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Model Systems

Sabine Van Doorslaer and Arthur Schweiger*
Physical Chemistry Laboratory, Swiss Federal Institute of Technology, 8092 Zurich, Switzerland

Receied: October 14, 1999; In Final Form: January 10, 2000

Continuous wave (CW) and pulse electron paramagnetic resonance (EPR), and electron nuclear double
resonance (ENDOR) techniques were used to study frozen solutions of (oxyCo)TPP(L(Té2Rphen-
ylporphyrin, L= pyridine, 1-methylimidazole). By using a combination of CW EPR at X-, Q-, and W-band
and Davies-ENDOR at Q-band, tigeand cobalt hyperfine matrices and their corresponding principal axes
were, for the first time, determined in detail. The variation of ¢healues as a function of temperature was
followed by Q-band CW EPR. The existing ambiguity about the assignment of one gfittrecipal axes to

the O-0 bound direction was analyzed in detail. By studying the different proton interactions with Mims-
ENDOR at X-band, a considerable solvent effect was found. With hyperfine sublevel correlation (HYSCORE)
at X-band and two-pulse ESEEM (electron spin-echo envelope modulation) at S-band, the hyperfine and
nuclear quadrupole interactions of the nitrogen nuclei of the axial ligand and the TPP ligand were determined.
All the magnetic parameters were analyzed as a function of the geometrical and electronic structure of the
complexes.

1. Introduction O—0 bond directions. Hori et &° repeated these measurements
) at room temperature (RT) and 77 K. A comparison of the RT
For several decades, the dioxygen storage and transpOrigpgr ang X-ray data of oxyCoMb revealed that the principal

fun dCt'On 0{ tg_e w&r;)—czntaltr)nng Tﬁme ;t))_rot::qnfs, hemogloliln (Hb)_ axis associated with thggvalue closest to the free electron value
and myoglobin (Mb), has been the subject of many spec roscop|cge is approximately oriented along the-®@ bond. In a later

studies. However, the analysis of the electronic and geometrlcworky9 they made the same assignment for the 77 K data.

structure is very difficult because of the fast autoxidation rates | [ auth . for diff
of these proteins and the fact that they are diamagnetic andSubsequenty, several authors assigned for di grent oxygenated
Co(Il) complexes the smallegtvalue3-16 or the middleg value

therefore EPR-silent (EPR electron paramagnetic resonance). 1o the O-O bond directiort” This ambiguity has severe

It has be_en found that many of th_e planar Co(l) complexes consequences for the interpretation of all the other magnetic
can reversibly form 1:1 adducts with molecular oxygen (for
reviews see refs 1 and 2). These adducts are further related td arameters.
the Oxygen_carrying heme proteins since they possess a coor- Moreover, in all studies done on frozen solutions of oxygen-
dinated nitrogen base in the sixth coordination site of the metal ated cobalt(ll) porphyrin systems, tg@andA<° matrices could
ion. Both the oxygenated and the deoxygenated Co(ll) adductsnot be determined accurately and simulations of the continuous
are paramagnetic and can thus be studied by EPR. Because ofvave EPR (CW EPR) spectra are found to be hardly convincing.
their unique features, these adducts have become of speciallhis is due to the fact that the two matrices are orthorhombic
interest as models for natural heme systéfin particular, and non-coaxial. The frozen solution CW EPR spectra recorded
cobalt(Il) porphyrins are used as model systems because of theirat X-band show strongly overlapping features, which complicate
structural analogy with the porphyrin fragment of Hb and Mb, the evaluation of the parameters.

and the fact that the autoxidation is generally slower than in | +hic work. we report on a CW and pulse EPR and ENDOR
]ngroclfe rgiothsr nﬁt'r\i’ﬁ Ir;zoge'réf)'b;ngugheg?'cﬁl r?nu?r]stglg'gg dOf study of frozen toluene solutions of oxygenated cobalt tetraphen-
Mb3 opepned I:hepvslay for s¥udying bothpthg ny and deoxy ylporphyrin(pyridine), (oxyCo)TPP(py)l@, and oxygenated
species of the proteins with EPR and electron nuclear doubleCObaIt tetraphenylporphyrin(1-methylimidazole), (oxyCo)TPP-
resonance (ENDOR) spectroscdpy (1-Melm) (1b). The two complexes have previously been
Althouah a number of EPR and ENDOR studies have been investigated by means of CW EPRand three-pulse electron
9 spin-echo envelope modulation (ESEEM) spectrosédpyin

carried out on .oxygenated synthetic cobalt systéﬁnmany .. these studies, the ambiguity in the assignment ofthencipal
problems are still left unsolved. The most pronounced ambiguity . c

; h : L axes is not resolved and the reported datagfandA*° are not
is the one concerning the assignment of ghf@rincipal axes to convincing

the dioxygen bond direction. Some of the authé?dlascribed
the principal axis with the largesf value to the G-O bond By means of CW EPR at X-, Q-, and W-band frequencies in
direction in accordance with EPR studies oiT @efects in alkali ~ combination with Davies-ENDOR at Q-band, th@nd cobalt
halide single crystal® In oxycobalt myoglobin (oxyCoMb) hyperfine matrixes at low temperature are determined and the
single crystals Dickinson and Chighfound at 77 K two oxy temperature dependence of thprincipal values is investigated.
species and also assigned the largegtrincipal value to the The assignment of thg principal axes is discussed in detail.
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The hyperfine interactions of the surrounding protons are  Matched HYSCORE.2* The second and third/2 pulse were
determined by means of Mims-ENDOR at X-band. A pro- replaced by matched pulses of length 88 ns. All other parameters
nounced solvent effect is observed. Finally, the hyperfine and were the same as those for unmatched HYSCORE.

nuclear quadrupole interactions of the pyridine (or 1-methylimi-  The Q-band CW EPR and pulse ENDOR spectra were
dazole) binding nitrogen and of the porphyrin nitrogens are recorded on a home-built spectrometer (mw frequency, 35.39
evaluated by means of two-dimensional HYSCORE at X-band GHz) equipped with a liquid Helium cryostat from Oxford Inc.

