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The five-coordinate ferric azide complex of 2,7,12,17-tet-
rapropylporphyrcene [Fe(TPrPc)N3] was characterized with
proton NMR, electron paramagnetic resonance (EPR), Möss-
bauer, and IR techniques. The paramagnetic NMR showed
the pyrrole-H signal that exhibits anomalous anti-Curie type
of 1/T-dependence over a 310–190 K range. The EPR of the
solid sample resolved a signal with g = 5.42, 5.40, and 2.00
at 5 K. The quadrupole splitting parameter of the Mössbauer
spectrum was 2.20 mms–1 at 290 K, and the magnetic mo-
ment was 4.70 µB at 290 K for the microcrystalline sample.
These results suggest that [Fe(TPrPc)N3] is not pure high-
spin (S = 5/2) but a spin mixture of the S = 5/2, 3/2 states.
The azide in [Fe(TPrPc)N3] exhibited split IR bands ascribed

Introduction

Understanding of hemoprotein function is aided by the
elucidation of the structure of the prosthetic group. There
is a general consensus that heme is not always rigid but
flexible and can deform easily. Nonplanar heme defor-
mation in a crowded protein matrix is suggested to be func-
tionally important.[1] Porphyrin molecular shape can be ar-
tificially changed with organic synthesis by rearranging the
tetrapyrrole array.[2] A typical example is 2,7,12,17-tetrapro-
pylporphycene (TPrPc; Scheme 1), discovered by Vogel et
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to the two spin isomers at 2066 and 2049 cm–1. The 2049-
cm–1 band, assigned to the S = 3/2 species, was reversibly
intensified with decreasing temperature. The IR results dem-
onstrate that the S = 3/2, 5/2 states are not quantum-mechan-
ically admixed but in thermal equilibrium. The thermo-
dynamic parameters associated with the spin equilibrium,
∆H = –3 990 calmol–1 and ∆S = –16.5 calmol–1 K–1, were ob-
tained from the NMR shift analysis, and the population of the
S = 3/2 isomer was calculated to be 0.19 at 293 K. A minimum
lifetime of the two spin isomers was estimated to be 0.3 ps
with IR.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

al. in 1987.[3] The macrocycle consists of a rectangular tet-
rapyrrole, in marked contrast with the square porphyrin.
The modified tetrapyrrole extensively alters the physico-
chemical properties of parent porphyrin. TPrPc exhibits
characteristic light absorption spectra[2,3] and redox proper-
ties.[4]

Scheme 1. Structure of the FeIII complex of the porphyrinoids. The
coordinating azide ion is omitted for clarity.

Among the exogenous heme ligands, azide ion (N3
–) oc-

cupies a distinctive position to induce a thermal equilibrium
between the high- (S = 5/2) and low-spin (S = 1/2) states
in ferric hemoprotein.[5] The equilibrium was analyzed to
monitor the heme–globin interactions.[6,7] The spin-state
equilibrium of azide hemoprotein has been well reproduced
with six-coordinate model hemes.[8–12] In contrast, the five-
coordinate ferric heme [Fe(porphyrinato)N3] is a typical
high-spin complex.[10,11] The X-ray analysis for [Fe(TPP)-
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N3] (TPP, meso-tetraphenylporphyrinato) provided struc-
tural rationale for the high-spin state in five-coordinate
azide heme.[11]

The coordination core in porphycene is contracted.[2,3]

Recent spectroscopic investigations suggest that the nar-
rower metallo cavity in porphycene affects the magnetic
properties of the central iron(III) atom. The five-coordinate
ferric chloride complex of porphycene, for instance, exhibits
some intermediate-spin (S = 3/2) character,[13,14] whereas
the corresponding iron porphyrin is pure high-spin. In six-
coordinate ferric porphycene with axial azide/imidazole, the
high-spin population is lost, whereas the corresponding
porphyrin is 15% high-spin.[6] The unique structure of the
corrphycene molecule suggests that the azide complex of
ferric iron porphycene [Fe(TPrPc)N3] is likely to exhibit an
unusual behavior. We found that [Fe(TPrPc)N3] has mag-
netic properties, which are intermediate between the S =
5/2 and 3/2 states, in marked contrast with the pure S =
5/2 state of the corresponding iron porphyrins. Although
the mixed-spin S = 5/2, 3/2 compounds have been exten-
sively elucidated with various physical methods,[15,16] there
has apparently been no IR spectroscopic report for this sys-
tem. We demonstrate here that IR spectroscopy, when ap-
plied to [Fe(TPrPc)N3], discloses a novel picture of the spin
admixing.

