as a
consequence of the increase in the packing force and the
decrease in the thermal movement of the molecule. Figure 3
shows the molecular structure of [Fe(OETPP)(DMAP),]-
ClO, determined at 298 K. This crystal turns out to be a
polymorph of the crystal reported previously by Walker et
al.?”l The present crystal, the polymorph A, with the space
group P3,21 (#152) contains no solvent molecules, while
the crystal reported by Walker et al., the polymorph B, with
space group Pna2; (#33) contains four chloroform mol-
ecules in crystallographically independent space. Figure 4
shows the deviation of each atom in [Fe(OMTPP)L,]" (L =

(@

®

Figure 1. ORTEP diagrams of [Fe(OMTPP)(DMAP),]" together
with the atom labeling; thermal ellipsoids are drawn at the 50%
probability level: (a) top view (b) side view; phenyl rings are omit-
ted for clarity in (b)
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Figure 2. ORTEP diagrams of [Fe(OMTPP)Py,]" together with the
atom labeling for the unique quarter of the porphyrin; thermal el-
lipsoids are drawn at the 50% probability level: (a) top view (b) side
view; phenyl rings are omitted for clarity in (b)

DMAP, Py) and [Fe(OETPP)L,]* (L = DMAP, Pyls))
from the average plane defined by the 24-atom porphyrin
cores. Table 1 lists the crystal data for [Fe(OMTPP)L,]CIO,
(L = DMAP and Py) and [Fe(OETPP)L,]CIO, (L =
DMAP and Py!?®)). Table 2 lists some structural parameters
of the complexes?”28 which are defined as follows: ¢ is the
orientation angle of the axial ligand to the nearest
Np—Fe—Np axis, 0 is the dihedral angle between two axial
ligands, t is the dihedral angle between the average N4
plane and each pyrrole ring, \ is the dihedral angle between
two diagonal pyrrole rings, 1 is the twist angle between two
diagonal pyrrole rings, o is the dihedral angle between the
phenyl group and the C,—C,,.,,—C, plane, and |AC,,..|
and |ACg| are the deviations of the meso and B-pyrrole car-
bon atoms from the mean porphyrin plane, respectively.
They are also given in Scheme 2.

800 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. ORTEP diagrams of [Fe(OETPP)(DMAP),]* together
with the atom labeling for the unique quarter of the porphyrin;
thermal ellipsoids are drawn at the 50% probability level: (a) top
view (b) side view; phenyl rings are omitted for clarity in (b)

Figure 1 and Figure 4(a) clearly show that the porphyrin
core of [Fe(OMTPP)(DMAP),]* is highly saddled. The av-
erage Fe—N,, bond length of 1.979(3)/0\ is slightly shorter
than that of 1.989 A in the typical low-spin complex,
[Fe(TPP)(]-MeIn})Z]*.[Z"] The average Fe—N,.,; bond
length of 2.009 A is also quite close to the corresponding
bond  lengths of low-spin  [Fe(TPP)Py,]*  and
[Fe(OEP)(DMAP),]" which are 2.003 and 1.995 A, respec-
tively.3%311 The B-pyrrole carbon atoms of each pyrrole ring
are alternately displaced, on average, by =0.94 A from the
24-atom mean porphyrin plane. Because of the highly
saddled structure, the complex has two mutually perpen-
dicular clefts along the diagonal N,—Fe—N, axes. The
DMAP ligands are situated almost exactly along these
clefts. Thus, the ¢ values are only 1.3(3)° and 2.4(4)°. The
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Figure 4. Perpendicular displacement of the peripheral carbon and nitrogen atoms of (a) [Fe(OMTPP)L,]" and (b) [Fe(OETPP)L,]* in

units of 0.01 A, where L = DMAP and Py

Table 1. Crystal data of OMTPP and OETPP complexes

[Fe(OMTPP)(DMAP),]CIO,4

[Fe(OMTPP)(Py),]CIO,

[Fe(OMTPP)(Py),]CI0, [Fe(OETPP)(DMAP),]CIO4

T(K) 298 298
Chemical Formula CgHgaNgOyFeCl - (CHCl3),

(Cy33H, 53CLy)

80 298

Ce2H54NO4FeCl - (Hg 33Clg 3301 33) Co2H5aNgO4FeCl ™ (Ho33Cl0330133) C4HggNgFeCl

(Cy133H1.33CL)