in combination with two-pulse ESEEM at S-band. The HY- and a Bruker ENDOR ER 5106 QTE probehead. The CW EPR
SCORE technique is found to give more information than three- spectra were recorded with a modulation amplitude of 0.2 mT
pulse ESEEM experiment$1° The observed interactions are and an mw power of 10 mW. All pulse ENDOR measurements
interpreted in terms of internuclear distances and spin density were conducted at a repetition rate of 300 Hz and a temperature
distributions and are compared with values from the literature of 15 K.

and from our recent study on CoTPP(§9). Davies-ENDOR?®> The spectra were measured with the
sequencer—T—n/2—t—mx—t—echo, with mw pulse lengths of
2. Materials and Methods twz = 100 ns and,; = 200 ns and time intervats = 240 ns

andT = 17 us. An rf & pulse of variable frequency; and

2.1. Sample Preparation.(Tetraphenylporphyrinato)cobal-  length 154s was applied during timé.
tate(ll), CoTPP, from Aldrich was used without further purifica- The W-band CW EPR spectra were measured on a Bruker
tion. Pyridine and 1-methylimidazole were purchased from Fluka ELEXSYS 680 spectrometer (mw frequency, 94 GHz) equipped
(pro analysis). As a solvent, toluene (Fluka, puriss., absolute, with cooling systems from Oxford Inc. and Cryogenics and a
over molecular sieves) was used. Deuterated toldg(e99.6% critically coupled Bruker TetraFlex probehead. An mw power
purity) was obtained from Cambridge Isotope Laboratories of 1.78 mW, a modulation amplitude of 0.5 mT, and a
(CIL). Deuterated pyridine (pgs) (> 99% purity) was pur- modulation frequency of 100 kHz were used.
chased from CIBA, anéPN-labeled pyridine °N]py) (>98% The S-band pulse EPR spectra were recorded on a home-
purity) was obtained from CIL. The porphyrin complex was built spectrometer (mw frequency, 3.78 GHz).
dissolved in toluene containing 10 mM of pyridine or 1-meth- ~ Two-Pulse ESEEM. The spectra were measured with the
ylimidazole. The final concentration of the CoTPP(py) and sequencer/2—r—xz—t—echo, with pulse lengths of 20 and 40
CoTPP(1-Melm) complex was taken as 1 mM. After the ns. Timer was varied from 260 to 6240 ns in steps of 20 ns.
components were mixed, the solution was transferred to an EPR 2.3. Theory. Oxygenated Co(ll) complexes contain one
tube and left open to air to obtain the oxygenated complexes. unpaired electron which is mainly centered on the oxygen

15N-labeled ¢99% purity) cobaltic tetraphenylporphyrin ~ Moiety. The spin Hamiltonian in frequency units can be written
chloride, C#'([*5N]TPP)CI was obtained from Porphyrin Prod- &S
ucts, Inc. To reduce CY[>N]TPP)CI to the cobaltous state, it 8
was dissolved in degassed & in a concentration of 14 mM _ e Co
and then mixed with an equal volume of a solution 068, H h BogS+ SA™ + Hyua (1)
in degassed KD (57 mM) for about 1 h. The Cil, phase
was separated from the aqueous phase and vacuum-distilled. The CW EPR spectra are dominated by the electron Zeeman

The remaining C§5N]TPP was then treated in the same way interaction (first term) and the hyperfine interaction between
as described above. the unpaired electron and the nuclear spir=("/2) of cobalt

(second term)H,, describes the interactions with the sur-
rounding nitrogen nuclei and the protons, which can be observed
with ESEEM and ENDOR.

2.2. Equipment.The X-band CW EPR spectra were recorded
at 80 K on a Bruker ESP 300 spectrometer (microwave (mw)
Zﬁqgw(\a/\r/mgc;v?/:rgo?qus)o' ?g\l;\lfge?nvggzlgt:g# Ig;gmgsg (;,)rfygz.ségt. The hyperfine intera.ctions.of the cobalt nucleus and the
mT, and a modulation frequency of 100 kHz were used. The protons'are b?St determlned W'.th pu!se EN[.)GH'YSCORE?S
X-band pulse EPR and ENDOR spectra (15 K throughout) were atwo-dl_mensmnal experiment in which a mlxmg)ylse creates
recorded on a Bruker ESP380 spectrometer (mw frequency, 9_7lcorrelat|on$ between_ the n_uclear coherences in wo d'ﬁ?fe”t
GHz) equipped with a liquid Helium cryostat from Oxford Inc. electron spinifs) manifolds, IS found to be the most appropriate
The magnetic field was measured with a Bruker ER 035M NMR method to stuldy thelmagnenc paralr?eters of the ligand n|_tr_ogens.
gaussmeter. In all pulse EPR and ENDOR measurements a_ ' of anS= "2 | =Y/ system (e.g=N), the nuclear transition
repetition rate of 1 kHz was used. The observer positions were requencies in the twans manifolds are given by
carefully chosen to scan through all the molecular orientations A 2 B2
that contribute to the CW EPR spectrdi. Vo) = [(§ + V|) + (5)2] 2

Mims-ENDOR.22 The spectra were recorded with the mw

pulse sequence/2—7—n/2—T—n/2—7—echo, with pulse lengths  with the nuclear Zeeman frequeney= —g.3,Bo/h. A andB
of 16 ns. Timer was varied from 96 to 600 ns in steps of 8 ns.  describe the secular and pseudosecular part of the hyperfine
A selective radio frequency (rfy pulse of variable frequency  coupling. In the HYSCORE experiment, the correlations

vit and length 1Qus was applied during the time interval between the nuclear transitions lead to cross-peaks£) and