Results

1H NMR and EPR

We recorded the 1H NMR of [Fe(TPrPc)N3] to elucidate
the magnetic anomaly inferred from the unique structure.
Figure 1 shows the NMR spectrum recorded in CD2Cl2.
The α-CH2, β-CH2, and γ-CH3 signals of the n-propyl sub-
stituents were observed at 37.2, 33.6, 6.1, 6.0, and 3.6 ppm,
respectively. The ethene-bridge proton was located at
–11.6 ppm, and pyrrole-H was at δ = 19.1 ppm. The assign-
ment is based on the peak intensity and iron–proton dis-
tance. The methylene doublets come from the magnetic an-
isotropy brought about by iron displacement from the por-
phycene plane (diastereotropic effect), and indicate the five-
coordinate state.[17] The five-coordinate structure is sup-
ported from the pyrrole-H shift at δ = 19 ppm because the
six-coordinate high-spin heme iron exhibits the pyrrole-H
shift at about 65 ppm.[17] The 1/T dependence of these sig-
nals is irregular. The protons in the propyl groups and eth-
ene bridges do not follow the Curie law to exhibit curved
plots. The Curie plots of the pyrrole-H are especially anom-
alous. The signal shifted to –30 ppm at 200 K beyond the
diamagnetic region (Figure 1, part B). The behavior of the
pyrrole-H closely resembles that of [Fe(TPP)ClO4][18] and
[Fe(TPrPc)X] (X = Cl, Br, I),[13] which are in the mixed-
spin S = 5/2, 3/2 state. The nonlinear Curie behaviors sug-
gest that [Fe(TPrPc)N3] is not pure high spin.

Eur. J. Inorg. Chem. 2007, 3188–3194 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3189

Figure 1. Proton NMR spectroscopy. (A) [Fe(TPrPc)N3] in CD2Cl2
at 300 K. (B) The Curie plots for the pyrrole-H signal. The solid
curve is theoretical fit calculated with the equation in the text.

Figure 2 displays the EPR spectrum of solid [Fe(TPrPc)-
N3] at 5 K. The spectrum shows nearly axial-symmetric sig-
nals with g = 5.42, 5.40, and 2.00. These g-values were de-
termined from the theoretical simulation. The split g� sig-
nals are consistent with the lower symmetry of the porphy-
cene. The g� = 5.42 is between g� = 6 and 4 for the typical
S = 5/2 and 3/2 species, respectively.[19,20] A similar spec-
trum with g = 5.82, 5.78, and 2.00 was obtained in toluene
at 5 K (result not shown). Another notable EPR observa-
tion is the considerable temperature dependence. The EPR

Figure 2. The EPR spectra of microcrystalline [Fe(TPrPc)N3] at
5 K. The upper spectrum is the observed spectrum, and the lower
is a simulation with g = 5.42, 5.40, and 2.00.
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spectrum broadened out above 10 K and no signals were
detected at 77 K. This is in contrast with ordinary ferric
high-spin heme with well-defined EPR signals at liquid ni-
trogen temperature.[20]

Analysis of NMR Isotropic Shift

Unusual NMR behavior of the pyrrole-H signal (Fig-
ure 1) and the characteristic EPR (Figure 2) suggest a mag-
netic anomaly for [Fe(TPrPc)N3]. The paramagnetic shift
was analyzed on the basis of the two-spin model. The ob-
served pyrrole-H shift δ consists of the diamagnetic and iso-
tropic contributions.[17] A 9.6-ppm diamagnetic of the pyr-
role-H shift was adopted from the metal-free TPrPc.[3] Then
we obtain δ – 9.6 = αδA + (1 – α)δB, where δA = A/T and
δB = B/T are the isotropic shifts of the two paramagnetic
components A and B. The constants A and B define, respec-
tively, the slope of the straight lines in the Curie plots for
A and B, and α and (1 – α) represent fractions of the two
components. It follows that the isotropic shift is δ – 9.6 =
α(A/T) + (1 – α)(B/T) and that the equilibrium constant is
K = [A]/[B] = α/(1 – α) = [A – T(δ – 9.6)]/[T(δ – 9.6) – B].
The van’t Hoff equation, lnK = –∆H/RT + ∆S/R, is modi-
fied for the NMR analysis into the following form:

