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Different pulse Electron Paramagnetic Resonance (EPR) and Electron Nuclear DOuble Resonance (ENDOR)
techniques are used to study the electronic and geometric structure of (tetraphenylporphyrinato)cobaltate(ll)
with pyridine as an axial ligand (cobaltous tetraphenylporphyrin(pyridine), CoTPP(py)). This complex is
considered as a model for the heme group in deoxygenated hemoglobin and myoglobin. For the first time,
the small hyperfine and nuclear quadrupole interactions of the porphyrin nitrogens of CoTPP(py) are determined
using three-pulse electron spiecho envelope modulation (ESEEM), hyperfine sublevel correlation
(HYSCORE), and double nuclear coherence transfer (DONUWYSCORE spectroscopy as well as Davies-
ENDOR, and hyperfine correlated ENDOR (HYEND). The assignment of the different cross-peaks in the
HYSCORE spectra is shown to be considerably facilitated by the DONUNSCORE experiment.
Furthermore, the hyperfine interactions of the surrounding protons are investigated by Davies- and Mims-
ENDOR and HYSCORE spectroscopy at X- and S-band microwave frequencies. For the first time, the potential
of proton HYSCORE spectroscopy at S-band is demonstrated. Assignment of the observed couplings is
facilitated using deuterated pyridine as the axial ligand. The interactions with the ortho and meta protons of
pyridine and with the protons of the porphyrin ligand are determined. From the Davies-ENDOR spectra of
CoTPP(py) and CoTPP{N]py), the hyperfine and nuclear quadrupole couplings of the pyridine nitrogen
are evaluated. From the hyperfine and nuclear quadrupole parameters, structural (internuclear distances) and
electronic information is derived. Comparisons are made with known EPR and ENDOR studies on a number
of porphyrin systems with different metal ions. The similarities and differences are discussed in detail.

Introduction using CW ENDOR2-14 Within the last 2 decades, a variety of
one- and two-dimensional pulse EPRind pulse ENDOR
schemes have been introduced that allow one to characterize a
in biological svstems. Because of their enormous biological rJfoaramagnetic compound in much greater detail than with the
In biologt Y : Us : us biological ¢, ssical CW EPR and CW ENDOR experiments. Apart from
importance, these heme proteins have been the subject of many, h | | .ach | dulati
spectroscopic studies to determine the structural factors that ome t ree-puise electron spiecho enve ope modu ation
(ESEEM) studies on oxygenated Co(ll) porphyrin compléXe's,

govern their oxygen affinity. However, the analysis of the . ’ . .
electronic and geometric structure is very difficult due to the these technl_ql_Jes have npt been used to investigate synthetic
cobalt containing porphyrin systems.

fast autoxidation rates of these proteins and the fact that they ) )
are diamagnetic and therefore EPR silent. In this paper, we report on pulse EPR and ENDOR studies

In the presence of a single nitrogen base, Co(ll) porphyrin ofgfrozen s_olution Qf (tetrapht_anylporphyr_inatg)cobaltate(lI) to
complexes show the ability for reversible addition of molecular Which there is an axially coordinated pyridine ligand (cobaltous
oxygen! Both the oxygenated and the deoxygenated Co(ll) tetraphenylporphyrin(pyridine), CoTPP(py)) (Figure 1). This
adducts are paramagnetic and can thus be studied by EPR. Théomplex has already been investigated using CW £RRd
autoxidation rate of the oxy Co(ll) complexes is slower than in CW ENDOR!* However, the use of pulse EPR and ENDOR
the case of the ferrous native proteins. Due to these uniquetechniques at two microwave (mw) frequencies (S-bane4(2
features, Co(ll) porphyrin complexes have become of special GHz) and X-band (810 GHz)) enables us to study this complex
interest as model systems for Hb and Mb. (For a survey, seein far greater detail. For the first time, the hyperfine and
refs 2 and 3.) Furthermore, the chemical substitution of ferrous quadrupole couplings of the porphyrin nitrogens of CoTPP(py)
protoporphyrin IX with cobaltous porphyrin in Hb and Mb  have been evaluated. Furthermore, the hyperfine interactions
opened the way to study both the oxy and deoxy species of theof the surrounding protons have been determinégedat al*
proteins with continuous wave (CW) EPR and ENDOR already mentioned the observation of proton couplings in the
techniques$:”’ CW ENDOR spectra of CoTPP(py), but they did not determine