The rf increment was set to 50 kHz. (vg, v) in the 2D plots. The interpretation of HY SCORE spectra
HYSCORE (Hyperfine Sublevel Correlation).?® The ex- of disorderedS = 1/,, | = 1/, systems has been discussed by

periments were carried out with the pulse sequemt@-7— several authors/:28

7t/2—t,—m—t,—n/2—71—echo with pulse lengthts,, = 24 ns and The spin Hamiltonian of a® = 1/,, | = 1 system (e.g!*N)

t, = 16 ns. The time intervalg andt, were varied from 96 to can be described in terms of tgematrix, the hyperfine matrix
8272 ns in steps of 16 ns. Threealues (96, 176, and 344 ns) A, and the nuclear quadrupole teng@r The principal val-
were used to remove the blind spots. An eight-step phase cycleues Qy, Qy, and Q; of the traceles€) tensor are usually ex-
was used to eliminate unwanted echo contributions. pressed by the quadrupole coupling constiint €2qQ/4h
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Figure 1. Structure of (oxyCo)TPP(py)L&) and (oxyCo)TPP(1-Melm)
(1b) and orientation of thg, AC° principal axes and the principal axes Y
of AN andQN of the sixth ligand with respect to the molecular frame
Y, 2.
S
and the asymmetry parametgrwith Qx = —K(1 — ), Qy =
—K(1 + ), andQ, = 2K. In the case of exact cancellatio\( l
~ 2|v]), the effective field experienced by the nucleus in one 1188.8 1238.8 1288.8
of the two ms manifolds vanishes. The ESEEM frequencies By [mT]
within this manifold are therefore close to the nuclear quadrupole
resonance (NQR) frequenc?és c
vo=2Ky, v_.=K@—175), v.=K@+1n) ) e
HYSCORE spectra of disorderé&l= /,, | = 1 systems have
been discussed by Dikanov et38IThe spectra are dominated s
by the cross-peaks between the double-quantum (DQ) frequen- .
ciest 3204.7 3314.7 34247
wp _ of[a 2 5 ]2 By [mT]
YpQ = 2[(5 + VI) TKE+7 )] (4) Figure 2. CW EPR spectra of (oxyCo)TPP(py) taken at 80 K. (e,

experimental spectra; s, simulations): (a) X-band; (b) Q-band; (c)
where a is the hyperfine coupling at a particular observer W-band.
position.

2.4. Data Manipulation and Simulations. The data were
processed with the program MATLAB 5.1 (The MathWorks,
Inc., Natick, MA). The time traces of the HYSCORE spectra
were baseline corrected with a third-order polynomial, apodized
with a Hamming window, and zero filled. After 2D Fourier
transformation, the absolute-value spectra were calculated. Both
the Mims-ENDOR and HYSCORE spectra were recorded at
differentt values and added together to eliminatdependent
blind spots. The two-pulse ESEEM time traces were baseline
corrected with an exponential function, apodized with a Ham-
ming window, and zero filled. After 1D Fourier transformation,
the absolute-value spectra were calculated. To get rid of dead
time dependent line distortions in the absolute-value spectra, a
cross-term averaging procedéftavas used. 9220749

The CW EPR, Davies-ENDOR, and two-pulse ESEEM R AT
spectra were simulated using MAGRESSimulations of the 1520 2 %0 95 40 45 B2 %

venpor [MHz] venpor [MHz]
HYSCORE spectra were done with the program TRYSCORE. )
- : : - Figure 3. Q-band Davies-ENDOR spectra of (oxyCo)TPP(1-Melm)
To obtain good starting 1va|ues for the S|mulat|0ns. of the taken at different observer positions: (a) experimental spectra; (b)
HYSCORE spectra of = Y/, systems, the methods of pa simulations.

and Kevad’ and Dikanov and Bowma&awere used.

g=1.9827

g=2.0017

g=2.0305

g =2.0469

9=2.0630

3t
5T

v
n
o
[
;1

40

o~

5

3. Results these spectra. The spectral features corresponding to the three
3.1. g and A£° Matrices. The X-band CW EPR spectrum of principalg values overlap in the X-band spectrum but are nicely

a frozen solution of (oxyCo)TPP(py) at 80 K is shown in Figure separated in the W-band EPR spectrum.

2a. From this spectrum, the principal values of thand A° To determine the principal values of th#é° matrix and the
matrixes and their relative orientation are difficult to determine. relative orientation of the principal axes with respect to ghe

To facilitate the analysis, also the Q-band (Figure 2b) and principal axes, cobalt Davies-ENDOR spectra at Q-band were
W-band (Figure 2c) CW EPR spectra were measured. Due tomeasured at different observer positions. Figure 3a shows some
the largeg strain and second-order effects in the hyperfine of the recorded spectra for (oxyCo)TPP(1-Melm). The signals
matrix, the cobalt hyperfine splittings are no longer resolved in are weak and the cobalt nuclear quadrupole interaction is not
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TABLE 1: Principal Values of the g and AC° Matrices for
(oxyCo)TPP(py) (1a) and (oxyCo)TPP(1-Melm) (1b), HPP)
Derived from CW EPR Spectra at X-, Q-, and W-Band
Frequencies and from Q-Band Davies-ENDOR Spectra

1la 1b la 1b
Ox (+£0.0005) 2.0020  2.0020C°( 4 1.0 MHz) ~214 —2L5
gy (+0.0005) 19827  1.983GC0 (1 1.0 MHz) —22.7 -22.5
gz (+£0.0010) 2.0705  2.0728; (+5°) 64 65

AS°(+ 1.0 MHz) —53.0 =525

aThe Euler angles for thg principal axes arei; = 0 £ 5° andy,
= 0+ 5° B1is given in the table. The Euler angles for #h&° principal
axes aren; = 2 = y2 = 0 + 5° (see Figure 1).
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Figure 5. X-band Mims-ENDOR spectra at observer position | (see

Figure 4. Variation of theg values of (oxyCo)TPP(1-Melm) as a Figure 2a): (a) (oxyCo)TPP(pgs) in tolueneds; (b) (oxyCo)TPP(py)
function of temperature, measured with Q-band CW EPR. in tolueneds; () (0xyCo)TPP(py) in normal toluene.

