J. Am. Chem. S0d.998,120,991—-1002

991

Porphyrin and Ligand Protons as Internal Labels for Determination of
Ligand Orientation in ESEEMS of Low-SpirP €omplexes in Glassy
Media: ESEEM Studies of the Orientation of tgel'ensor with

Respect to the Planes of Axial Ligands and Porphyrin Nitrogens of

Low-Spin Ferriheme Systems

Arnold M. Raitsimring* and F. Ann Walker*

Contribution from the Department of Chemistry, ueisity of Arizona, Tucson, Arizona 85721
Receied July 8, 1997. Résed Manuscript Receéd October 24, 1997

Abstract: The proton sum frequency peak(&y+), in the ESEEM spectra of low-spin ferriheme complexes
provide single-crystal-like information concerning the orientation ofghensor in samples in frozen glassy
media. In this work we have investigated two model heme complexes, [OEPFe(imidhzalald [OEPFe-
(4-(dimethylamino)pyridine] ™ (OEP= octaethylporphyrinate). Both experimental intensities and frequency
shifts from twice theé'H Larmor frequency of the observed signals were measured at various points across the
EPR spectrum and compared to the expected spectra, simulated using the known crystal structure data, isotropic

hyperfine coupling constants, argl strain. In each

case the magnetic axis direction was defined as

perpendicular to the mean plane of the porphyrinate, and it was foundithatthe largesg value in both

cases. The in-plane magnetic axis directions could also be determined from the ESEEM data, and it was
found that the orientations @, and gyy differ, depending on the orientation of the (parallel) axial ligands
with respect to the porphyrinate nitrogens: For the bis(imidazole) complex, for which the axial ligands nearly
eclipse opposite porphyrinate nitrogegs= 7°) in the crystalline stategyx andgyy are aligned ait45° to the

normal to the plane of the axial ligands, while for the bis(4-(dimethylamino)pyridine) complex, for which the
axial ligands lie in parallel planes nearly bisecting the porphyrinate nitrogens 41°) in the crystalline
state,gyy is aligned along the plane of the axial ligands. The significance of these results with respect to the
concept of counterrotation of thgetensor with rotation of axial ligands and the interpretation of the in-plane
magnetic anisotropy of heme proteins measured by NMR techniques is discussed.

Introduction

Low-frequency nuclei such a$*N, %N, and 2H have
traditionally been used as probes of the magnetic environme
of the ferriheme and substituted metalloporphyrin centers o
heme proteins in ESEEM spectroscdp¥. However, the signals
from quadrupolar nuclei are difficult to deconvolute without
the combination of isotopic labeling and extensive spectral
simulation, and, even if deconvolution is successful, little
information is usually obtained concerning theentation of
the g tensor with respect to the porphyrin nitrogens and the
axial ligands. To our knowledge there is only one example of
ENDOR experiments where the metalitrogen interaction was
used for determination of the ordering @f/alues® However,
in this case the information was obtained from the hyperfine,
not the quadrupole interactién.In contrast, DikanoV, Mc-
Crackere and wé have each shown recently that the proton
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sum frequency peak(s)(v+), can provide single-crystal-like
information concerning the orientation of thptensor from

ntsamples in frozen glassy media. We recently investigated a
¢ model ferriheme complex, [TPPFe(pyrazg)eé) ° and showed

that because of the angle selection of the ESEEM experiment,
it was possible to determine unambiguously #attheg value
aligned along the molecularaxis and perpendicular to the mean
plane of the porphyrin, is the largegtvalue for this complex,
even though the crystal field parameters, the rhombi&ifA{
and Tetragonality 4/4),1° calculated from this assignment
“violate” the conditions of Taylor’s “Proper Axis System,” i.e.,
thatV/IA < 2/3.11 This finding resulted from a careful investiga-
tion of the magnetic field dependence of the intensity of the
“distant proton” (DP) signal at twice the proton Larmor
frequency?

The nearest protons (NP) to the low-spin Fe(lll) center, the
a-H of the pyrazole ligands, which are at 3:3.2 A from the
metal, provided the information concerning the orientation of
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O« The magnetic field dependence of the intensity of the NP
doublet signal was shown to be consistent with the miningum
value, gxx being alignedalong the direction of then-H of the
pyrazole ligands, or, that ig lies along the nodal plane of
the (as we had assumed, coparallel) pyrazdlédthough the
crystal structure of this complex has been complétede
suspected that the axial ligand dihedral angles Sfatd 54
found for the two independent molecules in the unit cell may

Raitsimring and Walker

pyridine, the angle that describes the rotation of the projection
of the ligand planes from thegN-Fe—Np axis, ¢ = 41°,24 and
thus the ligands lie very close to thmesopositions of the
porphyrin, and for the case of £ imidazole, wherep = 7° in

the solid staté®> As will be shown,g,y is aligned along the
nodal plane of the 4-NM#®y ligands (90 different than in
[TPPFe(PzH) ™ °), while g« and gyy are aligned at angles of
+45° to the normal of the plane of the imidazole ligands. In

not represent the structure of the complex in frozen, glassy distinction to the previous studyfor the 4-(dimethylamino)-

solutions, and thus we were left with no clear proof as to how
the orientation of the in-plang tensor related to the nitrogens
of the porphyrin ring. We pointed out at that time thadyf is
oriented along the plane of the axial ligands, tygris oriented
along the direction of the filled porbital of the axial ligands,

pyridine complexall information concerning the orientation of
the g tensor (bothg,; andg«) has been obtained from the NP
peak(s). In the companion wofR,we have explored the
theoretical basis for the counterrotation of thensor with axial
ligand rotation and have shown that the angular dependence

and that this has been shown to be the case for several modeimay not be simply linear and that corotation can be observed

heme complexéd and several heme proteins, including cyto-
chromec!* (where one of the porbitals in question is that of
the methionine sulfur, and the histidine and methionine ligands
appear to contribute essentially equ#lly sperm whale cya-
nometmyoglobii®17 and the cyanide complex of horseradish
peroxidasé® However, for other ferriheme model compoutds
and proteins, most notably ferricytochrorng!7.20.21.22the g
tensor has been found to be rotated by abodt $0ch thagyy

is oriented close to the nodal plane of the axial ligands@gnd

is along the direction of thejorbital of those ligands. On the
basis of the work reported herein, we can now explain these
seemingly contradictory findings as being due to the counter-
rotation of theg tensor with rotation of the axial ligands from
the Ne—Fe—Np axis to an angle of approximately 450 lie
along oppositenesopositions of the porphyrin, the bisector of
the Fe-N bonds. This concept of counterrotation was first
mentioned by Oosterhuis and Laffgyith respect to the relative
orientation of theg and hyperfine tensors in a system that had
no planar ligands, and then shown by Strouse and co-wdfkers
to occur in model heme complexes in which the axial ligand
planes lay along thenesopositions of the porphyrin ring.
However, it has not been widely accepted or understood,

in some cases.

