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We have been investigating the magnetic properties' of the
nitrogen-bridged iron porphyrin p-nitrido-bis[(5,10,15,20-
tetraphenylporphinato)iron]®™ [((TPP)Fe),N]. Unlike the
analogous oxygen-bridged porphyrin, which is diamagnetic at
low temperatures due to the antiferromagnetic exchange in-
teraction between the two iron ions,’ ((TPP)Fe),N has a net
spin S =1/, over the temperature range 4-295 K.!? The EPR
spectrum of the complex is characteristic of an axially sym-
metric system with g, = 2.15 and g, = 2.01."? An early EPR
study of a solid sample of ((TPP)Fe),N failed to reveal any
nuclear hyperfine structure on either of the two EPR signals.?
We recently reexamined the EPR spectrum of the complex
in a frozen carbon disulfide solution and observed well-resolved
14N nuclear hyperfine splittings on the g, component.! We
attributed the hyperfine structure to the interaction of the
unpaired electron with the nucleus of the bridging nitrogen
atom. The frozen-solution EPR spectra also exhibited, how-
ever, several signals which were not observed in the spectrum
of the solid sample. We were unable to explain the origin of
the additional signals at that time.

The appearance of the additional signals in the EPR spec-
trum of ((TPP)Fe),N in carbon disulfide suggests that the
solvent or solution environment may significantly influence
the magnetic properties of the complex. So that the effects
of these factors on the EPR signals could be better assessed,
the spectrum of the complex has been obtained in various
solvents as a function of concentration.

Experimental Section

The ((TPP)Fe),N complex was prepared and purified as described
in ref 2. The identity of the molecule was confirmed by UV-visible
and infrared spectroscopy.

The EPR spectra were recorded from frozen solutions or “thin films”
at 110 K with a Bruker ER200D X-band spectrometer with a 12-in.
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Figure 1. EPR spectrum of ((TPP)Fe),N in carbon disulfide at 110
K (concentration 6.7 X 107> M): (a) broad-line signal obtained from
the bulk solution; (b) signal obtained from a “thin film” (see text)
of the same solution (modulation amplitude 4 G; microwave power
1.99 mW (a) and 15.7 mW (b)).

magnet. The temperature was controlled with a Bruker ER4111VT
liquid-nitrogen variable-temperature system.

The solvents used for the EPR studies (benzene, ethanol, and carbon
disulfide) were all spectral grade and displayed no adventitious EPR
signals. Thin films of ((TPP)Fe),;N were made by warming the top
of an EPR tube containing the complex in a 6.7 X 107> M carbon
disulfide solution and then inverting and righting the tube, allowing
the solvent to run down the warm tube and partially evaporate, leaving
a film of ((TPP)Fe),N. The tube was placed in the EPR cavity such
that only the thin-film region was in the microwave field.

Results and Discussion

The EPR spectrum of 6.7 X 107> M ((TPP)Fe),N in carbon
disulfide at 110 K is shown in Figure 1a. The spectrum of
the complex at lower concentrations in carbon disulfide and
in benzene is similar. The EPR spectrum is characteristic of
an axially symmetric system with g, = 2.01 and g, = 2.15.
The signals exhibit no resolved N nuclear hyperfine structure!
and are similar to those observed for solid ((TPP)Fe),N.2 The
EPR signals narrow only slightly as the concentration is re-
duced, and no nuclear hyperfine structure can be resolved at
110 K, even at concentrations where the signal intensity limits
the acquisition of the spectrum (~10° M). The lack of
resolved N nuclear hyperfine structure in the spectrum ob-
tained at 110 K is in contrast to the well-resolved structure
observed at 50 K.!

In order to investigate the possibility that the hyperfine
structure in the solutions of carbon disulfide and benzene at
110 K is rendered unobservable by sample aggregation and
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inhomogeneity which could occur upon freezing, we have also
recorded the EPR spectrum of ((TPP)Fe),N in an ethanol
glass at 110 K. The ethanol glass is optically transparent and
shows no evidence of solute precipitation or aggregation.
Nonetheless, the EPR spectrum of ((TPP)Fe),N in the ho-
mogeneous medium is nearly identical with that observed in
the frozen solutions of carbon disulfide and benzene, displaying
no resolved nuclear hyperfine structure.

The EPR spectrum of a thin film of ((TPP)Fe),N prepared
from a 6.7 X 10~ M carbon disulfide solution is shown in
Figure 1b. The spectrum exhibits extremely well-resolved N
nuclear hyperfine splittings on both the parallel [4; =23 G
(~65 MHz)] and perpendicular [4, = 21 G (~63 MHz)]
signals. At 110 K there is no evidence of the additional signals
we observed in our preliminary EPR study of ((TPP)Fe),N
in frozen solution.! The lack of interference from these latter
signals allows the observation of N hyperfine structure
present on the g = 2.01 signal.