resolved. From the ENDOR line width, a maximum nuclear . ) ) )
quadrupole coupling of 130 kHz is estimated. with the cobalt ENDOR lines, only Mims-ENDOR, which has

The g and A% principal values and the Euler angles with been found to be less sensitive to the strong cobalt couplings,
respect to the molecular frame defined in Figure 1 are given in Nas been used.
Table 1. The signs of the cobalt hyperfine values will be  Figure 5a shows the X-band Mims-ENDOR spectrum of
discussed later. The corresponding simulated EPR and ENDOR(0XYC0)TPP(pyes) in tolueneds taken at observer position |
spectra are shown in Figures 2 and 3b. For the ENDOR (see Figure 2a). The observed couplings are due to the protons
simulations a line width of 1.8 MHz was assumed, which ©f the TPP ligand. A splitting of 0.4 MHz0.1 MHz) is found
accounts for the unresolved nuclear quadrupole interactions.for all observer positions in the EPR spectrum. For some
Although the values presented in Table 1 are the ones thatobserver positions, the peaks show weak shoulders with a
produced the best simulations, it can be seen from Figure 3maximal splitting of 0.7+ 0.1 MHz (Figure 5a). Figure 5b
that the ENDOR simulations are still not perfect. This is due to Shows the corresponding Mims-ENDOR spectrum of (oxyCo)-
the fact that the nuclear quadrupole interaction is not taken into TPP(py) in tolueneds. The additional splitting of 1.0 MHz
account directly. Although this interaction is small, it will have ©observed in this spectrum can be ascribed to protons of the
an influence both on the intensity and the position of the cobalt PYridine ligand. This splitting varies from 1.0 to 1.2 MHz when
ENDOR lines. These effects cannot be simulated by means ofthe observer position is changed. Figure 5¢ shows the Mims-
a broader ENDOR line width. Surprisingly, for both complexes ENDOR spectrum of (oxyCo)TPP(py) in normal toluene. A

the cobalt hyperfine interactions are found to be equal within Strong peak at the nuclear Zeeman frequengys observed,
the experimental error. representing a large number of distant solvent protons. The broad

It has been reported that upon cooling from 220 K to peak with a maximal width of 3.4 MHz varies between 2.6 and
approximately 80 K, the CW EPR spectrum of oxygenated 3-4 MHz as a function of the observer position.
cobalt porphyrin complexes dissolved in toluene changes The Mims-ENDOR spectra of (oxyCo)TPP(1-Melm) in
drastically!” This is traced back to a reduced mobility of the tolueneds (not displayed) show splittings of 0 0.1 MHz,
0O, moiety and of the whole complex at lower temperature. To Which are assigned to the protons of TPP. In addition, weaker
check this behavior for the complexes under study, the tem- signals with a splitting of 1.3 0.1 MHz are observed that can
perature dependence of tlievalues has been studied. The be assigned to the protons of 1-Melm. The corresponding Mims-
change of the values as a function of temperature can best be ENDOR spectra of the complex in toluene show besides a strong
determined using W-band CW EPR. Since this requires a large peak at/y, a broad peak with a width between 2.9 and 3.4 MHz
amount of liquid helium (supercon sweep), the temperature Symmetric tovy.
dependence of the Q-band CW EPR spectra has been measured. 3.3. Interaction with the Surrounding Nitrogens. The
Figure 4 shows for (oxyCo)TPP(1-Melm) the change of the interactions of the nitrogens have been investigated with ESEEM
threeg principal values and of the calculated isotropic value techniques. In particular, HYSCORE at different observer
Oiso = (Ox + gy + 9z)/3 as a function of temperature. The same positions is well-suited for the determination of the magnetic
trend was found for (oxyCo)TPP(py). parameters of nitrogen. Figure 6a shows the X-band HYSCORE

3.2. Interaction with the Surrounding Protons. Proton spectrum of (oxyCo)TPP(py) at observer position Il (see Figure
interactions can be measured with the Davies- and the Mims-2a). To distinguish between the peaks of the pyridine and the
ENDOR scheme. Since, at X-band, the proton signals overlap porphyrin nitrogens, we also measured the corresponding
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Figure 6. X-band nitrogen HYSCORE spectra at observer position Il Figure 7. Simulated nitrogen HYSCORE spectra of (oxyCo) TPP(py)
(see Figure 2a). (a) (oxyCo)TPP(py): The arrows indicate the DQ cross- at observer position II: (a¥N nucleus of pyridine; (b}*N nuclei of

peaks of the interaction with tHéN of the pyridine ligand. (b) (oxyCo)-
[**N]TPP(py): The arrows indicate the peaks assigned tétauclei
of the porphyrin ligand. (c) (oxyCo)TPP{N]py): The arrows indicate
the cross-peaks assigned to #id nucleus of pyridine.

nucleus of pyridine.

HYSCORE spectrum of (oxyCd¥N]TPP(py) (Figure 6b) and
the matched HYSCORE spectrum of (oxyCo)TP®]py)

(Figure 6c). ESEEM Spectre?

the porphyrin ring; (c}*N nuclei of the porphyrin ring antN nucleus
of pyridine. The arrows indicate the cross-peaks assigned t&lthe

TABLE 2: Principal Values of the Hyperfine Matrix and
Nuclear Quadrupole Interactions of the Nitrogen of the Base
of (oxyCo)TPP(py) (1a) and (oxyCo)TPP(1-Melm) (1b),
Derived from X-band HYSCORE and S-Band Two-Pulse

The weak signals dPN in (oxyCo)TPP({°N]py) in the (—,+)

guadrant could only be observed with matched HYSCORE 1a 1b
(arrows in Figure 6¢). The correspondiigN signals of AY (£0.1 MHz) 3.4 3.2
(oxyCo)TPP(py) are very strong (Figure 6a). The occurrence I\IN (0.1 MHz) 3.4 3.2
of the peaks in the-{,+) quadrant indicates thaf| > 2|vy|. Ae22 (3%1(MOHS% M) 3’2.795 32.825
o _ . lecqQ/h| (£0. z . .
The positions of DQ cross-peaks (arrows in Figure 6a) depend 7 (0.02) 023 010

only slightly on the observer position, indicating that the
hyperfine coupling is dominated by the isotropic part. Since  ®The Euler angles for botA™ andQ" areas = 3 = ys = 0 + 5°
for | = 1, spins nearly isotropic hyperfine couplings cause (see Figure 1).