For several decades, synthetic cobalt porphyrin systems havethe hyperfine parameters. The hyperfine and nuclear quadrupole
been the subject of numerous spectroscopic investigations,couplings of the pyridine nitrogen obtained from our analysis
including EPR and ENDOR studiés. The majority of the turn out to differ from those reported earlier. Finally, the
studies on pentacoordinated Co(ll) porphyrin complexes and observed interactions are interpreted in terms of internuclear
their corresponding oxygenated forms were done using CW distances and spin distributions. Comparisons are made with
EPR128-11 Some of these complexes were also investigated known data for different metalloporphyrin complexes.

Hemoglobin (Hb) and myoglobin (Mb) are iron-containing
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Electronic and Geometric Structure of CoTPP(py)

Figure 1. Structure of cobaltous tetraphenylporphyrin(pyridine) and
definition of thex-, y-, and z-axes.

Materials and Methods

Sample Preparation.Tetraphenylporphyrinato)cobaltate(ll),
CoTPP, was bought from Aldrich and was used without further
purification. Pyridine was purchased from Fluka (pro analysis).
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DONUT-HYSCOR®25(X-band).The pulse sequenceg2—
Tl—ﬂlz_tl_ﬂ_‘L'z_ﬂ_tz—ﬂlz_fl_eChO, with o = 24 ns,t,
=16 ns,t; = 96 ns,72 = 344 ns,to1 = 96 ns,tox = 96 ns,Aty
= 16 ns,At, = 16 ns (data matrix 45& 450), and an eight-
step phase cycle are usegandr, are chosen so as to minimize
the blind spot dependence in the frequency area of interest.

Mims-ENDOR® (X-band).The pulse sequence/2—t—a/
2—T—x/2—1—echo, with a selective radio frequency @fpulse
of variable frequency,s applied during time T, and.;t = 16
ns, t = 10 (8.5)us, T = 12 (10.5)us, 70 = 88 ns,At = 8 ns
(128 or 256 time intervals in order to remove the blind spots)
are used. An rf increment of 50 kHz is used.

Davies-ENDOR? (X-band).The pulse sequence(1)—T—
wl2—t—m(2)—7—echo, with a selective rf-pulse of variable

As a solvent absolute toluene (Fluka, puriss., absolute, overfrequencyv; applied during timeT, t,(1) = 96 ns,t,» = 48 ns,

molecular sieves) was used. Deuterated pyridinedgpy>99%
purity) was purchased from CIBA antiN-labeled pyridine
([**N]py) (>98% purity) was obtained from Cambridge isotope

t2(2) = 96 ns t;/f = 10 (8.5)us, 7 = 104 ns, and = 12 (10.5)

us is used. An rf increment of 50 kHz is used.

HYEND® (X-band).The pulse sequence(1)—t—x(2)—T—

Laboratories. The porphyrin complex was dissolved in toluene g(2)—t—n/2—7r—m(3)—r—echo, with two selective ti/2-pulses

containing about 10 mM of pyridine. The final concentration
of the CoTPP(py) complex was about 1 mM. After the com-

of variable frequencys applied during the time intervals
andt,(1) = 96 ns,t,," = 4.25us, t,(2) = 96 ns,To = 304 ns,

ponents were mixed, the solution was transferred to an EPRt,, = 48 ns,r = 104 ns, and,(3) = 96 ns is used. The time
tube. Oxygen-free samples were obtained by degassing on ar is incremented in steps of 8 ns (1024 points). The rf increment

vacuum line using the usual freezeump-thaw method.
I5N-labeled & 99% purity) cobaltic tetraphenylporphyrin
chloride, Co(llI)EN]TPPCI was bought from Porphyrin Prod-
ucts, Inc. To reduce Co(IIBfN]JTPPCI to the cobaltous state,
it was dissolved in degassed g, in a concentration of 14
mM and then mixed with an equal volume of a solution of
N&S,04 in degassed kD (57 mM) for about 1 h. The Ci€l,

is taken 50 kHz.