Experimental Section

Samples of the bis(imidazolerand €dj)octaethylporphyrinatoiron-
(1), [OEPFefy—Im),] *Cl~ and [OEPFed,—1m),] *Cl~, were prepared
from OEPFeCI synthesized in this laboratory and a fresh sample of
imidazole (Aldrich) ords-imidazole (Cambridge Isotopes), respectively,
by dissolving a 1:3 molar ratio of the two reactants in deuterated
dimethylformamide-acetonitrile (Cambridge Isotopes) in a 1:3 ratio.
Samples of the bis(4-(dimethylamino)pyridine)octaethylporphyrinatoiron-
(1), [OEPFe(4-NMePy)] ClI~, were prepared from OEPFeCl and a
fresh sample of 4-NM#y (Aldrich) by dissolving a 1:3 molar ratio of
the two compounds in deuterated dichloromethane (Cambridge Isotopes)
or CD,Cl,—tolueneds (Cambridge Isotopes) mixtures in the ratios 1:1,
1:2, and 1:5. For the latter complex, the cw EPR spectra were
investigated to determine which gave the sharpest, best resolved rhombic
spectrum. It was found that the 1:2 mixed-solvent ratio produced the
best spectral qualities, and thus this mixture was used for all ESEEM
spectra. The concentrations of the complexes used for ESE measure-
ments was~1 mM. Such samples yield a rather large initial ESE signal
at dead time pulse separation over the entire field range over which
measurements were performed. To avoid amplifier saturation the initial
signal was attenuated by 120 db.

Continuous wave EPR spectra were obtained on a Bruker ESP-300E

although it has recently been assumed to occur, and has beefpectrometer operating at X-band. A Systron-Donner microwave
used as such to calculate the dipolar (pseudocontact) contribu-counter was used for measuring the frequency. The EPR measurements

tions to the NMR shifts of ferricytochrome?®

In this work ESEEM spectroscopy has been used to define
the orientation of thg tensor in two octaethylporphyrinatoiron-
(1) bis-ligand complexes, structure |, for which crystal

CH,CH, « methyl

methylene
CH,CH;

L =d,- or h,-Imidazole (1)
L = 4-Dimethylaminopyridine (2)

structures are available: For the case ef U-(dimethylamino)-

(12) Scheidt, W. R. Personal communication.

(13) Byrn, M. P.; Katz, B. A.; Keder, N. L.; Levan, K. R.; Magurany,
C. J.; Miller, K. M.; Pritt, J. W.; Strouse, C. B. Am. Chem. Sod.983
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were performed at 4.2 K using an Oxford continuous flow cryostat,
ESR 900. Pulsed EPR studies were performed on a home-built
spectrometer that has been described previclisgESEEM measure-
ments were done at the operational mw frequenejes 8.702-8.804
GHz, using a reflecting cavity which mates with the Oxford cryostat.
Two microwave pulses of equal amplitude and duration (23 ns) were
used to generate the primary echo signal. The nominal angle of the
resonant spin rotation was3. The pulse separation varied from 300
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400 ns to 1908-2200 ns, with 10 ns steps. The phase relaxation rate the external magnetic fiel®y,. The particular form ofA;

for these samples happens to be rather fast, namely 1@ s%, and depends on the reference coordinate frame (RCF) in which they
the amplitude of the signal decays by an order of magnitude at a pulse gre calculated. For systems whertensor anisotropy exceeds
separation of 900 ns. Due to this experimental fact, to keep a feasible ;4 anisotropy of the hyperfine interaction (HFI), the convenient

signal/noise ratio and to utilize the initial surplus of signal amplitude, RCF is that in which the axes coincide with the principal axis
and thus to cover as much pulse separation as possible and to ensure

high resolution in further Fourier transforms, we performed the data of theg ten§or. In this RCF’. Wltg; HFI cgused .by deOIar (in
acquisition in two stages. Mainly, we used two 1000 ns time intervals '.[he pOI!’lt—de0|e approximatiorf)** and 'SOt.rOp'C hyperfine
with a 200 ns overlap. In the second time interval the attenuation of interaction, the other terms of eq 1 are defined as

the signal was set to zero. These two parts of the time domain data . . .

were then assembled into one array after adjusting them by the known l,=sinfcosp |,=sinOsing I;=cosb
attenuation. The 200 ns overlap in these two parts was used as an

additional control on the performance of stitching together the time A=Tx [gi|i(gi(3ni2 -1 +aml+ ; 39k2|knink]/ge 2
domain kinetics. The number of accumulations at each step of data |

collection was generally 10664000 at a boxcar gate width of 15 ns.

To avoid signal saturation the pulse repetition rate was no more than n, = sin 6,cos¢, n,=siné, sing, n, = coso),

400 Hz. Such measurements were performed at various field positions

of the EPR spectrum in steps of 3000 G. ESEEM spectra were  \ pare i are the direction cosines of the radius-vector

obtained by Fourier transformation (FT) of the experimental time : Lo !
domain data. Before the FT procedure the time domain data were _connectlng the electron and nuclear spins in the RaB, the

subjected to band-pass or rejecting filtration with a filter, constructed isotropic hyperfine cgupllng constag,are the principal values,
by Dr. Astashkir?® and normalization. For normalization, the decay and T = —fefagn/hir®, fe = Bohr. magnetonf, = nuclear
function was approximated by a second-order polynomial, which was magnetony = electron-nuclear distance.