The difference in the appearance of the bulk solution and
thin-film EPR spectra of ((TPP)Fe),N at 110 K indicates that
either second-order magnetic interactions or environmental
heterogeneities are significantly greater in the bulk solution
than in the film. The independence of the line width from the
solute concentration suggests that solvent induced environ-
mental heterogeneity is probably the more important of the
two factors for rendering the hyperfine splitting unobservable
in the bulk solution. The fact that the spectrum of ((TPP)-
Fe),N in the ethanol glass is similar to that observed in frozen
solutions of carbon disulfide and benzene indicates that some
solvent-induced heterogeneity exists even in this medium.
Recently, Bottomley and Garrett have observed that a small
amount of rhombicity is induced in the g tensor of ((TPP)-
Fe),N upon freezing solutions of the complex in toluene. It
is possible that this type of effect could result in the obscuring
of the hyperfine splittings in the bulk solution. This expla-
nation is not, however, altogether satisfactory. Even a small
amount of rhombicity should be observable as a broadening
of the g = 2.15 signal of the complex in bulk solution compared
to the thin film. This is clearly not observed. In fact, the g
= 2.15 signal of the bulk solution appears to be narrower than
that of the thin film. It is possible that second-order magnetic
interactions also play a role in obscuring the hyperfine structure
in the bulk solution. These second-order interactions could
be reduced in the thin film by a partial orienting of the
molecules during the deposition process.

The "N nuclear hyperfine splittings we observe on the
parallel and perpendicular components of the axial EPR signal
of the thin film preparation of ((TPP)Fe),N are approximately
equal (4 ~ 65 MHz and 4, =~ 63 MHz) and of nearly the
same magnitude as those observed by Bottomley and Garrett®
for the rhombic EPR signal exhibited by the complex in frozen
toluene solution (4, = 67.27 MHz, 4, = 66.77 MHz, and 4,
= 66.16 MHz). These latter workers interpreted the nearly
equal hyperfine splittings as being indicative of isotropic '*N
hyperfine interaction. They assigned the unpaired electron
in the complex to an a, molecular orbital, which is predicted
by theoretical calculations to be primarily metal centered,
44.5% on each iron (d,2) and 1.6% nitrido 2s.” We agree with
this interpretation;® however, an alternative explanation for
the nearly equal hyperfine splittings is possible and is as
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component of the EPR signal, implying a substantial anisotropic hy-
perfine coupling. The observation of the hyperfine structure on the
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Figure 2. EPR spectrum of ((TPP)Fe),N in carbon disulfide at 110
K (concentration 7.3 X 103 M) (modulation amplitude 4 G; mi-
crowave power 1.99 mW). Insert: the low-field region showing the
Am, = 2 transitions of the triplet species (modulation amplitude 4
G; microwave power 3.11 mW).
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Figure 3. Rhombic EPR spectrum obtained by subtracting the signals
of the species observed at low concentrations in bulk solution (Figure
la) from those observed at high concentrations (Figure 2). The
subtraction was performed with the assumption that the g = 2.15 signal
is entirely due to the low-concentration species.

follows. The anisotropic hyperfine is very large (Ape = 43
MHz), and the isotropic hyperfine is approximately half as
large and negative (4;, ~-21 MHz).® This interpretation,
although plausible, is not particularly satisfying for several
reasons. The electron would have to be highly localized in a
nitrogen 2p orbital in order for the anisotropic hyperfine to
be 43 MHz. The anisotropic hyperfine interaction for a pure
p orbital on nitrogen is 47.5 MHz? thus, the amount of nitrido
2p character would have to approach 90%. This value is
unrealistically large and inconsistent with recent molecular
orbital calculations on ((TPP)Fe),N, which predict that the
orbital containing the unpaired electron is at most 25.7%
nitrido 2p.” Also, if the electron is localized in an orbital of
primarily nitrido 2p character, the isotropic contribution to
the hyperfine should be positive, not negative.’!2
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At concentrations greater than 7 X 10 M in carbon di-
sulfide, new signals appear in the EPR spectrum of ((TPP)-
Fe),N at g = 2.12 and 2.04 (Figure 2). The g = 2.01 signal
is more intense relative to the 2.15 signal than in the spectrum
recorded on lower concentration samples. Also, a broad
shoulder is observed on the low-field side of the g = 2.15 signal.
The spectrum obtained for the new species by subtracting the
powder pattern of the species observed at low concentrations
(with the assumption that the g = 2.15 signal is entirely due
to the latter species) is shown in Figure 3. The resulting
powder pattern is similar to that expected for a simple rhombic
(g =2.12, g = 2.04, and g = 2.01) system, except for the broad
shoulder near g ~ 2.20. These new signals which are observed
at high concentrations are similar to (although not identical
with) those reported in our preliminary EPR study of ((TP-
P)Fe),N.l13  The details of the appearance of the EPR
spectrum of ((TPP)Fe),N at high cncentrations in carbon
disulfide are quite sensitive to the exact concentration and rate
of cooling. Some solute precipitation and aggregation are
apparent upon freezing the nearly saturated solutions. In all
of the preparations at high concentration, a signal is observed
at g = 4.14. This signal is characteristic of a triplet species
and suggests that the new signals which appear in the EPR
spectrum are due to ((TPP)Fe),N molecules which form ag-
gregates in which first-order magnetic interactions occur be-
tween two of the S = !/, spin centers.