\S/i};?tl)lloe WInm?hdeu?;soen(s)#“metﬁgr(rjzsepor%?)ijﬂai:ggglzr:ri;uirs(ljyb 7c¢) are in good agreement with the experiment (arrows in Figure
the nu.clear quadrupole,interactign y 6c). For (oxyCo)TPP(1-Melm), the same procedure was used
Figure 7a show_s _the simulation of théN |—_|YSCORE_ (pirr??l(g’t\lersez?g Z??:]ee 2p>)6rphyrin are observed in tHe+)
2%3}?T,eOfégﬁqurlg(ljnew?tlgog?nuggbseirviﬁ%?\jsm%? lR' ;’ivnh'Ch quadrant (arrows in Figure 6b). This implies that the coupling
i teractions (a op are not cogrl] 'dered in the Fr)n ?atyon The with these nitrogens is weak (i.eA| < 2|vn|). The hyperfine
:oarerlmelters grg gvi\\l/séa)n in Table ZSITakingI into asc,:lcol:mtlthallt the interaction consists of a considerable anisotropic part, which
. i o : causes the strong intensity of theN peaks. At S-band, the
simulation was done with ideal pulses and that the TRYSCORE - . : : : .
program involves certain simplﬁicatioﬁéihe agreement with hyperfine couplmg will approxmate]y be in exact canc.ellajuon
the experiment is very good. The corresponding parameters for(IAI ~ 2Jvl), which aIIows_for a st_ralghtforward determmatlo_n
the 15N nucleus were calculéted by using the relation of the nuclear quadrupole interaction (see theory). The combina-
tion of S-band and X-band HYSCORE spectra of (oxyCo) TPP-
(14N) ([*>N]py) would represent an ideal data set for the determination
W) 14N of the nitrogen parameters. However in our experiment, the
AT )
gN(15N) mixing = pulse at S-band was found to be too weak to correlate
the nuclear coherences of the twg manifolds. We therefore
with i =X, y, z The simulated®N cross-peaks (arrows in Figure  used two-pulse ESEEM at S-band to measure the sharp features

IAPN = |
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Figure 8. S-band two-pulse ESEEM spectrum of (oxyCo)TPP(fiy) (
and (oxyCo)TPP(1-Melm)1(), derived from CW EPR spectra at X-,
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dioxygen bond axis is assumed to be parallel to the principal
axis of the largesg valuel?

Comparison of the (oxyCo)Mb data wity B0, in a single
crystal of vitamin Bx!! sheds a totally different light on the
subject. For B»O,, one data set at high temperature (HT, 313
K) with gf'" = 2.049,g)" = 2.023, andgi" = 2.009, and one
data set at low temperature (LT, 113 K) wigh' = 2.089,g5"
= 2.013, andg;y' = 1.993 with different principal axes
directions are observed. EPR measurements at various inter-
mediate temperatures reveal a smooth change g/dnto g''

(i = 1, 2, 3). This change i values is explained by an
increasing thermal motion of the dioxygen fragment (wobbling
around the low-temperature-@D bond direction combined with

an oscillation). The similarities with (oxyCo)Mb are obvious.
The finding that in (oxyCo)Mb the traces of tg8", g', andg"
matrices are approximately the same, and at room temperature
only one data set is found, suggests a thermal motion of the O
fragment. Moreover, the fact that thgR™T principal axes
directions are approximately between thosegofindg', and

the temperature dependence of thealues suggest a jumping

Q-, and W-band frequencies and from Q-band Davies-ENDOR spectra. petween positions | and Il with an additional wobbling at higher

that correspond to the NQR frequencigsv—, andv (Figure
8a). The peaks around-% MHz are due to the pyridine nitrogen
and to protons.

It is difficult to get exact magnetic parameters for the pyrrole

temperatures. The study on vitaminB,'! showed that thg
values and the orientation of the principal axes changed rapidly
in the temperature range 23310 K. This implies that a
comparison of the EPR data at 300 K and the X-ray data at
258 K may lead to wrong conclusions. Moreover, the assump-

nitrogens, because the interactions are weak and the fourtion that theg value along the ©0 bond direction should

nitrogens are not equivalent. Moreover, simulations show that

for coinciding AN and QN principal axes only the DQ cross-

remain the same, whereas all other parameters should drastically
change with increasing temperature, is very unlikely. The

peaks are observed, in contradiction to the experiment. Thetemperature dependence of thematrix of vitamin BiyOptt

computed hyperfine and nuclear quadrupole interactions are
collected in Table 3. The four nitrogens are assumed to be

geometrically equivalent with th&, axes pointing approximately
in the direction of the dioxygen fragment and the axes of the
largestQ value pointing along the NCo bond. The errors in

the angles are rather large and an inequivalence of the four

nitrogens cannot be ruled out.
Figure 7b shows the simulatédN pyrrole spectrum (compare

with Figure 6b, arrows) and Figure 7c gives the corresponding

spectrum of the!* N pyrrole nitrogens (see Figure 6c). The
simulation of the two-pulse ESEEM spectrum (Figure 8a) is
shown in Figure 8b. The proton interactions are not considered
which explains the different shapes of the signal in theb4
MHz region. The observed NQR signals of the pyrrole nitrogens
are nicely reproduced. For (oxyCo)TPP(1-Melm), the same
procedure was used (parameters, see Table 3).