fit in semilogarithmic coordinates through the experimental data by ~ The modulation of the primary ESE consists of two funda-
means of the least-squares method. The decay function obtained wasnental frequencies;, and vy determined by eq 1, as well as
subtracted from the experimental data (in semilogarithmic coordinates), their sum and difference combinationsi =v, & vg. In this
yielding the nonmodulated part of the signal normalized to unity. These \york we are particularly interested in the sum combinational
decay functions were found to be virtually exponential over the available |ine and in the case of weak hyperfine interaction. To give an
time range and only slightly depended on field position. The uncertainty ;je4 of how the position of this line depends on the orientation
in measurement of spectral peak position in the FT ESEEM spectra of the nuclei in the RCF, let us consider a particular orientation

was one or two steps of frequency domain quantization, depending on L . o
line shape, i.e., 0.050.1 MHz. The normalized noise level (for unit of the magnetic field in the RCF, e.g., the magnetic field along

signal) in the FT spectra at the given experimental conditions was aboutth€zaxis,ls = 1,11 =1, =0. For this particular case, as follows
4+3 x 1073, and this value defines the accuracy of the amplitude from eq 1 (see also ref 7):
measurements. In some cases the normalized modulation amplitude

was measured directly in the time domain, yet filtration was also — 4+ A2V + (A4 + (A.Y4
applied. Vg =\ (7 & AJ2P + (AZ14) + (A74) -
Theory A2+ A7 (39,T sin 6, cosh,)?
v.Rt+—=2v+
4y, 4y,

Analysis of the magnetic field strength dependences of the
frequency shifts and amplitudes of sum combinational lines is . .
based on comparison of the experimental spectra to those As one can see from. &d 3‘. for weak hyperfine Interaction,
simulated for particular ligand orientations. To provide a the shift of v, from 2 is positive and reaches a maximum
background for the data processing and simulations that follow, Whef‘ the angle between _thems B the_ RCF andis 45;‘ The
we start with brief excerpts from ESEEM theory. Two maX|maI_ value of the shift therefore is equal tcg(B_) /16m,
fundamental frequencies, andvs, of a system which contains and, for instance, the near protons of the Ilgar)ds (d|§tance from
an electron spitS= Y, and a nuclear spih= Y, are described (Il ~3 A, 6 ~42°) should demonstrate a line shifted from
by the following expressiof®-32 double the proton Larmor fr_eque_nc_y byl MHz; for the distant

protons of the OEP ring this shift is evaluated as 0.05 MHz, a

oy =y Dgl value that would be almost undetectable.
Vm, = |h| h™=—»l+ g_ms The modulation of the primary spirecho signab(z) for this
¢ @ spin system and a particular orientation of electron and nuclear
Y = [(mA, — V||1)2 + (MA, — V||2)2 + (MA, — V||3)2]l/2 spins is described by the expressidn:
v(r) 01— (K2)[1— cos 2tv,T — cos Ztvyr +
wherems = +%/, for a or 3 electron spins, respectivel is (M,)cos (2rv_1) + (1,)cos (21v,7)] (4)

the tensor of the hyperfine interaction (HF)js theg tensor,

v is the nuclear Larmor frequency at a given magnetic field | the system containg)(nuclei, the resulting primary spin
Bm andl is a unit vector which coincides with the direction of echo kinetics is a product of such individual kinetic®(z).34

(28) Astashkin, A. V.; Kawamori, AJ. Magn. Resonan., Ser. #1995 0

112 24. V(r) = |_| " (1) (5)
(29) Hutchinson, C. A.; McKay, D. BJ. Chem. Physl977, 66, 3311. 10}
(30) (a) Henderson, T. A.; Hurst, J. C.; Kreilick, R. \&.. Am. Chem.

Soc.1985 107, 7299. (b) Hurst, J. C.; Henderson, T. A.; Kreilick, R. W.

3. Am. Chem. Sod.985 107, 7294. This expression immediately demongtrates thata multlnuclgar
(31) Hoffmann B. M.; Martinsen, J.; Venters, R. A. Magn. Reson. system will generate a set of harmonics as a result of cosine

1984 110 59. _ _ _ multiplication. Amplitudes of these harmonics are half the
(32) lwasaki, M.; Toriyama, K. IrElectronic Magnetic Resonance of

the Solid StateWeil, J. A., Bowman M. K., Morton J. R., Preston K. F., (33) Dikanov, S. A.; Spoyalov, A. P.; Hiermann, JJ. Chem. Phy3994

Eds.; Canadian Society of Chemistry: Ottawa, 1987; p 545. 100, 7973.
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Figure 1. (Left column) CW EPR spectrum of 1® M [OEPFe(4-NMgPy)]*Cl~ in a 1:2 methylene chloriddy/toluenees glass (top) and
[OEPFe(ImH)]*CI~ in a 3:1 dimethylformamidel/acetonitrileds glass (bottom), each at 77 K. Microwave power: 0.1 mW. Obsegvealues:

g1 = 2.85,0, = 2.28,09s = 1.63 (top);0: = 2.97,0, = 2.25,9s = 1.49 (bottom). Insets: Orientation of the axial ligand planes in each complex,
along with the orientation of the in-plametensor componentsi (Smallest) andy,y (largest) determined in this work. (Right column) FT-ESEEM
spectra (primary echo) of the same complexes at a magnetic field of 2500 G (top) and 2640 G (bottom). Open square lifra)ks ithes in the
frequency interval 612 MHz are caused by interaction of the unpaired electron of Fe(lll) with N, D, and H nuclei. Microwave frequency: 8.702
GHz for top spectrum and 8.804 GHz for bottom spectrum. Temperature: 4&2t€p: 10 ns. Time interval: 362160 ns. Nominal angle of
resonant spin rotation: 7Z3. Pulse duration: 23 ns.

product of the amplitudes at the basic frequencies that generate Visz
the particular harmonic. As follows from eq 4, the modulation k=——  B=23gTsin6 cosb 0=r"1 (8)
amplitude (or intensity of the FT ESEEM spectrum) is propor- Vo Vg

tional to the parametek. This parameter is the product of ] ] ] ]
allowed and forbidden transition probabilities and, in the same N @ disordered (or partially disordered) system, each given
approximation as was applied for deriving the fundamental Mmagnetic field B represents not a unique, but a set of
frequenciesk = sir? #, where cosy is determined by the  orientations, and C(_)nsequently a set of fundamental,_sum and
following expressiors® difference frequencies. Because the modulation amplitude also
depends on orientation, eq 5 for this system must be rewritten

h*h™ as
T .
| ©) V(@)™ 000 9)
= 1 A, A (i)
h*={= vl . | =vl) | = £ v, , o
2 2 2 where [..Omeans averaging over orientations. The allowed
Th licit ion for k as derived f 8 i orientations are determined by the given field position, indi-
€ explicit expression for k as derived rom €q © 1S vidual line shape, and tensor. Equation 9 was straightfor-

wardly used for simulations, as described in the Simulutation

'Viz |
k= ——{[Al, — AdJ? + [Aly — Ad 2 + [Al, — A} Section.
o @) Results

The cw EPR spectra of [OEPFegl)CI~ obtained in this
. ) . ) ot
7 transforms to the well-known result often used for analysis work are identical with those repqrted previousty? Figure
of ESEEM spectrd’ 1, left panels. These paramagnetic centers are each character-
ized by a rhombig tensor with principal values of 2.85, 2.28,
(34) Mims, W. B.Phys. Re. B 1972 5, 2409. 1.63 and 2.97, 2.25, 1.49 for = 4-NMePy and ImH,