Crystal dimension(mm) 0.2x 0.1 x 0.1 0.5x05x03 0.1x0.1x0.1 0.5x04x0.1
Crystal color purple purple purple purple
Crystal system Monoclinic Cubic Cubic Trigonal
Space group P2,/c (#14) 143d (#220) 143d (#220) 13,21(#152)
Mr 1602.02 1230.72 1230.72 1172.76
a(A) 16.4556(5) 25.937(3) 25.609(1) 22.595(9)
b(A) 23.7289(6) 25.937(3) 25.609(1) 22.595(9)
c(A) 19.8424(6) 25.937(3) 25.609(1) 13.967(5)
a(®) 90 90 90 90
B( 91.924(1) 90 90 90
r(® 90 90 90 120
v (A% 7743.6(4) 17448(3) 16795.5(9) 6175(4)
V4 4 12 12 3
Dx (Mg m™) 1.374 1.406 1.460 0.946
Diffractometer Rigaku RAXIS-RAPID Imaging Plate Rigaku AFC-7R Rigaku RAXIS-RAPID Imaging Plate Rigaku RAXIS-RAPID Imaging Plate
Scan type w-scan w-scan w-scan w-scan
Absorption correction multi-scan P-scan none multi-scan
(Tinin =0.869, Ty = 0.933) (Tpin =0.763, Tyax = 0.845) (Tgin =0.885, Tpayx = 0.975)
20 pax O 55.0 55.0 55.0 55.0
(-19 <h <21, -30<k<30, -25<1<25) (-18 <h <33, 0<k<23,-10<I<19)  (-33 <h <33, -23<k<23, -17<I<18) (-29 <h <29, -29<k<29, -18<I<18)
No. of Indep. reflns. 17126 1948 3090 9164
No. of reflns with > 20(1) 11710 1290 2512 8884
No. of parameters 935 204 196 413
Rine 0.0546 0.0362 0.0960 0.0615
Rl 0.0889 0.0423 0.0536 0.0594
wR? 02543 0.1143 0.1144 0.1585
S 1.024 0.989 0.961 1.087

Weighting scheme
where P = (FoZ +2Fcz)/3

(A/OYmax s <0.001 <0.001
Aprax (A7) 0.906 0.192
Apyin (€A™ 0.725 0.248

w=1/[0XFo?) + (0.01785P)*+2.5869P] w=1/[0*(Fo?) + (0.0623P)*]
where P = (Fo? +2Fc%)/3

w=1/[c%(Fo?) + (0.0623P)’]
where P = (Fo? +2Fc?)3

w=1/[cX(Fo?) + (0.1236P)*+0.4276P]
where P = (Fo® +2Fc¢%)/3

<0.001 <0.001
0.819 0.991
-0.527 -0.300

dihedral angle 0 between the two DMAP ligands is 84.2°.
The porphyrin core is ideally saddle shaped as indicated by
the fairly small |AC,,,.,,| and 1 values which are 0.01 A and
1.3(4)°, respectively.
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Replacement of the axially coordinated DMAP ligand by
Py in [Fe(OMTPP)L,]" causes some structural changes as
shown in Figure 2 and Figure 4(a). The largest change is
the elongation of the Fe—N,,;, bonds from 2.009(3) to
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Table 2. Comparison of structural parameters [Fe(OMTPP)L,]* and [Fe(OETPP)L,]*

Complexes Fe-Np  Fe-Npia 40 o o /o /o o IACmeo |ACH  Cavity
K x /A o7 eIt /W K @ rooth r00mA &> RF
[Fe(OMTPP)(DMAP),]* 208 1.979(3) 2.009 1.3(3) 842 223(2) 143.02) 13(@) 56.02) 1 94 ——  this work
2.4(4)
[Fe(OMTPP)Py,]* 298 1.963(3) 2.058(6) 24.8(3) 90 26.1(1) 1282(1) 10.03) 452(1) 19 104 1981 ihis work
[Fe(OMTPP)Py,]* 80 1.973(3) 2.024(4) 23.4(2) 90 259(1) 128.5(1) 102(3) 454(1) 18 102 1877 ihis work
[Fe(OETPPYDMAP),I" 208 1.977(2) 2.030(3) 10.6(Q2) 532 30.8(1) 1184(1) 4.0(2) 66.72) 8 122 —— thiswork
25.0(2)
[Fe(OETPPYDMAP),]* 298 1.951  2.000 9 70 33l 1140 171 66 28 122 — 7
29
[Fe(OETPP)Py,]" 298 1985  2.20t L14) 823 324(1)Pl115202)1 1230 406(1) 3 124 28.88 (28]
3.6(3) 32.08
[Fe(OETPP)Py,]* 80 1957  1.993 6.33)  85.1 30.8()P118.5(1)P! 3.03)b 64.53) 6 1221 2319 (28]

11.6(3)

[a] The angles are calculated on the basis of the molecular structure reported by Ogura et al.l*’]

of the molecular structure reported in our previous paper.

Scheme 2

2.058(6) A. In contrast, the Fe—N;, bonds exhibit a small
contraction of 0.016 A. These results can be explained in
terms of the difference in ligand field strength between
DMAP and Py since DMAP is a much stronger field ligand
than Py. Thus, the replacement of DMAP by Py weakens
the axial coordination and lengthens the Fe—N,,;,; bonds,
which in turn strengthens the equatorial coordination and
causes concomitant contraction of the Fe—N,, bonds. The
saddled motif in [Fe(OMTPP)Py,]" is much deeper than
that in [Fe(OMTPP)(DMAP),]" as indicated by the in-
crease in the |ACgy| and 7 values and the decrease in the y
value; |ACg| increases from 0.94 to 1.04 A while vy decreases
from 143.0 to 128.2°. The |AC,,.,| and n values are also
different for two complexes - they are 0.01 A and 1.34) °
for the DMAP, and 0.19 A and 10.0(3)° for the Py complex.
Such results indicate that, in contrast to the case of
[Fe(OMTPP)(DMAP),]*, the saddled structure of
[Fe(OMTPP)Py,]* contains some ruffling. Due to the mix-
ing of the ruffled deformation, the mutually perpendicular
clefts which are located along the diagonal N,—Fe—N,
axes in the DMAP complex rotate to some extent about the
Fe—N,..s axis. As a result, the axial ligands are aligned
along the new clefts. This must be the reason why the @
value increased to 24.8(3)°.