Data Manipulation. Data processing is done with MATLAB
5.1. (The MathWorks, Inc.). The ESEEM time-domain data are
baseline corrected with a third-order polynomial, apodized with
a Hamming window and zero filled. In addition, the HYSCORE
and DONUT-HYSCORE spectra are apodized using a Hanning
window along the diagonal. After 1D or 2D Fourier transforma-

phase was separated from the aqueous phase and vacuunion, the absolute-value spectra are calculated. To get rid of blind

distilled. The remaining Co(II}fN]TPP was then treated in the
same way as described above.
Equipment. CW EPR measurements are performed on both

spots and deadtime dependent distortions in the Mims-ENDOR,
three-pulse ESEEM, HYSCORE, and DONUHYSCORE
experiments, the spectra are measured at differgatues and

a Bruker ESP300 spectrometer (mw frequency 9.48 GHz) added together.
equipped with a liquid nitrogen cryostat and a Bruker ESP380  Theory. The spin Hamiltonian for a paramagnetic species

spectrometer (microwave frequency 9.71 GHz) with cooling
equipment from Oxford and Cryogenics. The frozen solution
spectrum is measured at 85 K with a mw power of 2 mW, a

modulation amplitude of 0.05 mT, and a modulation frequency

of 100 kHz.

with a C&" ion (electron configuration 3dS= 1, | = 7/,)
and N nuclei and protons is given by

_Pe

H =" BggS+ SA® +H 1)

nucl

The pulse EPR and ENDOR experiments are carried out on
a pulse X-band Bruker ESP380 spectrometer and on a home-The first term is the electron Zeeman interaction, the second
built pulse S-band EPR spectrometer (microwave frequerey 2 term describes the hyperfine interaction between the unpaired
GHZ).:I‘9 All the measurements are done in frozen solutions at a electron, and the nuclear spin of cobalt. The CW EPR spectrum

temperature of 15 K and a repetition rate of 1 kHz.

The Following Pulse Sequences Were Usedihree-pulse
ESEEM¥*>20pulse Sequence2—r—m/2—T—m/2—t—Echo.At
X-band, pulse lengths,, = 8 ns, a starting tim&y, = 96 ns,
and a time incrememiT = 16 ns (512 time intervals) are used.
To get rid of the blind spot behavior, timeis varied in steps
of At = 8 ns, with a starting value; = 96 ns (128 time
intervals). At S-bandt,, = 20 ns,Tp = 330 ns, and\AT = 20
ns (200 intervals) are used andts varied in steps oAz = 10
ns (20 intervals). A four-step phase cycle is used in all
experiments.

HYSCORRE22 Pulse Sequence/2—1—a/2—t;—a—t,—n/
2—t—Echa At X-band,t,» = 24 ns,t, = 16 ns, starting times
tor = 96 ns, andp2 = 96 ns and time incrementst; = 16 ns,
At, = 16 ns (data matrix 51% 512) for 67 values (96, 176,

of a frozen solution of CoTPP(py) is mainly dominated by these
two terms.

Hnuc describes the interactions with the surrounding nitrogen
nuclei and protons, which can be observed with ESEEM and
ENDOR. For these experiments, the observer positions have to
be carefully chosen in order to scan through all the molecular
orientations contributing to the CW EPR spectrum (orientation
selectio?). The analysis of the ESEEM spectra is based on
the following equations.

(@) S= Y,, | = 1/, Systems (Interactions wittd and 15N).