(35) Carrington, A.; McLachlan, A. D.Introduction to Magnetic : : .
Resonance with Application to Chemistry and Chemical Physlasper respectively. The FT ESEEM spectra are in general similar to

or the case of an isotropgtensor, i.e., wheg, = g2 = gs, €q

and Row: New York, 1967; Chapter 7. published spectra of low-spin iron porphyrinates and consist of
(36) Walker, F. A.; Reis, D.; Balke, V. L1. Am. Chem. S0d984 106, numerous lines caused by interaction of the electron spin with
6888. nitrogen, deuterium, and proton nuclei of the molecule and the

(37) Dikanov, S. A.; Tsvetkov, Yu. DElectron Spir-Echo Enelope | . le of h is sh
Modulation (ESEEM) SpectroscqiyRC Press: Boca Raton, Florida, 1992;  Solvent. A representative example of such a spectrum is shown

Chapter 13. in Figure 1, right panel. The whole spectrum covers the
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Figure 2. Primary ESEEM and normalized DP proton modulation of [OEPFe(l13)(L) (left panel,B, = 2100 G; (top) L= hs-Im; (bottom) L

= ds-Im; right panel: (top) L= ds-Im, By, = 2140 G, (1) primary ESEEM, (2) normalized DP modulation, (3) noise; (bottom)ds-Im, By, =

2640 G, (1) primary ESEEM, (2) normalized DP proton modulation. Microwave frequency: 8.804 GHz. Temperature: 4.2 K. Step: 10 ns. Nominal
angle of resonant spin rotationz/3. Pulse duration: 23 ns.

frequency range from O to 280 MHz (the upper limit depends < By < 3000 G (2.99< g < 2.1). As can be seen in Figure
on magnetic field). In this paper, as was mentioned in the 2, the ESE signal in this sample is modulated, at least at lower
Introduction, we are concentrating on a part of this spectrum, fields, to zero over substantial time intervals, with a corre-
the proton sum combination lingy+), which is located in the sponding loss of DP modulation in these intervals. In such
vicinity of twice the proton frequency,»a. As one can see  situations it was not possible to use directly the method of
from Figure 1, thd(v,) signal is well-separated from the rest extracting the proton modulation, described in the Experimental
of the spectrum, which allows one to apply a rather wide band- Section (i.e., filtration/normalization/FT), because the zero part
pass filter without acquiring the outside lines. It should be noted of the signal causes an uncertainty in the resulting modulation
that the reason that two-pulse ESEEM experiments have beeramplitude. To avoid such complications and ambiguities in
utilized in this work is that we wished to obtain quantitative determining the DP modulation amplitude a modified procedure
intensity data from the spectra; multipulse ESEEM pulse trains was applied which still exploits filtration and also acquires a
entail significant signal intensity losses and very cumbersome priori knowledge of the properties of the sum combination
normalization procedures. modulation, discussed elsewhéfaamely: (1) the frequency
As already mentioned, [OEPFe(ImdffjCl~ was prepared of the DP modulation does not exceed double the proton
with imidazoled, and-hs. It was expected that the imidazole-  frequency by more than 0-10.15 MHz, (2) the characteristic
ds sample would show proton modulation only from the distant time of damping for this modulation is more thar-50 us,
protons (DP) of the OEP ring and the imidazblesample would and (3) this modulation is weakhat is, its normalized
demonstrate proton modulation caused by the DP of both theamplitude<<1. Therefore, at least during the firstuk, the
OEP and the imidazole ligands, and the NP of the imidazoles. observed spirrecho signalV(r) may be presented as a product
Indeed, the expected difference in the modulation patterns of of ESEEM atv, , V''(r), and at all others frequencieg(z), in
these two compounds is readily seen in the time domain directly, accord with eq 9 above:
Figure 2, left panel, without any additional data processing. The
sample with imidazolel, hardly shows any visible proton V)=V (@) V'(r) V'(r)=1+acos(2tv,7)
modulation and depicts very deep deuterium modulation. On
the other hand, the sample with imidazbledemonstrates deep
proton modulation, and, at the same time, a large decrease i
the depth of the deuterium modulation. It can be readily
concluded from these preliminary observations that the differ-
ences in modulation patterns of these two samples are caused
by NP(ND) of imidazole; the DP(DD) are too far from Fe(lll)
to cause such variations. As we have shown previouthg,
magnetic field dependence of the modulation amplitude of the  The modulation amplitude is then directly read in the time
DPs allows one to unambiguously determine the ordering of domain, using the average value of8periods of modulation
the g values. Therefore, to obtain this ordering for [OEPFe- in the first microsecond of data acquisition, where the ESE signal
(ImH);]", measurements on the imidazalg-sample were substantially exceeds the noise level. [Note: Extracting the
performed first at various field positions in the range of 2100 modulation amplitude from the time domain data is not a novelty

where a is the DP modulation amplitude. A narrow band
rlrejecting filtration ofV(7) at thev, frequency yields/' (r) and
subsequently the DP modulation

1+ acos(2tv, 1) = [V(2)/V'(7)]