As mentioned, [Fe(OETPP)(DMAP),]" has two poly-
morphs, A and B. Structural parameters of the polymorph
A such as 7, v, and 1 are listed in Table 2. The same param-

802 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1% The angles are calculated on the basis

eters of the polymorph B have been calculated on the basis
of the molecular structure reported by Walker and co-work-
ersi?’l and these are also listed in Table 2. The average
Fe—N, and Fe—N,., bond lengths are 1.977(2) and
2. O30(3)A in polymorph A, while those in polymorph B are
1.951A and 2.000A, respectively. The |AC,,.,,| and n values
in A and B are also different from each other - they are
0.08 A and 4.0° in A, and 0.28 A and 17° in B. These data
indicate that the saddled porphyrin ring in polymorph B
contains some ruffling. The dihedral angles 6 in A and B
are 53.2° and 70°, respectively, which are much smaller than
those of the other complexes.

The structural parameters of [Fe(OMTPP)(DMAP),]"
can now be compared with those of polymorph A of
[Fe(OETPP)(DMAP),]". As shown in Figure 3 and Fig-
ure 4(b), the saddled structure has increased on going from
the OMTPP to the OETPP complex. The |[ACy| and y val-
ues are 0.94 A and 143. 0(2)° in [Fe(OMTPP)(DMAP),]*"
while  they are 1.22 A and 118 4(1)° in
[Fe(OETPP)(DMAP),]". Although the average Fe—N, .
bond length has increased by 0.021 A on going from
OMTPP to OETPP, the average Fe—N, bond lengths re-
main almost constant. In contrast to the ideally saddle
shaped [Fe(OMTPP)(DMAP),]", the porphyrin core of
[Fe(OETPP)(DMAP),]" exhibits a slight ruffling as re-
vealed by the larger |AC,,.,| and 1 values of 0.08 A and
4.0(2)°. As a result, the ¢ values of the axial ligands have

increased from 1.3(3)° and 2.4(4)° in
[Fe(OMTPP)(DMAP),]" to 10.6(2) and 25.0(2)° in
[Fe(OETPP)(DMAP),]".

Similarly, the structural parameters of [Fe(OMTPP)Py,]*
can be compared with those of [Fe(OETPP)Py,]" reported
in our previous communication.*® The largest difference
can be seen in the long Fe—N,;,; bond lengths of 2.201A
in [Fe(OETPP)Pyz]+ Even the Fe—N,, bonds show a small
increase of 0.022 A. As in the case of the DMAP complexes,
the saddled structure has increased on going from the
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OMTPP to the OETPP complex. The |[ACg| and y values
in [Fe(OMTPP)Py,]" are 1.04 A and 128.2(1)° compared
with 1.24 A and 115.2(2)° in [Fe(OETPP)Py,]". While the
porphyrin core of [Fe(OMTPP)Py,] " exhibits some ruffling,
that of [Fe(OETPP)Py,]" shows quite a pure saddled struc-
ture. The |AC,,.,| and n values are 0.03 A and 1.2(3)°,
respectively.”®! These results indicate that [Fe(OETPP)Py,] *
has two deep clefts along the diagonal N,—Fe—N,, axes
above and below the porphyrin ring. As a result, the pyri-
dine ligands are situated almost exactly along the diagonal
N,—Fe—N,, axes and the ¢ values are only 1.1(4)° and
3.6(3)°. Thus, the orientation of planar axial ligands in
highly saddled porphyrin complexes can be summarized as
follows: the axial ligands are orientated along the diagonal
N,—Fe—N,, axes but they rotate toward the diagonal
Chieso—Fe—C,.o axes as the ruffling character
increases.[32 734

Spin States of [Fe(OMTPP)L,|*

(i) Mossbauer Spectra

Figure 5 shows the temperature dependence of the
Mossbauer parameters such as isomer shift (IS) and quad-
rupole splitting (QS) for [Fe(OMTPP)L,]" and
[Fe(OETPP)L,]* (L = DMAP, Py) determined for micro-
crystalline samples.”®! Table 3 lists the 1S, QS and effective
line widths (I'; and I',). The IS value increases from 0.16
to 0.23 mm-s~! in the case of [Fe(OMTPP)(DMAP),|" as
the temperature is lowered from 290 to 77 K. A similar in-
crease has been observed for the IS values of
[Fe(OMTPP)Py,]" and [Fe(OETPP)(DMAP),]" which in-
crease from 0.19 to 0.25mm-s ! and from 0.19 to
0.26 mm-s~', respectively. Only the IS value of
[Fe(OETPP)Py,]" shows a large decrease from 0.32 to
0.25mm-s~!' as shown in Figure 5(a). The QS values of
[Fe(OMTPP)(DMAP),]", [Fe(OMTPP)Py,]*, and
[Fe(OETPP)(DMAP),]" are almost constant in the tem-
perature range 290—77 K and are 1.86—1.90 mm-s~! for