The nuclear transition frequencies in the twg manifolds are
given by

Vo) = [(% + Vu)2 + ('3/2)2]1/2 (2

232, 296, 344, and 424 ns), and an eight-step phase cycle are

used. At S-bandt,» = 20 ns,t; = 12 ns,tg1 = 420 ns,tox =
420 ns,At; = 20 ns andAt, = 20 ns (data matrix 156 150)

with the nuclear Zeeman frequeney = —g.4,Bo/h. For an
axially symmetricg and hyperfineA matrix, g, chosen along

for 3 7 values (330, 505, and 765 ns), and a four-step phasethe z-axis and a nucleus lying in thezplane, A and B are

cycle are used.

defined by®33
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A= a,, + T[(3/g°)(g’cosh cosp + gisin O sin B cosg) x
(cos@ cosf + sinf sinf cosg) — 1] (3)
and
B’=B?%+C?
with

B' = T|(3/g%)(gf cos® cosp + g2 sin 6 sin B cos¢) x
(cos@ sinf cosg — sinB cospP) + (a /T — 1) x (4)
2 2
(gu—zg”) sin @ cosf
g

C' = T(3/g°)(g cosb cosp +
g2 sin” 0 sin 8 cosg) sinf sing (5)

and

g°=g cos 0 + g;sirf 0 (6)
Heref is the angle between the vectgijoining the electron
spin and the nucleus, and theprincipal axis. The polar angles
0 and ¢ define the orientation of the magnetic field vector in
the x,y,z-frame2° a5, denotes the isotropic hyperfine constant,

and

(e

is the point-dipole interaction. Note that in these formulas the
hyperfine interaction is assumed to consist only of a peint
dipolar and an isotropic contribution.

From the values o0&, andr, the hyperfine matrix elements
can be calculated By

@ grvBeBn
r’h

4
with ry = sinf, ry = 0; r, = cosf, gx = gy = gn, andg; = g

Diagonalization of this matrix leads to the principal values
A, Ay, andA; of the hyperfine matrix.

The HYSCORE (hyperfine sublevel correlation spectroscopy)
method' 23 is a two-dimensional experiment, in which a mixing
m-pulse correlates the nuclear coherences of thifferent
electron spin ifis) manifolds. The correlations between the
nuclear transitions lead to cross peaks,s) and @) in
the 2D plots. In the HYSCORE spectra of disordered systems,

(7

A =8+ g(3rr; — 0;) (.i=xy,2 (8)
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Figure 2. The energy level diagram of &= /,, | = 1 spin system

under the condition of exact cancellatian € |A/2|). Legends: EZ&
electron Zeeman interaction, HEl hyperfine interaction, NZ nuclear
Zeeman interaction, NG¥ nuclear quadrupole interaction, S€single
quantum, and DQ= double quantum.

In the case of exact cancellatiofA( ~ 2v)), the effective
field experienced by the nucleus in one of the tnwpmanifolds
is approximately zero (Figure 2). The ESEEM frequencies
within this manifold are therefore close to the tAdd nuclear
quadrupole resonance (NQR) frequenties

vo=2Ky, v_.=K@B—1n), v,=K@B+zn) (10)

In a HYSCORE experiment, cross peaks are observed
between the three frequencies of the upper and the lower
manifold. Typical manifestations of HYSCORE spectra of
disorderedS= 1/,, | = 1 systems have recently been described
by Dikanov et aP® In a DONUT-HYSCORE experimeft 25,
nuclear frequencies within the samme manifold are correlated
with each other. For ar§ = ,, | = 1 system in exact
cancelation, this allows one to observe cross peaks between the
NQR frequencies. This additional information may considerably
facilitate the identification of the peaks in the HYSCORE
spectrum.

Simulation Procedures. The g and A®° principal values
obtained from the experimental CW EPR spectrum at 85 K are
refined using the program MAGRE®S.Simulations of the
HYSCORE spectra for a disorder&d= /5, | = 1/, system are
performed with a computer program based on the equations
given abové® and the ones of Ponti et @ Good starting values
for the parameters used in the simulations are obtained by the
methods of Pppl et al3° and Dikanov et at’ The HYSCORE
spectra of disordere8= /,, | = 1 systems are simulated using
TRYSCORES® Numerical simulations of the HYEND spectra
are carried out with the program package GAMNM#®Eor all
other simulations, the MAGRES program pack¥gs used.

ridges instead of cross peaks are observed. We made use of thgy,o g its

relation

B = [8AvS,/v/2]? (9)
between the maximum displacementS of the ridges from the
(vi,m) diagonal peak and the value Bfderived by Pppl et
al3% B is related toT andas, as shown in eqs 4 and 5.