996 J. Am. Chem. Soc., Vol. 120, No. 5, 1998 Raitsimring and Walker

the DP line coincides with double the proton frequency. For

® 10 this purpose one may apply the well-known method of adding
5 os | the same constant ¥(r) andV'(z) (constant>> V(r)), which
5 eliminates peculiarities caused by the zero amplitude parts of
é 06 - the signal, yet distorts the magnitude of the FT. Having used
o this procedure it was found that the DP lines are, indeed, situated
5 04 at double the proton frequency. Second, the procedure used
3 here for extracting the modulation of the DPs is similar to the
g 0z r “guotient” method introduced by Mims and Peisach for analysis
L o of ESEEM spectr® for extracting a particular normalized
O‘OZOOO 5200 2400 2600 2800 3000 3200 modulation from a complicated pattern, and then widely used
o elsewherd® The suggested procedure might be dubbed the
magnetic field /auss “numerical quotient method” and used for analysis of narrow
o lor lines of known position.
g The [OEPFé€f,;-Im),]* data were processed as described in
s08r the Experimental Section. Representative example df(the
g 3 at various magnetic field&y, are shown in Figure 4. Depend-
e 06 r ing on field position thd(v,) is either a one line or two line
9 04 L pattern, and is surrounded by harmonics whose positions are
=70 close tovy £ vp and vy + 2vp, wherewvp is the Larmor
oo L frequency of deuterium. The position of the maximum of the
€ f one line that is observable at 2560 By, < 2800 G is very
oo Lol b L L Ll close to 2y (the shift from 2y does not exceed 0.1 MHz),

2000 2200 2400 2600 2800 3000 3200 and its intensity is close to the proton modulation amplitude
observed in the imidazold; sample. Therefore this line may
be assumed to originate from the interaction of the electron spin
Figure 3. Experimental (bars) and calculated (lines) magnetic field \yith the DP of the OEP ring and the four DP of imidazole.
dependence of DP modulation amplitude for [OEEAM),]". The The second line is substantially shifted from:2 As is well-
calculated dependences correspond:o- gy > Go (top) andg > known, (see, e.g., ref 7 and eq 3 in the Theory section) the

Oy > 0zz(bottom). In the last case vectors connecting each pair of four — =" . . R .
4'3 A protons of the OEP ring coincide with theandy axes of the shift is caused by the strongly anisotropic hyperfine interaction;

RCF (dashed line) or make #%135°) angles with these axes (solid therefore this line originates from the interaction of low-spin
line). Fe(lll) and the NP of imidazole. The peak intensity of this

line and the shifts were found to depend on the strength of the

in ESEEM and was widely used in the 1928sHowever, such magnetic field B,. These dependences were carefully inves-
an “old fashioned” approach could not be directly applied in tigated across the EPR spectrum of the Fe(lll) complex, in the
this particular case because of very weak proton modulation, range 2100< Bp, < 3100 G (or 3> g > 2.07), and they are
yet it works in combination with modern filtering techniques.] presented in Figure 5. As demonstrated previo8ishys field
To optimize the width of the filter and to examine its response (g value) interval is quite informative for determination of the
to signal/noise ratio we performed extensive applications of this order ofg values and ligand orientations, and little is gained
procedure to simulated time domain patterns which imitated the by continuing the measurements toward the extreme high field
experimental ESEEM data and included the noise and relaxationend of the EPR spectrum, whemg strain causes severe
decay as well. It was found that the optimal width of the filter broadening and diminution of the ESEEM signal. Over this
which does not distort the modulation amplitude and does not field interval, as is shown in Figure 5, the peak magnitude of
pick up additional noise is about 0.25 MHz. The minimal |(v+) varies by approximately a factor of 5. It reaches a
normalized modulation amplitude which still can be extracted maximum (16% of the normalized amplitude) at the extreme
at the given experimental conditions is about 0.4%; this limit low field position,B, = 2100 G, and levels off at 3:68.5%
is determined by the noise level and the accuracy in zero line at Bm ~ 2600 G. The shifiA starts from a maximal value of
subtraction. Figure 2, right panel, shows representative results0.8 MHz at the extreme low field position, and decreases
of the application of the above procedure to the experimental gradually to 0.2 MHz aBy, = 3100 G.
data. Pattern 3, presented in Figure 2, right panel, gives an Similar measurements were performed for [OEPFe(4-kMe
idea of the noise level. The noise curve was obtained with the Py)]*, but the deuterated analogue of the axial ligand was not
filter centered at 2 + 6.6 MHz, where the amplitude of the available. In general, the results are similar to those obtained
combinational harmonics of+ andvp was definitely below for [OEPFe(ImH)] ™, but differ in details. The particulars of
noise level. The resulting dependence of DP modulation the data processing for this complex are shown in Figure 6.
amplitude on magnetic fiel&,, is shown in Figure 3 and the  One starts with the original time domain data (Figure 6a), then
maximal amplitude of DP modulation was found to be about applies filtration and decay adjustments (Figure 6b,c), and
2%. This is a bell-shaped curve, which, as we demonstratedfollows with Fourier transformation, which produces tife;),
previously? corresponds to the “normal order” gfvalues,g,, (Figure 6d). Depending on the magnetic field positionli{re)
> gy > Oxx More details are found in the Simulation section is again either a single line, Figure 6d, or two lines, Figure 7.
below. Before proceeding with this, we allow ourselves two The first line, whose position is very close to.2((v+ — 2vy)
remarks. First, it is easy to demonstrate that the position of < 0.1 MHz), becomes observable Bt, > 2400 G and its

— - maximal absolute magnitude (Bt, ~ 2500 G) is about twice

(38) (a) Szajdzinska-Pietek, E.; Malonado, R.; Kevan, L.; Berr, S.; Jones,

J. J. Phys. Chem1985 89, 1547. (b) Yudanov, V. F.; Grishin, Yu. A,; (39) Mims, W. B.; Peisach, J. ladvanced EPR: Applications in Biology

Tsvetkov, Yu. D.Zh. Strukt. Khim.1975 16, 747. (c) Dikanov, S. A, and BiochemistryHoff, A. J., Ed.; Elsevier: New York, 1989; pp-57.
Yudanov, V. F.; Tsvetkov, Yu. DZh. Strukt. Khim1978 19, 245. (40) Warncke, K.; McCracken, J. Chem. Physl1995 103 6829.
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Figure 5. Experimental (bars) and calculated (stars) magnetic field strength dependences of the relative amplitudes and shifts of the NP peaks of
[OEPFe(ImH)]*: in all calculationsgy,, > gyy > Ox (top row)x Il LP; (bottom row)x O LP; (middle row) angle betweexnand perpendicular to
LP is 45. Fe—proton distances,= 3.2 A, r—z axis angle= +41°. Other details of simulation and parameters used are described in the Simulation

section.
as large as that found in the imidazole case. The dependenceseen that its magnitude varies by a factor of-118 over the

of the peak intensity of this line 0B, investigated over the = magnetic field range investigated, reaching a maximum at
range 2400< By, < 3000 G, is shown in Figure 8, where itis  2400-2500 G &4—4.5% of the normalized amplitude). We
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magnitude FT of c (thin line marks the position afi2in this particular experimentB, = 2182 G; other parameters are the same as those for
Figure 1, right column, top.