We have attempted to determine the separation and relative
orientation of the interacting molecules in the aggregate unit
by performing computer simulations of the triplet EPR
spectrum using the theoretical procedures developed by Smith
and Pilbrow!4 8 to describe two coupled S = !/, spin centers.
Unfortunately, the separation and relative orientation for the
two spin centers cannot be determined unambiguously. The
computer simulations do show, however, that the Am, = 2
transition of the triplet species can only be calculated at the
observed value of g = 4.14 if the g tensor of each of the
interacting molecules is rhombic with the values g = 2.12, g
= 2.04, and g = 2.01 (Figure 3). Interactions between two
spin centers with axially symmetric g tensors (g, = 2.15 and
g = 2.01) or between one molecule with the axially symmetric
g tensor and another with the rhombic tensor result in cal-
culated Am, = 2 transitions at g = 4.27 and g = 4.21, re-
spectively.

The lowering of the symmetry of the g tensor from axial
to rhombic which occurs in the interacting ((TPP)Fe),N
molecules suggests that there is a weak electrostatic interaction
between the molecules in the oligomeric unit, in addition to
the magnetic dipole—dipole coupling which results in the triplet
EPR signal. Although our computer simulations of the triplet
spectrum do not allow the unambiguous determination of the
relative orientation of the two molecules, certain geometries
would seem to be more consistent with the rhombicity in the
g tensor. For example, the interactions between the phenyl
groups on neighboring molecules situated side-by-side or
side-by-side and rotated 90° with respect to one another could
result in a slight distortion of the Fe-N-Fe linkage from
linearity. Such a distortion would break the degeneracy of
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the e; molecular orbitals” and mix d,, (d,,) character into the
a; (d,2) orbital which contains the unpaired electron, resulting
in a thombic g tensor. A separation between the bridging
nitrogen atoms on adjacent molecules in a side-by-side
structure of ~9 A would be close enough for substantial steric
interactions to occur.* A simple stacked structure would seem
to be less likely since this structure would not maintain the
symmetry between the halves of the unit were the constituents
to have a rhombic g tensor. The fact that simple monomeric
tetraphenylporphyrins do not form dimeric species in solution
also suggests that a stacked structure is unlikely.'’"!* Pre-
sumably, the bulky phenyl groups prevent the face-to-face
approach of the porphyrin macrocycles. Thus, the structural
features which are unique to the ((TPP)Fe),N unit must be
the dominant factor in the interaction rather than features
which are common to both simple monomeric and dimeric
tetraphenylporphyrins.
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The earliest! kinetic measurements of the reactions of Co-
(CN)sOH,* with N3~ or SCN" yielded pseudo-first-order rate
constants, kg, that varied with the anion concentration, [X],
according to eq 1. At 40.0 °C and ionic strength 1.0 M

kabsa = ki[X71/((k2/k3) + [X7]) 6]

(NaClO,), values of k, and k,/k; were 1.4 X 103 s and 1.7
M, respectively, for N3~ (pH 6.4) and 2.0-X 1073 57! and 3.9
M, respectively, for SCN~ (pH 3.4).2 The functional de-
pendence of kg4 with respect to [X7] and the reasonable
agreement between the values of k, for the azide and thio-
cyanate systems were interpreted on the basis of an Syl
mechanism for the reactions under consideration.!

(1) Haim, A.; Wilmarth, W. K. Inorg. Chem. 1962, 1, 573.

(2) The values of k; and k,/k; given in the present paper differ from those
given in ref 1. The values reported in ref 1 had been obtained by a
graphical procedure. The values reported in the present paper were
obtained by nonlinear least-squares calculation.
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