4. Discussion

4.1. g and A° Matrices. For the assignment of thg
principal axes with respect to the-® bond direction, the work
of Hori et al®® on single crystals of (oxyCo)Mbs has to be
discussed in more detail. For single crystals of (oxyprotoCo)-
Mb and (oxymesoCo)Mb the authors found one sej vélues
at room temperature (300 K) and two sets at 77 K. At room
temperature, the observagvalues for (oxymesoCo)Mb are
of" = 2.065,g5" = 2.009, andgf" = 2.000, with theg§'
principal axis ¢ value closest tae) close to the G-O bond
direction as derived from X-ray data at 258 K. For the two forms
at 77 K theg valuesg) = 2.072,g, = 2.024,g; = 1.975 andy}
= 2.080,g, = 2.005,g5 = 1.987 are reported with thg} and
g! axes including an angle of approximately’9h agreement
with the room-temperature data, the principal axes of ghe
values closest tge (g'2 andgg) are taken along the ©0O bond
direction in contrast with all previous assignments where the

shows that the smalleg'™ value smoothly changes to the
smallestg-" value. For (oxyCo)Mb, this would mean that the
O—0 bond direction taken at room temperature alagg
coincides with theg} (g3) axis at 77 K. This is, however, not
possible, since, from th€O hyperfine data of (oxyCo)Mb at
77 K 8itis known that theg, (g3 ) axis is parallel to the lobe of
the &* orbital containing the unpaired electron. All these
arguments are in favor of the assignment of the largestiue

to the O-0 bond direction, in accordance with earlier studiés.
Furthermore, Dickinson and Symcéhseconsidered their data
of (oxyCo)Mb and found that correspondence of the @
"direction withg = 2.00 presented them with severe difficulties.
In their opinion, the only reasonable interpretation of their data
and those of Hofi° could be obtained by takingmax along the
O—-0 bond. Finally, the angleg; for (oxyCo)TPP(py) and
(oxyCo)TPP(1-Melm) are in good agreement with X-ray studies
on (oxyCo)Mb and cobalt porphyrins containing axially bound
nitric oxide 3637

According to Figure 4, thg values of (oxyCo)TPP(py) and
(oxyCo)TPP(1-Melm) vary only slightly in the temperature
range 86-140 K (the systematic error for the temperature range
is about 10 K). From 140 to 180 K, a large change in ¢he
values is observed, indicating an increased mobility of th€dO
group and the whole molecule. Since thematrix remains
orthorhombic, the @0 fragment does not freely rotate around
the Co-O bond. In a case of fast rotation of the-O group
around the Ce-O bond, but slow motion of the molecule, the
g matrix would be axial? Above 180 K, the G-O group and
the molecule as a whole are rotating rapidly, giving rise to an
isotropic EPR spectrum, in accordance with the melting point
of toluene (178 K). The slight decreasegy, with increasing
temperature can be explained by a weakening of the@bond
at higher temperatures. Finally, Figure 4 shows clearly that, in
solution, upon increased mobility of the-@ group at higher
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TABLE 3: Principal Values and Principal Axes Directions of the Hyperfine Matrix and Nuclear Quadrupole Tensor of the
Four Nitrogens of the Porphyrin Ring of (oxyCo)TPP(py) (1a]) and (oxyCo)TPP(1-Melm) (1b), Obtained through Simulation
from X-Band HYSCORE Spectra and S-band Two-Pulse ESEEM Spectra

Ay A Ay a, |eqQrh|
(+0.2'MHz) (£0.2MHz) (£0.2'MHz) (+£0.2°MHz) (+0.1 MHz) 5 (£0.2) o4 (£20°) a5 (£20°7) Sa (£20°) fs (£20°) ya (£20°) s (+20°)
la -1.3 -1.3 -0.4 -1.0 1.8 0.3 45 45 45 90 0 0
-1.3 -1.3 —-0.4 -1.0 1.8 0.3 135 135 45 90 0 0
-1.3 -1.3 —-0.4 -1.0 1.8 0.3 225 225 45 90 0 0
-1.3 -1.3 -0.4 -1.0 1.8 0.3 315 315 45 90 0 0
1b —-1.2 —-1.2 -0.3 -0.9 1.7 0.5 45 45 45 90 0 0
—-1.2 —-1.2 -0.3 -0.9 1.7 0.5 135 135 45 90 0 0
—-1.2 -1.2 —-0.3 —-0.9 1.7 0.5 225 225 45 90 0 0
—-1.2 —-1.2 -0.3 -0.9 1.7 0.5 315 315 45 90 0 0

temperature, thg values change, but their order stays the same.

It is then very hard to imagine that in single crystals of (oxyCo)-
Mb increased thermal motion of the dioxygen fragment would
change the order of the thrgevalues. This is again an argument
in favor of the largesg value along the ©0 bond.

For both complexes the cobalt hyperfine interactions are

pairing model), an upper limit foro(")? of 0.06 is found. Since
the individual values of, h, andl may not be derived from eq

7, f or h can actually be negative implying direct interaction
rather than spin polarization. In fact, for some oxygenated
Co(ll) complexesf + h was found to be negativel! Thus, the
spin-pairing model appears to be incomplete to describe the

found to be equal within the experimental errors. The electronic cobalt hyperfine structure. Moreover, the cobalt hyperfine
structure of oxygenated Co(ll) complexes is usually discussed interaction is virtually independent of the axial base. For base-

in terms of the superoxide formulation (&©,7)! or by the
spin-pairing modek:38

In the spin-pairing model, it is assumed that the two molecular
orbitals (MO’s) of the Ce-O, fragment

Y, =ad'd, + 4sy + r*(X) + a''d,,
P, =a''dy, + ex*(y) (6)

affect the cobalt hyperfine interaction. The doubly occupied MO,
11, describes the overlap of & (x') orbital of O, with the
cobalt 3@, 3d., and 4s orbitals. The second M@, contains
the unpaired electron. Since the two MO’s are close in enérgy,
12 can polarizey,, resulting in a negative spin density in the
3dg, 3d, and 4s orbitals.