0.072 0.05 [

0.058 | 0.04 [

L —~ L

0.043 | 3 0.03 |

/'?i- N :

> 0.029 — 002

SN I

0.014 001

0.000 oSy e by L YT 0.00 i R RS T
15 18 21 24 27 30 15 18 21 24 27 30
frequency / MHz frequency / MHz

0.075 0.050

0.060 0040 F

N :

~ R [

S 0045 2 0030 |

~—r — L

— 0030 [ 0.020

0015 [ 0.010 F
OAOOO_ MY L L 0.000""""""‘ ]
18 21 24 27 30 33 18 21 24 27 30 33

frequency / MHz frequency / MHz

Figure 7. Experimental (right column) and simulated (left column) normalized proton sum combinationa(lineef [OEPFe(4-NMePy)] ™. Bm
= 2500 and 2900 G for top and bottom row, respectively. SimulationS:LR, g, > gy, > Ox Fe~NP distances; = 3.1 A, r—z axis angle+41°.
DP coordinates are taken from ref 24. Other details of the simulations and parameters are described in the Simulation section.

were not able to use this dependence explicitly for determination intensity of the line is approximately double that for
of the g ordering with respect to ligand orientation, because [OEPFe(ImH)]*Cl~ in the range of 24062900 G. It was

the important part of this dependence at the low-field end of found from the simulations (see Figure 9), that at specific
the EPR spectrum is not available, since the DP signal is orientations of the ligands, the NP lines have a shouldeyjat 2
obscured by harmonics. However, we can use it implicitly for that adds intensity at the DP line position. More details are
these purposes by utilizing the just mentioned finding that the found in the Simulation and Discussion sections. For the second
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o equivalent NP distances and angles. Thus, in the simulations

j we have used the average angle betweerr ttedz direction
—H08 of +£41°. The direction cosines of the NP in tlkg plane were

] varied in accord with the chosen RCF. We considered three
108 RCF, where the axis was always perpendicular to the plane

of the porphyrin ring and (i) the axis was parallel to the ligand

peak intensity I(v,)

] - plane (LP), kIl LP), (ii) perpendicular to the ligand plang [J
q02 LP), and (iii) 45 from the perpendicular to LP. The hyperfine
] constant for the NP was evaluated from NMR measurerfients
T S S as—0.5 MHz. This constant was included in the simulations,
2100 2280 2460 2640 2820 3000 although as is well-knowi and as was confirmed by this group
magnetic field / Gauss previously? such smalla values do not modify the magnetic

Figure 8. Experimental (bars) and calculated (line) magnetic field field dependences af and amplitude. Similar parameters were
strength dependence of the relative peak amplitude,aic2 [OEPFe(4- chosen for the NP of [OEPFe(Imij). However, because the
NMezPy)]*. X O LP, Gz > Gy > Gy Other details of simulation and ~ Observed shift for this sample was less than for [OEPFe(4NMe
parameters are described in the Simulation section. PyF]* the distance was varied from 3.1 to 3.2 A. As for the
DP, in the simulations we included all DP with their coordinates
line, the dependences of the peak intensity and shift were as extracted from the crystal structure and recalculated in accord
investigated across the EPR spectrum of the Fe(lll) complex in With the chosen RCF. The isotropic hyperfine coupling constant
the range 2180< By, < 3000 G (or 2.85> g > 2.07). Over for the DP in all simulations was set to zero. The individual
this field interval, as is shown in Figure 10, the peak magnitude line-shape functiorf(Bm — B) of [OEPFe(NMePy)]*CI,
of this part ofl(v.) varies by approximately a factor of 5. It ~Wwhich includes such sources of broadeninggastrain and
reaches a maximun~(13% of the normalized amplitude) at hyperfine interaction, was chosen similar to that used previ-
the extreme low field positionB, = 2180 G, a minimum  ously? based on the similarity of the EPR spectra of
(~3%) atB, = 2500 G, and increases again (up t655%) [TPPFe(PzH]*CI~ and [OEPFe(NMgPy)]™Cl~. As for
with further magnetic field increase. The shift starts from a [OEPFe(ImH)]*Cl~, where the observed line width was ap-
maximal value of 0.9 MHz at the extreme low field position, Pproximately twice that for [OEPFe(NMBy)]*CI~, theg strain
decreases to 0:5).55 MHz atB,, = 3000 G, and shows a broadening was increased correspondingly. For purposes of our
shallow minimum of 0.4 MHz at 26502700 G. calculations, the principal axis of tligtensor was set to coincide
Thus, the output of the experiments was the magnetic field With that of the RCF. As for the order of principglvalues,
dependences of thgv.) maxima and their shifts. Because a Simulations were carried out for both, > gyy > g andgxx >
particular field position selects only certain orientations of Yy ~ Gz
molecules, the observed dependences can be used to obtain (2) Simulation Technique. The numerical simulations of
structural information. The methods of analysis of the experi- ESEEM spectra were performed in a manner similar to that
mental data to obtain this information are described in the described previousl§, with the only difference being that

following sections. calculations were made directly in the time domain instead of
the frequency domain. (Both methods of simulation are strictly
Simulations equivalent and differ only in technical details of program