The pyrrole-H shift δ was analyzed by fitting the tem-
perature profiles for [Fe(TPrPc)N3] (Figure 1, part B) to the
van’t Hoff formalism. For this end, the parameters A and
B were varied at δ = 10 ppmK–1 intervals in a realistic (A,
B) = (40000 to 5000, –1500 to –50000) region, and an (A,
B) set that gives rise to the best linear plots was looked
for. The computer program that was originally used for the
analysis of the thermochromism[21] and isotropic shift[22] of
azide hemoprotein was employed. The best linear plot, with
a correlation coefficient 0.99579, was obtained at (A, B) =
(7940, –22660), corresponding to ∆H = –3990 calmol–1 and
∆S = –16.5 calmol–1 K–1. From these thermodynamic val-
ues, an equilibrium constant K = [A]/[B] = 19:81 at 295 K
and the midpoint of transition Tc = ∆H/∆S = 242 K were
determined. The solid curve for the pyrrole-H shift in Fig-
ure 1 represents the theoretical fit calculated with these pa-
rameters.

Mössbauer

We examined the Mössbauer of [Fe(TPrPc)N3] to ascer-
tain further the anomalies inferred from the above NMR
and EPR. The Mössbauer spectra of a powder sample are
shown in Figure 3. The isomer shift δFe is 0.19 mms–1 and
quadrupole splitting ∆Eq is 2.20 mms–1 at 290 K. These
values are temperature dependent, and gradually changed
to δFe = 0.26 mms–1 and ∆Eq = 2.68 mms–1 at 77 K.
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Figure 3. The solid-state Mössbauer spectra of [Fe(TPrPc)N3]. (A)
Observed spectra at the indicated temperatures. (B) Temperature
dependence of quadrupole splitting ∆Eq and isomer shift δFe.

Magnetic Susceptibility

The magnetic moment provides the direct and quantita-
tive evaluation of the spin configuration of metal com-
plexes. Figure 4 shows the magnetic susceptibility of micro-
crystalline [Fe(TPrPc)N3] recorded over a 5–300 K range.
The effective magnetic moment 4.80 µB at 290 K gradually
fell down to 4.06 µB at 50 K. The values are intermediate
between 5.92 and 3.87 µB, expected for the pure S = 5/2 and
3/2 states, respectively.[5]

Figure 4. Temperature dependence of the effective magnetic mo-
ments of microcrystalline [Fe(TPrPc)N3].

IR Spectra

Several iron-bound ligands of heme exhibit sufficiently
intense vibrational bands. The antisymmetric IR stretching
band of the azide is observed around 2030 cm–1.[6–9] Fig-
ure 5 compares the IR spectra of the azide in [Fe(TPrP)N3],
[Fe(corrphycenato)N3], and [Fe(TPrPc)N3]. In the spectra
of the former two compounds, single bands with a half-
height width ∆ν1/2 = 18 cm–1 were observed at 2060 cm–1.
The spectral profile is in agreement with those observed for
azide complexes of protohemin (2065 cm–1, ∆ν1/2 =
19 cm–1)[7,10] and another iron corrphycene (2058 cm–1,
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∆ν1/2 = 16 cm–1).[23] The single IR bands for [Fe(TPrP)N3]
and [Fe(corrphycenato)N3] suggest their pure high-spin (S
= 5/2) state. On the other hand, the azide band of porphy-
cene [Fe(TPrPc)N3] at 2062 cm–1 is not symmetric and
somewhat broader, with a shoulder around 2040 cm–1 (Fig-
ure 5, part C). The curve analysis resolved two peaks at
2066 cm–1 (∆ν1/2 = 28 cm–1) and 2049 cm–1 (∆ν1/2 =
18 cm–1) with an integrated intensity ratio of I2049/I2066 =
24/76. The IR spectrum was temperature-dependent, the
2049-cm–1 peak being notably intensified with an isosbestic
point at 2055 cm–1 upon cooling (Figure 6). The transition
was fully reversible. We recorded the IR spectrum in the
solid state to examine the consistency with EPR and Möss-
bauer spectra. Figure 7 shows the IR spectrum of
[Fe(TPrPc)N3] in solid state. The bands were also identified
at 2027 cm–1 (∆ν1/2 = 18 cm–1) and 2012 cm–1 (∆ν1/2 =
15 cm–1) with I2012/I2027 = 26/74.