The principal values of the cobalt hyperfine matrix are then
found to be

A= =T+ e+ o(f — 21 = h)
A, = =T+ agd + 2l(f + 1 + 2h)

A,=+T+ag+ Y(=2f+1-h) 7)
whereT, = 3 MHz is the direct point dipoledipole interaction
between the unpaired electron in thigy') orbital and the cobalt
nuclear spif® andf = PpoUco-o(')2, h = PpoUco-o(a'")?,
and| = P(a'")? describe the indirect spin polarization ofd
and g and the direct hyperfine contribution frony.drespec-
tively. Uco-o is the spin-polarization constanig is the spin
density on the adjacent oxygen, aRe= geSgnSnli 3@y = 600
MHz.38

Hoffman et al® on the other hand, proposed a mechanism
for the description of the anisotropic cobalt hyperfine interaction
in a MO (y1) involving the antibondingr*(y') oxygen orbital
and the cobalt 3gorbital (w back-bonding). In eq 7, this implies
thatf = h = 0. This assumption leads ta’()2 ~ 0.05 for both

free (oxyCo)TPP, however, significantly larger (absolute) values
are foundt

Upon addition of a nitrogen base to CoTPP, the unpaired
electron resides in the 3(Co) + p,(N) orbital. The 3¢, (3d,)
orbital combine with the gN) orbital, but the energy shift is
smaller than the one for the Bdrbital. If spin polarization of
the 3dz orbital plays an important role for the oxygenated
complexes, a change of the base strength would have a
significant influence on the cobalt hyperfine interaction, which
is not observed. The difference in the cobalt hyperfine interaction
for (oxyCo)TPP and (oxyCo)TPP(B) (B nitrogen base) seems
mostly to be due to the change in thg ddvel, spin-polarization
of the 3¢z orbital plays only a minor role for this interaction.

Two recent studies report on thge and AC° matrices of
(oxyCo)TPP(1Melm) in toluen¥:17 The first study® involves
the investigation of (oxyCo)f§R)TPP](1Melm) (where R=
—H, —NHCOC(CH)3, —NHCOCH;, —NHCONHGsHs, an
ortho substitutent on one of the four meso phenyls of TPP) in
different solvents. Thg andAC° matrices were assumed to be
coaxial, which is shown to be incorrect. Accordingly, their
results for (oxyCo)TPP(1Melm) in toluene deviate considerably
from ours. For the different systems, the authors calculated the
3d orbital spin density of cobalt from th&-° principal values.
In view of the present study, these data should be revised. In
the second work! the g and A€® matrices where determined
from X- and Q-band CW EPR spectra. Although the authors
included the non-coaxiality of thg and AC° principal axes,
there is still a discrepancy with our results (overestimation of
AZ° and underestimation o&° and A7°). The larger experi-
mental data set used in the present work (CW EPR at three
microwave frequencies in combination with ENDOR) justifies
our results. Moreover, the simulation shown in ref 17 do not
match the experimental spectra.

4.2. Proton Interactions. For several ferrous prophyrin
systems, th®sp value of oxygen binding was found to decrease
with increasing polarity of the solveA.The same effects have

complexes, which essentially means that almost complete been observed for cobaltous porphyririEhis demonstrates the

electron transfer from cobalt to oxygen has taken place
(superoxo formulation). The model does, however, not fully
describe the anisotropy of the cobalt hyperfine matrix.

The spin-pairing model does not allow for a large transfer of
the unpaired electron to the oxygen. Equation 7 leadsttch
= 6.8 MHz andl + h = 36.2 MHz for both complexes under
study. Iff andh are taken positive (which is expected in a spin-

role of the solvent polarity in governing dioxygen affinity. For
both complexes under study, the largest proton hyperfine
coupling can be assigned to toluene protons. This proves the
interaction between the solvent molecules and the dioxygen
moiety.

Assumingaiso = 0, the coupling of 0.40.7 MHz for the
TPP protons of both complexes corresponds to a distance of
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0.5-0.6 nm. The protons of the porphyrin ring and the ortho- the broad single-quantum peaks, which are usually lost in three-
protons of the phenyl groups fall within this range. The dioxygen pulse ESEEM experiments due to the instrumental dead time.
is clearly not stabilized by a hydrogen bound to the ortho-proton In the HYSCORE spectra, these peaks are clearly seen, so that
of one of the phenyl groups. When the ortho-protons are the assignment of the axes can easily be done through
replaced by electron withdrawing amide groups (picket fence simulation. The orientation of th@N tensor suggests that the
porphyrins), an amide proton on the picket fence is believed to nuclear quadrupole coupling is mainly governed by the
interact with the dioxygen, explaining the increased oxygen population and not by the population in the pyridimeystem.
affinity of these complexe¥:40-42 In the latter case, the largetvalue (in absolute value) would
For (oxyCo)TPP(py) a maximum splitting of 0.2 MHz be found perpendicular to the €& direction.
is observed for the pyridine protons, a coupling which is  For (oxyCo)TPP(1-Melm), the hyperfine data of the coordi-
probably due to the ortho-protons of pyridine. For COTPP(py), nating N of 1-Melm are very close to those observed in
a maximum splitting of 7.1 MHz was observed for these (oxyCo)TPP(py) &iso = 3.4 MHz, py = 0.0022, and = 0.32
protons2° The decrease of the proton hyperfine coupling reflects g g4 nm), in agreement with the finding that the cobalt
the electron withdrawal by the dioxygen molecule, which is also pyperfine interaction is similar in both complexes. The differ-
manifested in the cobalt hyperfine coupling. For (0oxyCo)TPP- gnce in theldN QN tensor is, however, significant. For free
(2-Melm), an analogous maximal splitting of 1430.1 MHz imidazole the NQR dat&?qQ/h| = 3.220 MHz andy = 0.119
was found for the 1-Melm protons. are reported® For 1-Melm, similar values are expected. Both
4.3. Nitrogen Interactions. For (oxyCo)TPP(py), the ob-  |e2qQ/h| andy are smaller than the ones for the free pyridifie,
served'N hyperfine interaction of the pyridine ligand consists a5 is also reflected in our data. Furthermore, the coordination
of an isotropic paris, = 3.5 MHz and a dipolar part{0.1,~ of 1-Melm to the Lewis acid (oxyCo)TPP reduces the value of
0.1;+0.2) MHz. Fromaiso, & spin density on the nitrogen pf |2qQ/h| in accordance with the observations for (oxyCo)TPP-
= 0.0023 pn = aisdao With ap = 1538.22 MHZ¥) is obtained,  (py). Using three-pulse ESEEM, Lee et&found for thelsN
which is about a factor of 10 smaller than is found for oxygen interactionaiso = 3.54- 0.06 MHz,r = 0.344+ 0.02 nm,|eqQY/
free CoTPP(py¥° This again agrees with the withdrawal of the h| = 2.39+ 0.07 MHz, andy = 0.88+ 0.13. The difference
unpaired electron by the oxygen. From the dipolar part, & ¢om gur results can again be ascribed to the shortcomings of
distancea = 0.39+ 0.06 nm between the nitrogen nucleus and the applied technique (1D experiment and only anglue). It