organization.) The method used in this paper is more convenient

(1) Parameters. As follows from theory, calculation of FT  for data processing, although it requires more computational
ESEEM spectra requires as input parametéksn(), g (the time. For simulation in the time domain at a particular magnetic
constant for the isotropic hyperfine interaction for théh field, the values ofv,, vg, v+, v—, andk for (i)-nucleon were
proton), the principal values of tiggtensor Bm, the microwave  estimated by egs 1, 2, and 7 for each allowed orientation and
frequency, and the individual line shape function. OEP includes were directly fed into eq 4 to calculate partial ESEEMs. The
only DP, which may be separated approximately into three resulting kinetics were obtained in accord with eq 9. To imitate
groups: four meso-H at a distance 4@4 A, 16 methylene  the experiment, the same part of the simulated kinetics as
protons at 5.76.2 A, and 24 methyl protons at distances of acquired in the experiment was used for the FFT. Before
6.5-7 A. Vectors connecting the opposite pairs of-4434 A Fourier transformation this part of the simulated kinetics was
meso protons bisect the angle between the nitrogens of thesubjected to exactly the same treatment as were the experimental
porphyrin ring. All other protons fill practically uniformly the  ones, i.e., filtration and normalization. Some of the simulated
x—y plane. ImH adds just four DP at a distance of 5 A, whereas spectrd (1) and the resulting dependences are shown in Figures
4-NMeyPy brings an additional four DP at a distance of 5 A 3, 5, and 710.
and 12 DP at a distance ofB A. All DP of the ligands are
reasonably close to the perpendicular to the porphyrin ring. The Discussion
crystal structure of the [OEPFe(4-NMy)] ™ complexX* indi-
cates that the axial ligands are aligned in parallel planes nearly
bisecting pairs of nitrogens of the porphyrin ring (structure ).
In accord with this structure, the distances from Fe(lll) to the
NP of the axial ligands are equivalent and equal to 3.0 A. In
our simulations we have varied this distance from 3.0 to 3.1 A.
The angles between (the z axis is taken as perpendicular to
the porphyrinate plane) andof the NP of each ligand in the
crystal structure are not equivalent and are equat38° and
+50°.24 We assume that in solution, the molecule should adopt
a more relaxed and symmetrical structure than this, with  (41) Watson, C. T. Ph.D. Thesis, University of Arizona, 1996.

Order of g Values. We start this discussion with an analysis
of the order of theg values. For this purpose, in the previous
work® the magnetic field dependence of the amplitude of the
DP related line was utilized. It was demonstrated thatghe
> Oyy > Oxx Order ofg values leads to an increase in amplitude
of the DP related part df(v4) with increasing magnetic field
from the low field extreme to higher magnetic field; the opposite
order ofg values gives the opposite result. Calculations of this
type were performed for the DP of [OEPHg(m),]"CI~, where
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the experimental magnetic field dependence of the DP intensity However, the simulations also show, Figure 9, that the shape
has been obtained. As was already mentioned, in this case onlyof the NP line is a singlet over the entire magnetic field range
the DP of the OEP ring were considered. As was shown in the of 2100-3100 G ifx Il LP orx makes an angle of 45ith the

Theory section, the intensity of the DI(v,), depends on
distance as—6. Therefore, four protons at a distance of 4.3
4.4 A give approximately twice the intensity as 16 protons at
distance of 5.76.2 A; the addition to line intensity from the
remaining 24 protons at distances of 6 BA is less than 25%.
As in the previous worktheg,, > g,y > gk« Order ofg values
leads to an increase in amplitude Ki4+) with increasing
magnetic field from the low-field extreme to higher magnetic
field, Figure 3 (top); for the opposite order gfvalues two

perpendicular to the LP. It becomes a resolved doublet in the
range of 2406-2800 G forx O LP, with one component of this
doublet situated at double the proton frequency. The intensity
of the component of the NP line at double the proton frequency
is comparable with those observed (or simulated) for the DP.
Therefore, for the case afl] LP one may observe a substantial
increase (approximately twice) in intensity of the DP line for
the protonated ligands in comparison with deuterated ones. The
lack of such increase for the discussed case is an additional

situations were considered: the vectors connecting the pairs ofreason to rule out the 0 LP orientation. Hence, all lines of

opposite 4.3-4.4 A protons are aligned with they axes, or
they are rotated by 45elative to these axes. For the first case,
at the extreme low field position the magnetic field direction

argument are most consistent with thandy axes of the RCF
making angles of aboutt45° with the perpendicular to the LP.
On the other hand, in the case of [OEPFe(NMg,]"Cl~

coincides with one of these vectors and is perpendicular to thewe observed this approximately factor of 2 intensity increase

other; that gives a zero intensity ¢fv.) for the 4.3-4.4 A

of the line at double the proton frequency (the line of the DP)

protons. The consecutive increase in intensity from these in the range of 24002900 G. The 24 protons from the methyl
protons with increase in magnetic field is compensated by the groups are 78 A away from Fe(lll) and the increase in intensity
decrease in the intensity of the remaining protons of the OEP of the DP line due to these protons is negligible. The observed
ring and thus results in the dependence shown in Figure 3increase in intensity may occur, as mentioned above, because
(bottom, dashed line). For the second case, both groups of DPof the specific line shape of the NP feiJ LP andg,, > gyy >

give a decrease in intensity (Figure 3, bottom, solid line).
Comparing these three calculated dependences ¢fiRPwith

the experimental data we can conclude that for [OE&f¢e(
Im);]* the order ofg values isg;; > gyy > Oux. As was already
mentioned, the intensities of the DP line of [OERkdM),]*
was found to be close to those of tHelm sample (compare,
e.g., 2+ 0.3% and 2.4+ 0.3% for maximal DP intensities
measured for these samples). Indeed, based on the rs&me

Oxx (see Figure 9). Therefore, the relative comparison of the
line intensities at double the proton frequency of these two
compounds gave us the first clue for understanding the ligand
orientation in [OEPFe(NM#y),]*Cl-.

The confirmation of this statement is found in the comparison
of the experimental NP intensity dependence on magnetic field
with simulations which were performed for various orientations
of the LP (see Figure 10). The experimental NP intensity

dependence of intensity on distance one cannot expect that foudependence on magnetic field shows a characteristic feature: a

additiond 5 A protons of hs-Im add more than 20% to the

intensity of the OEP ring DP, as is observed experimentally.
Orientation of gy and gy,. For [OEPFelis-Im),] *CI—, using

the obtained order ofy values, simulations of shifts and

intensities of the NP with magnetic field were performed to

derive the orientation of the ligand planes relative to the RCF

(or vice versa). The results are shown in Figure 5. The

minimum atB,, ~ 2500 G. This feature is reproduced in
simulations only ifx O LP andg,, > gyy > Ox Figure 10. As
additional simulations proved, and as was already shown
gualitatively previously, this result is stable to variations gf
strain, isotropic hyperfine interaction, and irgproton distances

in reasonable limits (e.g.-2 MHz for the isotropic hyperfine
interaction, 86-200 MHz for the line width caused hystrain

comparison of simulations and experiment allows us to conclude and 3-3.2 A for Fe—proton distance). The entire experimental

that more probably the and y axes of the RCF and the
perpendicular to the LP make angles of abeut5°. As one
can see from Figure 5, the difference in simulations and
experiment is more pronounced fail LP than forx O LP.