Figure 5. The IR absorption of iron-bound azide at 295 K. The
iron concentration is about 2 m in chloroform. (A) [Fe(TPrP)N3],
(B) [Fe(etiocorrphycenato)N3], and (C) [Fe(TPrPc)N3]. The broken
curves in (C) are from Gaussian fitting. The half-height widths of
the 2066- and 2049-cm–1 bands are 29 and 18 cm–1, respectively.
The lowest curve in (C) is the residual.

Figure 6. The IR absorption spectra of [Fe(TPrPc)N3] in chloro-
form. Temperature decreases (295, 254, and 216 K) as indicated by
the arrows.
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Figure 7. The IR absorption spectra of solid [Fe(TPrPc)N3] at
295 K.

Discussion

Magnetic Anomalies in [Fe(TPrPc)N3]

[Fe(TPrPc)N3] exhibits several magnetic anomalies. The
pyrrole-H shift does not follow the Curie law (Figure 1).
The NMR behavior parallels that reported for [Fe(TPP)-
ClO4][18] and [Fe(TPrPc)X] (X = Br, Cl, I).[13] The NMR
similarity suggests that [Fe(TPrPc)N3] is predominantly
high-spin, with an appreciable intermediate-spin (S = 3/2)
character. The pyrrole-H shift of 19 ppm (Figure 1) sup-
ports the mixing of the S = 3/2 state because the signal
resonates at 48 and –30 ppm for the five-coordinate ferric
porphyrin in the S = 5/2 and S = 3/2 states, respec-
tively.[17,18] The strong upfield bias of this signal at lower
temperature indicates the S = 3/2 ground state. Mixing of
the S = 3/2 state in [Fe(TPrPc)N3] is supported from the
EPR spectrum with g� = 5.42 (Figure 2). The quadrupole
splitting ∆Eq = 2.20 mms–1 at 290 K (Figure 3) is also inter-
mediate between those of the typical S = 5/2 (∆Eq =
0.8�0.2) and S = 3/2 complexes (∆Eq = 3.2�0.3).[24]

Quantitative support for the S = 5/2, 3/2 assignment comes
from the magnetic moment of 4.8–4.1 µB over a 300–20 K
range. On the basis of these physical results, we assign a
mixed S = 5/2, 3/2 state to [Fe(TPrPc)N3].

As the ranking of azide in the spectrochemical[25] and
magnetochemical[19] series is comparable with halides, a
pure S = 5/2 state, which is ordinarily found in [Fe(porphyr-
inato)X] (X = halides), may be expected for [Fe(TPrPc)N3]
as well. Contrary to the expectation, [Fe(TPrPc)N3] is not
pure high-spin. We note similar deviation from the pure
high-spin state in [Fe(TPrPc)X] (X = Cl, Br, I)[13] and the
all-alkyl porphycene derivatives.[14] The X-ray analyses of
free base TPrPc[3] and relevant iron(III) porphyrins[26–28]

provide the structural account for the mixing of the S =
3/2 state. Porphycene has a narrower coordination core.[3]

The narrower metallo cavity in TPrPc results in a shorter
Fe–N(pyrrole) bond and strengthens the equatorial ligand
field of the iron. Under the circumstances, the dx2–y2 orbital
of high-spin iron is destabilized to induce the S = 3/2 state.
Thus, the mixed S = 3/2 state in [Fe(TPrPc)N3] is achieved
with the synchronization of the core contraction[3,26–28] and
a moderately small ligand-field splitting parameter of
azide.[19,25]
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IR Spectra