[Fe(OMTPP)(DMAP),]", 2.13—2.18 mm-s~! for
[Fe(OMTPP)Py,] ", and 2.21-2.31 mm-s™! for
{a) Isomer Shifts (b) Qudrupole Splittings

3.0

2.5 fredeedeeede =
_—
“ﬂ*ﬁgﬂ_ﬂ___n,h

2.0 ..... —
—o—0—+—0+-0-+—0

1.5
50 100 150 200 250 300
T(K)

0.15
50 100 150 200 250 300
T(K)

Figure 5. Temperature dependence of the Mdossbauer parameters
of [Fe(OMTPP)L,]CIO4 and [Fe(OETPP)L,]CIO; measured on
microcrystalline samples; open circles: [Fe(OMTPP)(DMAP),]-
ClOy4; open squares: [Fe(OMTPP)Py,]ClOy; filled circles: [Fe(O-
ETPP)(DMAP),|ClOy; filled squares: [Fe(OETPP)Py,]ClO,
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Table 3. Mossbauer parameters of [Fe(OMTPP)L,]* and
[Fe(OETPP)L,]" (L = DMAP, Py)
T IS os Iy I
L — Ref
K mms? mms! mm s mms!
OMTPP
DMAP 290 0.16 1.86 0.30 033 this work
70 023 1.89 0.38 0.54
Py 299 0.19 2.18 0.23 0.26  this work
78 025 218 0.33 0.42
OETPP
DMAP 290 0.19 221 0.27 0.32 126
80 0.26 231 0.55 0.89
Py 290 032 2.76 0.27 0.29 (261
70 0.25 2.29 0.47 0.64

[Fe(OETPP)(DMAP),]". These three complexes thus main-
tain their low-spin states in the temperature ranges exam-
ined. The QS values of the low-spin complexes are in the
range of 1.3—2.4 mm-s~'.2635737 [n contrast, the QS value
of 2.76 mm-s~! for [Fe(OETPP)Py,]* at 290 K is rather
large and decreases to 2.29 mm-s~! at 77 K. Since the S =
3/2 complexes are characterized by the large QS val-
ues,[10:12.13.24.26.38.39] this Mossbauer result suggests that
[Fe(OETPP)Py,]" exhibits a spin crossover from the pre-
dominantly S = 3/2 state at 290 K to the predominantly
S = 1/2 state at 77 K.

(ii) SQUID Magnetometry

Figure 6 shows the temperature dependence of the effec-
tive magnetic moments of [Fe(OMTPP)L,]CIO, (L =
DMAP, Py) taken on microcrystalline samples using
SQUID magnetometry. For comparison, the corresponding
data for [Fe(OETPP)L,]CIO, (L = DMAP, Py) reported in
our previous communication are also given.”®! While the
effective magnetic moments of [Fe(OMTPP)(DMAP),|",
[Fe(OMTPP)Py,]*, and  [Fe(OETPP)(DMAP),] are
2.1—2.8 pp in the temperature range of 50—300 K, those of
[Fe(OETPP)Py,]" are 2.4—3.4 pg in the same temperature
range. These results suggest that the former three complexes
adopt mainly the S = 1/2 spin state while [Fe(OETPP)Py,]*
exhibits the spin transition from the predominantly S =
3/2 state to the predominantly S = 1/2 state as the tempera-
ture is lowered. The SQUID results are therefore consistent
with the Mdssbauer results.

Reasons for the Absence of the Spin Crossover Process in
[Fe(OMTPP)Py,|*

In our previous communication, we reported the basis of
the spectroscopic and magnetic results that are observed
when a novel spin transition takes place from the S = 3/2
to the S = 1/2 spin state in [Fe(OETPP)Py,]" both in solu-
tion and in the solid state as the temperature is lowered.[?%!
The X-ray crystallographic analysis of the same complex at
three different temperatures revealed that the contraction of
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Figure 6. Temperature dependence of the effective magnetic mo-
ments of [Fe(OMTPP)L,]* and [Fe(OETPP)L,]" measured on
microcrystalline samples using SQUID magnetometry; open
circles: [Fe(OMTPP)(DMAP),|CIOy; open squares:
[Fe(OMTPP)Py,]ClOy; filled circles: [Fe(OETPP)(DMAP),|ClOy;
filled squares: [Fe(OETPP)Py,]ClO,