the unpaired e-_leptron can be derivéd. _ ) should be noticed that the error limits given by Lee éfalere
For the pyridineN nuclear quadrupole interaction, we clearly underestimated.

evaluate the valugg’qQ/h| = 2.95 MHz andy = 0.23. Hsieh

et al*6 found from nuclear quadrupole resonance experiments
the valuese?qQ/h| = 4.584 MHz andy = 0.396 for the free
pyridine molecule. These authors also observed that upon
coordination of pyridine with a Lewis acid, the electric field
gradient at the nitrogen nucleus decreases. For CoTPP(py),
|€2qQ/h| decreases to 3.4 MH2,and upon oxygenation, this

uUntil now, the remote nitrogen of 1-Melm has not been
discussed. On the basis of the data we found for the binding
nitrogen of 1-Melm, we expect the hyperfine interaction with
the remote nitrogen to be very small. For free imidazole the
NQR data for the amino nitrogge?qQ/h| = 1.391 MHz andy
= 0.930 are reportet?.Simulations of HY SCORE spectra using
value decreases even further. Hsieh é¢ fdund a linear relation 2" isotropic hyperfine interaction of 100 kHz and the nuclear
between/h/e2qQ| andy. Using their simplified equation; = guadrupole data from the free imidazole showed two broad

0.23 corresponds withe’qQ/h| = 3.05 MHz, which agrees diagonal peaks at1.2 and~2.3 MHz in the (+,+) quadrant.
nicely with our findings. In the HYSCORE spectra of (oxyCo)TPP(1-Melm), such peaks

For the interaction with the pyridine nitrogen in (oxyCo)- were indeed observed, confirming that the hyperfine interaction

TPP(py), Magliozzo et & derived from three-pulse ESEEM with the remote nitrogen is small. Slight changes in the nuclear
the ng?lahetega —59 MHz A — 34 MHz A p_ 3.9 MHz quadrupole parameters had virtually no influence on the data.
XX — & FPyy — 9. 1 M\zz— 9. ’

|2qQ/h| = 2.9 MHz,7 = 0.2, = 60°, 8 = y = 0°, with the The hyperfine interactions with the porphyrin nitrogens of
Euler anglesy, 8, andy, describing the relations between the (0XyCO)TPP(py) ((oxyCo)TPP(1-Melm)), can be split into an
principal axes ofAN and QV. The orthorhombicity of theAN isotropic part withaiso = —1 (—0.9) MHz and a dipolar part

matrix and the noncoaxiality of theN andQN axes could not ~ With (=0.3,-0.3,+0.6) MHz. The dipolar part corresponds to
be confirmed by our measurements. However, the shafbiv a distance = 0.27 £ 0.04 nm between the nitrogen and the
modulations do not allow for such a large anisotropy. The unpaired electron. The orientation of the hyperfine principal axes
inconsistency with our results may originate from the fact that supports again the assumption that an almost complete transfer
the authors measured the three-pulse ESEEM spectrum only adf the unpaired electron from cobalt to the dioxygen has taken
one observer position (approximately position I, Figure 2a) and place, as suggested by Hoffman et%A comparison of the
for only oner value (blind spots). Because of the smgll parameters of the pyrrole nitrogens of CoTPP(py) and (oxyCo)-
anisotropy, they averaged in the powder simulations over all TPP(py) shows that the electron withdrawal by the oxygen has
possible magnetic field orientations. Our measurements show,a strong influence on the hyperfine interaction. For CoTPP(py)
however, a distinct orientation selectivity. The authors had to the nitrogen orbital involved in the MO containing the unpaired
assume an orthorhombic hyperfine matrix to account for some electron is an sptype hybrid; hence, there is direct spin density
of the spectral features, which in fact result from poor orientation in the nitrogen 2s orbital. This results in the positawg value.
selection. We could nicely simulate the HYSCORE spectra at For (oxyCo)TPP(py), we found a negatiag, value of about
different observer positions by using the parameter set given in —1 MHz for the pyrrole nitrogens, indicating that tlsespin
Table 2. density is mainly due to polarization effects. This is in agreement
Magliozzo et al? also had difficulties in figuring out whether ~ with the ENDOR data ofN,N'-ethylenebis(acetylacetonatimi-
the largest principal axis of th@N tensor is aligned along the  nato)cobalt(Il), Co(acacefj:*®For Co(acacen) EA,yZ ground
Co—N bond direction or along the 2prbital of the pyridine state is assumed and negatig values of about-3.5 MHz
nitrogen. Information about this direction can be derived from are reported for the binding nitrogen. This situation resembles
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