The most characteristic observation for [Fe(TPrPc)N3] is
the split IR bands of the coordinating azide (Figure 5, part
C). This is in contrast with the single azide band in
[Fe(TPrP)N3] (2060 cm–1; Figure 5, part A) or [Fe(proto-
porphyrinato)N3] (2064 cm–1).[7,10] It may be possible, how-
ever, that the 2049-cm–1 band in [Fe(TPrPc)N3] is from a
plausible contaminant, a di-azide species. Contamination
with di-azide species is set aside because a bis-azide hemin
displays the two IR bands at about 2035 and 2015 cm–1.[12]

In addition, the proton NMR spectrum of [Fe(TPrPc)N3]
(Figure 1) shows a single pyrrole-H peak at δ = 19 ppm to
rule out the sample contamination. It is possible that the
2049-cm–1 peak is from a trace amount of the sodium azide,
which is NMR invisible, suspended in the chloroform. This
possibility is eliminated because the IR band of sodium az-
ide in chloroform is at 2170 cm–1.[7] It might also be pos-
sible that the split IR bands in [Fe(TPrPc)N3] come from
an equilibrium between five-coordinate [Fe(TPrPc)N3] and
six-coordinate [Fe(TPrPc)N3(H2O)], where the iron-bound
water molecule comes from a trace amount of residual
water in chloroform. This possibility is unlikely because a
reference porphyrin [Fe(TPrP)N3] (Figure 5, part A), mea-
sured in the same lot of chloroform, exhibits a single band.
As porphycene has a rectangular molecule with a C2 sym-
metry, one may claim that the two IR bands in [Fe(TPrPc)-
N3] arise from the rotational isomers of azide about the
azide–iron bond. The possibility is also eliminated because
[Fe(etiocorrphycenato)N3] (Figure 5, part B) and
[Fe{bis(ethoxycarbonyl)corrphycenato}N3][23] exhibit single
azide bands despite their trapezoidal molecular shape. The
prospect of Fermi resonance[29] for the split azide bands
may be neglected because no sharp signal occurred at
1024 cm–1, and because the 2049-cm–1 band is markedly in-
tensified at lower temperature. Thus the two IR bands in
[Fe(TPrPc)N3] reflect a real magnetic anomaly of the iron.

Another notable observation is that the IR peak width is
different between the 2049- (∆ν1/2 = 18 cm–1) and 2066-cm–1

(∆ν1/2 = 28 cm–1) bands (Figure 5). The notably larger line
width of the latter may reflect increased orientation vari-
ability of the azide about the iron–azide bond because the
IR band width of iron-bound azide has been demonstrated
to increase with increasing ligand fluctuation.[30] Consistent
with this proposal, the IR bands of the solid [Fe(TPrPc)N3]
in Figure 7, that is, ∆ν1/2 = 18 cm–1 (2027 cm–1) and 15 cm–1

(2012 cm–1), are narrower owing to a decreased ligand mo-
tion in the solid.

Novel View Emerged from IR

It has been proposed for the ferric porphyrin with a
mixed-spin S = 5/2, 3/2 system that the two states are quan-
tum-mechanically admixed through the spin-orbit coupling
and that the admixed state has a new discrete ground
state.[15,16] The spin mixing has been proposed to occur in
hemoproteins like cytochrome c� and horseradish perox-
idase.[16] NMR, EPR, and Mössbauer results for the model
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compounds of cytochrome c� are apparently consistent with
the quantum mechanical model.[19,26–28] In the proton
NMR of [Fe(TPP)ClO4][18,19] and [Fe(TPrPc)X] (X = Cl,
Br, I),[13] the single pyrrole-H peaks shift far-upfield at
lower temperature. The EPR and Mössbauer do not exhibit
the two signals from the spin isomers. Present NMR, EPR,
and Mössbauer results for [Fe(TPrPc)N3] parallel those re-
ported for [Fe(TPP)ClO4] and [Fe(TPcPc)X].[13,18,19]