the Fe—N,,;,s bond is an important requirement for the
spin crossover process to occur. The average Fe—N,, ;.
bond length decreases from 2.201(3) to 1.993(3) A as the
temperature is lowered from 298 to 80 K.*® Similar bond
contractions have been reported by Scheidt and co-workers
in [Fe(OEP)(3-CIPy),]*, which could be ascribed to the spin
transition from the S = 5/2 to the S = 1/2 state.[**-*11 Thus,
we expected such a spin transition should also occur in
[Fe(OMTPP)Py,]*. Both the Méssbauer and SQUID meas-
urements for the microcrystalline samples indicated, how-
ever, that such a phenomenon never occurs in the solid
state. [Fe(OMTPP)Py,]* maintains the S = 1/2 spin state
over a wide range of temperatures. To understand the re-
asons for the absence of the spin crossover process in
[Fe(OMTPP)Py,]*, we determined the crystal and molecu-
lar structures of this complex at 80 K. The crystal data and
structural parameters are listed in Table 1 and Table 2,
respectively. The data in Table 2 indicate that the Fe—N, ;.
bond in [Fe(OMTPP)Py,]" shows only a slight decrease of
0.034 A, as the temperature is lowered from 298 to 80 K
whereas the corresponding decrease reaches as much as
0.208 A in the case of the spin crossover complex,
[Fe(OETPP)Py,]*. The data in Table 2 also indicate that
the structural changes are fairly small in all respects includ-
ing the values of ¢, 0, 1, ®, v, and 1. For example, while
the axial ligands rotate by 5.2° and 8.0° as the temperature
is lowered from 298 to 80 K in [Fe(OETPP)Py,]*, they ro-
tate by only 1.4° in [Fe(OMTPP)Py,]". These data are con-
sistent with the Mossbauer and SQUID results, which indi-
cate that [Fe(OMTPP)Py,]" maintains the S = 1/2 spin
state over a wide range of temperatures in the solid state.

804 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The difference in the magnetic behavior can be ascribed
to the difference in molecular packing between
[Fe(OMTPP)Py,]" and [Fe(OETPP)Py,]* in the crystal lat-
tices. The crystal data listed in Table 1 as well as those of
[Fe(OETPP)Py,] " reported in our previous communication
indicate that the crystal systems for [Fe(OMTPP)Py,]* and
[Fe(OETPP)Py,]* are different. The former adopts a cubic
while the latter exhibits a monoclinic crystal system.?®] The
monoclinic system is a less condensed packing form than
the cubic system since the latter is the closest packing form
as shown in Figure 7 (a and b). In fact, the density (D,) of
[Fe(OMTPP)Py,]" with the cubic crystal system is 1.406 g
cm 3, while that of monoclinic [Fe(OMTPP)(DMAP),]" is
1.374 ¢ em™3 in spite of its larger molecular weight. It
should be noted that the D, value of the spin crossover
complex, [Fe(OETPP)Py,]*, is only 1.296 g cm 3 at 298 K.
Thus, [Fe(OMTPP)Py,]* is the most densely packed among
the three complexes. In other words, the Fe—N,,,,, bond
contraction in [Fe(OMTPP)Py,]* at lower temperature
must be more difficult than that in [Fe(OETPP)Py,]" since
each molecule of [Fe(OMTPP)Py,]* is placed in a densely
packed crystal lattice even at ambient temperature. Conse-
quently the spin crossover process, which requires a de-
crease in the Fe—N,,,;,; bond length caused by the contrac-

(a)

Figure 7.

Crystal
[Fe(OETPP)Py,]* and (b) cubic [Fe(OMTPP)Py,]" viewed along
the a axis

packing diagrams of (a) monoclinic
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tion of the unit cell, takes place only in [Fe(OETPP)Py,]*.
It should also be noted that the decrease in the crystal lat-
tice occurs differently between [Fe(OMTPP)Py,]" and
[Fe(OETPP)Py,]" because of the difference in crystal sys-
tems. Since the structure of [Fe(OMTPP)Py,]* adopts a cu-
bic system, the contraction of the crystal lattice should oc-
cur isotropically as the temperature is lowered. In the case
of [Fe(OETPP)Py,]*, however, an anisotropic contraction
is expected at lower temperature because of its monoclinic
system. In fact, we have observed quite a direction-depen-
dent contraction as reported in our previous communi-
cation. The major contraction takes place along the b-axis,
which is tilted by only 15° from the Fe—N,,,,; axis.?8! Thus,
the contraction of the unit cell along the b-axis specifically
decreases the Fe—N,,;; bonds and, consequently, induces
the spin crossover process.