line shapes(v,), as well as the magnetic field dependence of

peak intensity at 24, are also reproduced by simulations for

O LP over the experimental field range (simulation indeed

included all protons). The representative examples of the line
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Figure 10. Experimental (bars) and calculated (stars) magnetic field strength dependences of the relative amplitudes of the NP peaid,
shifts, A, for [OEPFe(4-NMgPy)]*. The order ofg valuesg,, > g,y > g Was assumed, based upon the results discussed in the text. Parameters
used for calculations: (1 and )0 LP, (2 and 5xII LP; (3 and 6) angle betweenand the perpendicular to LP plane is’46e—proton distances,

r = 3.1 A r—z axis angle+41°. Other details of simulation and parameters used are described in the Simulation section.

simulations are shown in Figure 7 and peak intensity with of the proton frequencies, inhomogeneity of Bfield in the
magnetic field in Figure 8. Therefore we may conclude that cavity, and, as recently demonstrated in this laboratory, a finite
for this complex, thex axis of the RCF is most likely  width of the boxcar gate. All of these factors, as may be
perpendicular to the LP. evaluated, can cause a factor of 1.3 loss in intensity which is
To complete this part of the discussion it should be mentioned close to that observed.
that on the basis of the numerous simulations carried out in  |nterpretation of the g tensor Orientation Results in
this work, the accuracy in the mutual orientations of the LP Terms of the Structures of the Complexes.The orientation
and RCF axis may be evaluated ®s-20°. Further increase  of the g tensor has now been investigated in this laboratory by
in accuracy is possible, although it requires multifrequency ESEEM spectroscopy for three model heme complé%and
experiments with continuous decrease of operational frequencythe results are helpful in understanding the relationship between
which exceeds our instrumental capabilities at the present time.the orientation of the in-plane magnetic axggand Qyy With
Also, it must be mentioned that for both complexes the respect to both the planar axial ligands and also the porphyrin
difference in the absolute amplitudes found experimentally and nitrogen ligands to the metal. These results, obtained on
in simulations still exceeds the eXperimentaI error: The ferriheme Comp|exes in frozen (glassy) Solutiéﬁé’conﬁrm
experimental values are less than those in the simulations by athe existence of counter rotation of tetensor with rotation
factor 1.2-1.5. (For example, at the extreme low field position  of axial ligands away from the porphyrinate nitrogens: As the
the experimental amplitude of the NP line of [OEPFe(Is]H)  axial ligand rotates counterclockwise, thgtensor rotates
is 16% in comparison with 22% for the simulation.) However clockwise about the axis, or vice versa. This finding may
the two-pulse spirecho experiment always shows less absolute help us in the future to refine the structures of such complexes
intensity than theory predicts, the causes of which are mainly in frozen solution.
understood yet hard to entirely overcome in experiment. The
experimental difficulties include the case of partial excitation  (42) This work.
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Of the systems we have investigated, the=14-(dimethyl- planes of the axial ligands and henceggfwith their p; orbitals.
amino)pyridine case is the simplest, for the angle that describesThe fact that this is not the case suggests (1) that counter-rotation
the rotation of the projection of the ligand planes from the-N may be fairly linear in this case and (2) the anglenay be
Fe—Np axis, ¢, is 41°,2* and thus the ligands lie very close to larger in solution than it is in the crystalline state; an angle of
the meso positions of the porphyrin. Because of the steric 22.5° would produce the exact orientation of theensor that
interactions between the ortho-H of the pyridine ligands and is observed for this complex. We have recently shown by NMR
the atoms of the porphyrinate ring, this orientation, with ligands techniques that the energy barrier to rotation of axial imidazoles
in parallel planes over two of the meso positions (structufé 1), is unmeasureably small in low-spin [TMP&@.),]* com-
is expected to be the most stable, both in the solid state and inplexes?3 and, by comparison of the rotation lnhderedligands
solution, in the absence of extremely bulky substituents on the on TMPCd' and —F€"4344 it can be expected that that the
porphyrinate ring. Hence, the octaethylporphyrinate complex energy barrier to rotation ainhinderedimidazoles on Fe(lll)
was chosen for this study, for we could be quite sure that the is essentially zero. Hence, other factors, including solvation
distances and angles taken from the solid-state strd¢tucaild and hydrogen bonding of the anion of [OEPFe(InHEI~ to
well reflect the structure in solution. Thus, the fact that we the coordinated ligand NH may readily dictate the orientation
have determined that the smallgstalue, gy, is perpendicular  of the axial imidazole ligands in frozen solution, and the solution
to the plane of the axial 4-NMPy ligands, and thus lies along  structure may therefore be somewhat different from the solid-
the direction of the filled porbital of the axial ligands, is strong  state structure. The same is also true of the bis-pyrazole
evidence for the counterrotation of the in-plagéensor with complex [TPPFe(PzH)*Cl~ studied previously, where the
rotation of the axial ligands away from therNFe—Np axis. strict alignment ofy with the plane of the axial pyrazole ligands
This is because we would have expected, a priori, that the p suggests that in this case, the solution structure has the pyrazole
orbitals of the (parallel) axial ligands would determine the ligands lying directly over the p-Fe—Np axis. However, it
orientation of the g orbital that contains the unpaired electron should be emphasized that, except for the cagp,dfing along

and place that orbital (or rather, a linear combination,gadd the plane of the axial ligands, as in the case of [OEPFe(4-NMe
dyz) for maximum interaction in terms of &~ Fe donation,  py),|* where the NP peak is a doublet with one peak coincident
and hence the direction gfy, the larger of the two in-plang with the DP peak and hence approximately doubling its intensity,
values. However, with axial ligands rotated from the-¥fe— our experimental error in determining the orientation of the in-
Np vector by approximately #5we find that the magnetic axes  planeg tensor is only about-20°. Hence, the orientations of
have rotated by what appears to be % that instead ofy axial ligand planes found in the crystal structures of both

being along the direction of the;prbitals of the axial ligands,  [OEPFe(ImH)]* 25 and [TPPFe(PzH)* 12 and those deter-
itis insteadgy that lies along the porbitals. This is equivalent  mined by ESEEM techniques are well within these error limits,

to rotation of theg tensor in an equal but opposite direction and it may be that further “refinement” of the structures is
with rotation of the axial ligands by-45°. The concept of  ynpecessary.
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