IR, on the other hand, resolves two azide peaks for
[Fe(TPrPc)N3] (Figure 5, part C). This observation demon-
strates that the S = 5/2 and 3/2 states are not quantum-
mechanically admixed but that they coexist separately.
Based on the NMR, EPR, and Mössbauer results indicat-
ing dominance of the S = 3/2 species at lower temperature,
we assign the 2049-cm–1 IR peak, which prevails at 216 K,
to the S = 3/2 isomer and the 2066-cm–1 band to the S =
5/2 isomer. Population of the S = 3/2 species is estimated
to be 0.21 at 20 °C on the assumption that the two magnetic
isomers have closely similar extinction coefficients in the IR
spectrum. The equilibrium is more quantitatively evaluated
from the pyrrole-H shift in Figure 1. We now assign the A
and B states assumed in the NMR analysis to the S = 3/2
and S = 5/2 states, respectively. Fractions of the S = 3/2
isomer, calculated with the ∆H and ∆S for the NMR analy-
sis, are 0.20 (293 K), 0.43 (254 K), and 0.72 (216 K). These
values are in good agreement with 0.24 (293 K), 0.43
(254 K), and 0.61 (216 K) estimated from the solution IR
(Figure 6). The IR spectrum of the solid in Figure 7 re-
solves two IR bands. Existence of the two spin isomers in
the IR spectrum is consistent with the implication from
EPR, Mössbauer, and magnetic susceptibility, which were
measured for the solid sample (Figures 2–4).

We emphasize that IR resolves the two spin isomers of
[Fe(TPrPc)N3] while EPR, NMR, and Mössbauer do not.
Why does IR alone discriminate the spin isomers? The con-
flict is explained by realizing the timescale of the applied
spectroscopic methods. The approximate timescales of IR,
EPR, NMR, and Mössbauer are 10–13, 10–4–10–8, 10–1–
10–9, and 10–7 s–1, respectively.[31] IR has excellent temporal
resolution over EPR, NMR, and Mössbauer, which observe
the time-averaged structures. Consequently, we can discern
with IR the thermal spin-state equilibrium and the quan-
tum mechanical mixing in the mixed S = 5/2, 3/2 system.
Increase of the 2049-cm–1 peak and concomitant decrease
of the 2066-cm–1 band with decreasing temperature, ac-
companied with the 2054-cm–1 isosbestic point (Figure 6),
demonstrate that the S = 5/2 and S = 3/2 isomers are in a
thermal equilibrium. This is in marked contrast with the
claim that a homogeneous S = 5/2, 3/2 state in the ferric
heme iron is solely created by quantum mechanical spin-
orbit coupling.[16]

A closely related coexistence of two spin isomers has
been reported for ferric azide heme in a mixed S = 5/2, 1/2
system where the two states are in a thermal equilibrium.
IR distinguishes the S = 5/2, 1/2 spin isomers of the azide
hemes[9,10,21] and hemoproteins,[7,8] while NMR and EPR
do not. Unfortunately, IR has been scarcely applied to the
mixed S = 5/2, 3/2 heme. Strong IR absorption of the iron-
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bound azide in [Fe(TPrPc)N3] provides a unique opportu-
nity to make use of the vibration spectroscopy to the mixed
S = 5/2, 3/2 heme. IR resolves the S = 5/2, 3/2 isomers,
demonstrating that the S = 3/2 and 5/2 states of [Fe(TPrPc)-
N3] are not uniformly admixed but slowly interchanging on
the IR timescale. From the peak separation of 17 cm–1 and
the relationship τ = 1/(2π∆ν), where ∆ν = (light veloc-
ity)� (peak separation),[31] we can estimate a minimum life-
time τ = 0.3 ps for the two magnetic isomers.