As mentioned, the displacement and rotation of the axial
ligands are the major driving forces for the spin-crossover
process in [Fe(OETPP)Py,]* .28 The degree of displacement
and rotation should correlate closely with the shape and
size of the cavity around the axial ligand. The axial ligands
situated in a wide cavity could easily alter their positions
when the external conditions such as temperature and
pressure are changed. In this respect, quantitative eluci-
dation of the cavities around the axial ligands is quite im-
portant for clarifying the mechanism of the spin-crossover
process. To reveal the spatial environment around the axial
ligands of [Fe(OETPP)Py,]* and [Fe(OMTPP)Py,]", we
have carried out a CAVITY calculation developed by
Ohashi and co-workers.*>#3] In this calculation, the cavity
for the axial ligand is defined as the concave space limited
by the surface of the spheres,[*>*3] where each atom in the
vicinity of the pyridine ligand is located in the center of the
sphere with the radius of each sphere being greater than the
van der Waals radius by 1.2 A4 Figure 8 (a and b) exhibit
the change in orientation of the pyridine ligand of
[Fe(OMTPP)Py,]" as the temperature is lowered from 298
to 80 K. In this complex, a quarter of the molecule is crys-
tallographically independent. Thus, the cavity size and
shape of each ligand is exactly the same in a single mol-
ecule. Figure 8 (c and d) illustrate the change in orientation
of one of the pyridine ligands of [Fe(OETPP)Py,]*. Since
the complex has two independent pyridine ligands in a sin-
gle molecule, the cavities of the ligands are different from
each other. The cavity sizes of these complexes are also
listed in Table 2. The data in Table 2 clearly indicate that
the cavity sizes are quite different between the two com-
plexes. The OETPP complex showing the spin-crossover
phenomenon has cavities of 32.08 and 28.88 A3 at 298 K,
while the OMTPP complex has a much smaller cavity size
of 19.81A3. Thus, the cavity size of the Py ligand in
[Fe(OMTPP)Py,]* is only 65% of that in
[Fe(OETPP)Py,]". Close inspection of the cavities in Fig-
ure 8 (¢ and d) reveals that the pyridine ligand in the
OETPP complex, signified as a bold line, is aligned along
the diagonal N1—N3 axis and makes contact with a convex
surface created by the neighboring atoms at 298 K. When
the temperature is lowered to 80 K, the Fe—N,,;,; bond
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contracts. Concomitantly, the pyridine ligand rotates
toward the diagonal C,,,.,,—C,,..s, axis to minimize the re-
pulsion with the porphyrin core until it makes contact with
another convex surface. In other words, each pyridine li-
gand of [Fe(OETPP)Py,]* has room for rotation, which in
turn enables the contraction of the Fe—N,,;,; bond and
makes the spin crossover possible. In contrast, the pyridine
ligand in [Fe(OMTPP)Py,]" is confined to a limited space
of only 65% of that available in [Fe(OETPP)Py,]*. Further-
more, the cavity shape around the pyridine ligand does not
allow any rotation of the ligand as shown in Figure 8 (a
and b). Both sides of the pyridine ligand make contact with
the convex surfaces. Another notable difference is the com-
pression ratio of the cavity as the temperature is lowered
from 298 to 80 K. Although the cavity of the OETPP com-
plex decreases on average by 17.7%, that of the OMTPP
complex shows a much smaller decrease of 5.25%. Thus,
the absence of the spin crossover process in
[Fe(OMTPP)Py,]* can be attributed to the fact that the
molecules are placed in a densely packed crystal lattice even
at room temperature and that the axial ligands are confined
to narrow cavities. In other words, a loosely packed crystal
system and wide cavities around the axial ligands which al-
low their displacement and rotation are the important re-
quirements for the spin transition to occur in the solid state.

Conclusions

Combined analysis using Mossbauer spectroscopy and
SQUID magnetometry has revealed that the spin state of
the saddle shaped complex [Fe(OMTPP)Py,]* is quite dif-
ferent from that of the corresponding [Fe(OETPP)Py,]".
While [Fe(OETPP)Py,]* exhibited a novel spin crossover
process over 80—300 K, [Fe(OMTPP)Py,]* maintained the
S = 1/2 spin state in the same temperature range. The mo-
lecular structures of [Fe(OMTPP)Py,]" determined at 298
and 80 K by X-ray crystallography further support the
Maossbauer and SQUID results. The Fe—N,,,;,; bond con-
traction, which is one of the most important requirements
for the spin crossover process to occur, is only 0.034 A even
if the temperature is lowered from 298 to 80 K whereas the
bond contraction reaches as much as 0.208 A in the case of
[Fe(OETPP)Py,]*. To further understand the spin cross-
over process in the solid state, we have determined the cav-
ity size of each ligand in [Fe(OMTPP)Py,]" and
[Fe(OETPP)Py,]" by Ohashi’s method.*>~44 While the
OETPP complex has cavities of 32.08 and 28.88 A3, the
OMTPP complex exhibits a much smaller cavity with a vol-
ume of 19.81 A3. Furthermore, the cavities of the OETPP
complex decreased by 15.6 and 19.7% as the temperature
was lowered from 300 to 80 K. In contrast, the contraction
of the cavity in the OMTPP complex was only 5.3%. On
the basis of these results, we conclude that the absence of
the spin crossover process in [Fe(OMTPP)Py,]" can be at-
tributed to the densely packed crystal lattice together with
the narrow cavities around the axial ligands. In other words,
the molecules have to be placed in a loosely packed crystal
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Figure 8. The orientation change of the pyridine ligands in the cavities of [Fe(OMTPP)Py,]CIO4 and [Fe(OETPP)Py,]ClO, as the tempera-
ture is lowered from 298 K (left) to 80 K (right): (a) the cavity viewed along the normal to the average porphyrin plane of [Fe(OMTPP)Py,]-
ClO,, (b) the cavity viewed along the N2—N4 axis of [Fe(OMTPP)Py,]CIO,, (c) the cavity viewed along the normal to the average
porphyrin plane of [Fe(OETPP)Py,]ClO,, and (d) the cavity viewed along the N1—N3 axis of [Fe(OETPP)Py,]CIO,
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lattice and the cavities around the axial ligands have to be
wide for the occurrence of the spin crossover in the solid
state.

Experimental Section

General Procedures: Iron-57 Mossbauer spectra were measured on
a Wissel Mossbauer spectrometer system consisting of an MDU-
1200 function generator, a DFG-1200 driving unit and an MVT-
100 velocity transducer, incorporating a model 7800 multi-channel
analyzer form Seiko EG&G Co. Ltd. The samples were kept in a
Heli-Tran LT-3 gas-flow cryostat from Advanced Research System
Inc. equipped with a 9620 digital temperature controller from
Scientific Instruments Inc. and the >’Co(Rh) source was kept at
room temperature. The data were analyzed using the standard le-
ast-squares method. The isomer shifts (3) are given relative to a-
iron foil at room temperature. The solid state magnetic suscepti-
bilities were measured over the temperature range 2—300 K in a
magnetic field of 0.5 T with a SQUID magnetometer (Quantum
Design MPMS-7). The measured data were corrected for diamag-
netic contributions.

Synthesis: H,(OMTPP) and the iron(m) chloride complex
[Fe(OMTPP)CI] were prepared according to the literature.[*3 4%
[Fe(OMTPP)(THF),]ClO,4 was prepared by the addition of a THF
solution of AgClO4 to a THF solution of [Fe(OMTPP)CI].#-30
The bis-ligated complexes, [Fe(OMTPP)L,]ClO,, were prepared by
the addition of 10—15 equiv. of the ligand (DMAP or Py) to a
CHCl; solution of [Fe(OMTPP)(THF),]C10,.%

Crystal Structure of [Fe(OMTPP)(Py),]C1O,1/3HCIO +4/3CHCl,
at 298 K

i) Preparation of Crystals: The purple solid [Fe(OMTPP)-
(THF),]CIO4 was dissolved in CHCIl; containing 10—15 equiv. of
pyridine and allowed to stand at room temperature. One of the
cubic crystals thus obtained was sealed within a glass capillary to
prevent evaporation of solvent in the crystal lattice.

ii) X-ray Crystal Structure Analysis: All data were collected on a
Rigaku AFC-7R diffractometer with filtered Mo-K,, radiation (A =
0.71069A) and a rotating anode generator. Cell constants and an
orientation matrix for data collection were obtained from a least-
squares refinement using the setting angles of 21 carefully centered
reflections in the range 30.08<< 20 < 33.66° corresponded to an /-
centered cubic cell. The data were collected at room temperature
using the o scan technique to a maximum 26 value of 54.9°. Of the
1948 reflections which were collected, 1681 were unique (Ri,; =
0.0362). An empirical absorption correction based on azimuthal
scans of several reflections was applied which resulted in trans-
mission factors ranging from 0.80 to 0.98.5" The structures were
solved by direct methods with the program SIR97,52 TEXSAN/3
and expanded using the program DIRDIF94.34 The structure re-
finement was carried out by the full-matrix least-squares method
with SHELXL-97.51 All non-hydrogen atoms were refined aniso-
tropically. All the hydrogen atoms were located in calculated posi-
tions. The positional parameters of the H atoms were constrained
to have C—H distances of 0.96A for primary, 0.97A for secondary,
and 0.93 A for aromatic H atoms. The H-atom U values were con-
strained to have 1.2 times the equivalent isotropic U value of the
atoms to which they are attached (1.5 for methyl groups). The
atomic scattering factors were taken from the International Tables
for Crystallography.
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CCDC-208539 to -208542 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge at www.ccde.cam.ac.uk/conts/retrieving.html [or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge CB2 1EZ, UK; Fax: (internat.) +44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

iiif) Crystal Data, Experimental and Refinement Details for Crystal
Structure  Determination:  Crystal  data:  CgHsyNgO4Cl-
0.33HCIO41.33CHCls; M, = 1230.72 g mol ™~ !; crystal color: pur-
ple; crystal dimensions: 0.5 X 0.5 X 0.3 mm; cubic, /43d (#220);
a=b=c=259373)A:a =B =7 =90% V= 17448(3)A3%; Z =
12; p = 1.406 gem—3; Ry, = 0.0362, R, = 0.060; —18 < h < 33,
0 < k <23, =10 < [ < 19; Refinement: Refinement on F?; R[F’
> 25(F)] = 0.0423, R(all data) = 0.0889, wR? = 0.1042; S = 0.988;
1948 reflections; 0 restraints; 204 parameters; w = 1/[c*(F,?) +
(0.0625 P)*] where P = (F,> 4+ 2F2)/3; (A/6)max < 0.001; Apmay =
0.19 eA3; Appin = —0.249 eA3