Unified View of the Spin Mixing in Iron(III)

The ferric heme iron adopts either S = 5/2, 3/2, or 1/2 state
depending on the axial ligand and/or macrocycle conforma-
tion. Mixing of the three spin states is frequently observed.
The thermal mixing of the S = 5/2, 1/2 states or spin cross-
over of ferric hemes and hemoproteins has been estab-
lished.[5–10] Recently, Nakamura et al. have found a novel
type of spin crossover between the S = 3/2 and 1/2 states
for the saddle-shaped ferric porphyrins.[32–34] The deformed
iron porphyrin is magnetically inhomogeneous with inde-
pendent S = 3/2 and 1/2 components in the mixed S = 3/2,
1/2 system. An analogous thermal mixing of the S = 3/2,
1/2 isomers has been reported for a non-heme complex of
bis(o-iminobenzoquinonato)iron(III) by Chun et al.[35]

Thus, the spin mixing in the S = 5/2, 1/2 and S = 3/2, 1/2
systems occurs through thermal spin crossover. Present IR
analysis for [Fe(TPrPc)N3] demonstrates that the S = 5/2
and 3/2 states are not quantum-mechanically admixed but
in a thermal equilibrium. This situation parallels those
found in the S = 5/2, 1/2[5–10] and S = 3/2, 1/2[32–34] systems.
The temperature-dependent changes of the EPR, NMR,
and Mössbauer for [Fe(TPrPc)N3] are thus interpreted to
reflect the spin crossover. In view of the IR elucidation for
[Fe(TPrPc)N3], the quantum chemical admixing of the two
ground states is unlikely for this complex. We therefore
point out the possibility that the three types of magnetic
mixing among the S = 5/2, 3/2, and 1/2 states in ferric heme
could be commonly described in terms of thermal spin
crossover between the two magnetic isomers. The general
distinction of the quantum-mechanical or thermal mixing
of the spin states, however, is still to be established by fur-
ther case-by-case analyses.

Experimental Section

TPrPc, [Fe(TPrPc)N3], and Related Macrocycles: 2,7,12,17-Tet-
rapropylporphycene (TPrPc) was prepared by the method of Vogel
et al.[3] The ferric chloride complex [Fe(TPrPc)Cl][36] was purified
with silica-gel column chromatography with chloroform/methanol
(97:3, v/v) mixture. The [Fe(TPrPc)Cl] in benzene was vigorously
mixed overnight with aqueous sodium azide (5 )[7] overnight to
furnish [Fe(TPrPc)N3]. The sample was recrystallized from hexane/
dichloromethane. C32H36FeN7: calcd. C 66.90, H 6.31, N 16.89;
found C 67.15, H 6.12, N 17.02. Formation of [Fe(TPrPc)N3] was
also confirmed with the 1H NMR spectrum where the hyperfine-
shifted pyrrole-H signal (δ = 28.2 ppm in CDCl3) of [Fe(TPrPc)Cl]
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was replaced with the new signal (δ = 24.3 ppm) from [Fe(TPrPc)-
N3].

meso-Tetrapropylporphyrin (TPrP, Scheme 1) and the iron chloride
[Fe(TPrP)Cl] were obtained according to the literature meth-
ods.[37,38] The azide complex [Fe(TPrP)N3] was derived from the
chloride compound after the ligand exchange as carried out for
[Fe(TPrPc)N3]; the sample was recrystallized from hexane/dichlo-
romethane. Synthesis of [Fe(etiocorrphycenato)N3] (Scheme 1) has
been reported.[6]

Spectroscopic Measurements: 1H NMR spectra at 300 MHz were
recorded with a JEOL LA300 with a temperature variation unit,
and chemical shifts were referenced to tetramethylsilane. The X-
band electron paramagnetic resonance (EPR) spectra were re-
corded with a Bruker E500 spectrometer equipped with an Oxford
helium cryostat. IR spectra were obtained on a Nicolet Avatar
spectrometer at a 2-cm–1 resolution with a 50-µm cell, and apodized
with a Happe–Genzel function. IR spectra at low temperature were
obtained on a Digilab FTS-7000 spectrometer equipped with an
Oxford cooling unit.[38] The IR spectrum of the solid material was
recorded after evaporation of concentrated sample in dichloro-
methane over the CaF2 disk. 57Fe Mössbauer spectra were mea-
sured on a Wissel–Mössbauer spectrometer system. The sample
was kept in a gas-flow cryostat and 57Co(Rh) source was kept at
room temperature. Isomer shifts δFe were referenced to α-iron at
room temperature. The solid-state magnetic susceptibilities were
measured over a 5–300 K range at 1 T with a Quantum Design
MPMS-7 SQUID magnetometer. The data were corrected for both
the diamagnetism of the basket and molecule Pascal’s constants.
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