Crystal Structure of [Fe(OMTPP)(DMAP),|Cl1044CHCl;

i) Preparation of Crystals: The purple solid [Fe(OMTPP)-
(THF),]ClO4 was dissolved in CHCI; containing 10—15 equiv. of
DMAP and allowed to stand at room temperature. One of the pris-
matic crystals thus obtained was sealed within a glass capillary to
prevent evaporation of solvent in the crystal lattice.

i) X-ray Crystal Structure Analysis: All measurements were carried
out on a Rigaku RAXIS-RAPID Imaging Plate diffractometer
with graphite monochromated Mo-K,, radiation (A = 0.710691&)
and a rotating anode generator. Indexing was performed from 3
oscillations which were exposed for 7.5 minutes. The camera radius
was 127.40 mm. Readout was performed in the 0.100 mm pixel
mode. The data were collected at 80 K to a maximum 20 value of
55.0°. A total of 110 images, corresponding to 222.0° oscillation
angles were collected with 3 different goniometer settings. Exposure
time was 2.70 minutes per degree. Data were processed with the
PROCESS-AUTO program package. Of the 106877 reflections
which were collected, 17126 were unique (R;,; = 0.039). The linear
absorption coefficient, p, for Mo-K, radiation is 6.9 cm™'. A sym-
metry related absorption correction using the ABSCOR program
was applied which resulted in transmission factors ranging from
0.869—0.933. The data were corrected for Lorentz and polarization
effects.>! The structure was solved by a procedure similar to that
described above.

iii) Crystal Data, Experimental and Refinement Details for Crystal
Structure Determination: Crystal data: C;oHg;NgO,ClFe. 4CHCls;
M, = 1602.02 g mol™!; crystal color: purple; crystal dimensions:
0.2 X 0.1 X 0.1 mm; monoclinic, P2,/c (#14); a= 16.4556(5)A, b=
23.7289(6)A, ¢ = 19.8424(6)A; B = 91.924(1)%; V = 7743.6(4) A3;
Z =4;p = 1374 gcm™3; Ry, = 0.0546, R, = 0.0278; —19 < h <
21, =30 < k < 30, —25 < [ < 25; Refinement: Refinement on F>;
R[F? > 206(F?)] = 0.0899, R(all data) = 0.1205, wR? = (.2543; S =
1.024; 17126 reflections; 0 restraints; 935 parameters; w = 1/
[62(F,%) + (0.01785P)*> + 2.5869P] where P = (F,> + 2F.2)/3; (A/
max < 0.001; Apax = 0.906 eA3; Apin = —0.725 cA3

Crystal Structure of [Fe(OETPP)(DMAP),|CIO4

i) Preparation of Crystals: The purple solid [Fe(O-
ETPP)(THF),]ClO, was dissolved in CHCl; containing 10—15
equiv. of DMAP and allowed to stand at room temperature. One
of the prismatic crystals thus obtained was sealed within a glass
capillary to prevent evaporation of solvent in the crystal lattice.
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ii) X-ray Crystal Structure Analysis: All measurements were carried
out on a Rigaku RAXIS-RAPID Imaging Plate diffractometer
with graphite monochromated Mo-K,, radiation (A = 0.710691&)
and a rotating anode generator. Indexing was performed from 3
oscillations which were exposed for 1.5 minutes. The camera radius
was 127.40 mm. Readout was performed in the 0.100 mm pixel
mode. The data were collected at 298 K to a maximum 26 value of
55.0°. A total of 110 images, corresponding to 386.5.0° oscillation
angles were collected with 3 different goniometer settings. Exposure
time was 1.70 minutes per degree. Data were processed using the
PROCESS-AUTO program package. Of the 85871 reflections
which were collected, 5022 were unique (R, = 0.051). The linear
absorption coefficient, p, for Mo-K, radiation is 5.1 cm™!'. A sym-
metry related absorption correction using the ABSCOR program
was applied which resulted in transmission factors ranging from
0.885—0.975. The data were corrected for Lorentz and polarization
effects.’®! The structure was solved by a procedure similar to that
described above.

iii) Crystal Data, Experimental and Refinement Details for Crystal
Structure Determination: Crystal data: C;,HgoNgClFe, M, =
1172.76 g mol™'; crystal color: purple; crystal dimensions: 0.5 X
0.4 X 0.1 mm; trigonal, P3,;21(#152); a = b = 22.595(9) A, c =
13.967(5) A; V = 61753) A%, Z = 3; p = 0.946 g cm % Ry =
0.0615, R, = 0.0224; =29 < h <29, =29 < k <29, —18 <[ <
18; Refinement: Refinement on F?; R[F? > 26(F?)] = 0.0594, R(all
data) = 0.0607, wR?> = 0.1585; S = 1.087; 9164 reflections; 4 re-
straints; 413 parameters; w = 1/[c%(F,?) + (0.1236 P)> + 0.4276 P]
where P = (F,2 + 2F.2)/3; (Al6)max < 0.001; Appax = 0.991 eA3;
Apmin = —0.300 eA?
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