(b) S= 1,, | = 1 Systems (Interaction witHN). The spin
Hamiltonian of anS = %,, | = 1 system can be described in
terms of theg matrix, the hyperfine matrixd, and the nuclear
quadrupole tensd®. TheQ tensor is traceless and the principal
values Q, Qy, and Q are usually expressed by the quadrupole
coupling constanK = €2qQ/4h and the asymmetry parameter
n, with Qx = —K(1 — #), Q) = —K(1 + #), andQ, = 2K.

g and AC° Matrices. At X-band frequencies, the CW EPR
spectrum is found to be axial with well resolved cobalt and
pyridine nitrogen hyperfine splittings in the parallel direction
(perpendicular to the porphyrin plane). The latter coupling will
be discussed later. Based on symmetry considerationsy,the
direction is taken perpendicular to the porphyrin plane (along
the molecularz-axis) in accordance with previous studiés.
The other axes of the molecular frame are taken as indicated in
Figure 1. From the line width in the perpendicular direction, a
maximum value folA5®° can be estimated. Table 1 shows the
g, A®, andAN parameters that were obtained by simulating
the experimental CW EPR spectrum using MAGREShe
data agree well with the parameters found in the literature for
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TABLE 1: Principal Values of g, Ac°, and the AN Value for CoTPP(py) and CoOEP(py) Derived from CW EPR

o g AL (MHz) AC° (MHz) AN (MHZ) ref
CoTPP(py) 2.324t 0.002 2.03Gt 0.002 <40 236.0£ 6.0 440+ 4.0 this work
2.32 2.028 2355 48.3 14
2.324 2.027 <39 236.7 42.6 1
CoOEP(py) 2.326 2.026 ca. 25 231 44 12
TABLE 2: Principal Values of the Proton Hyperfine Interactions of CoTPP(py)?2
H Ay (MHz) Ay (MHz A, (MHz) p (deg) aiso (MHz) r (nm)
2.6 —7.0 (40.2) —7.0 (40.2) 1.7 ¢0.2) 41 @5) —4.0 (40.2) 0.31 (0.01)
3.5 0.4 (£0.1) 0.4 ¢0.1) 2.1€0.1) 24 @5) 1.0 &0.1) 0.52 (0.01)
2,3,7,8,12,13,17,18 —0.4 (+0.1) —0.4 (+0.1) 1.3 &0.1) 90 (-10) 0.1 ¢0.1) 0.53 (0.01)

2 ais0 is the isotropic hyperfine interaction,is the distance between the proton and thé"Gon, andg is the angle betweeg, and the CerH
direction. p(Co) was taken to be 0.95. The numbers in the first column of the table correspond to the one in Figure 1. In the text, the hyperfine
couplings are numbered 1, 2, and 3 in order of appearance in the Aabtepointing approximately in the direction of the Co nucleus (see eq 8).

both CoTPP(py) and cobaltous octaethylporphyrin(pyridine) m
(CoOEP(py)). The latter complex is very similar to CoTPP-
(py). The parameters in Table 1 are also in good agreement

with the ones found for cobalt-substituted Mb and“Hb l ¢
illustrating that CoTPP(py) can indeed be considered as a model
complex for these systems.

No cobalt ENDOR transitions could be detected, either with
pulse or CW ENDOR. This can be ascribed to the nuclear
quadrupole interactiorl & 7/,) and the large anisotropy of the
hyperfine coupling, causing a considerable spread of the
ENDOR intensity.

Interaction with the Surrounding Protons. The proton
interactions are studied with HYSCORE, Davies-ENDOR,
Mims—ENDOR, and HYEND at X- and S-band microwave

frequencies and different settings of the magnetic field (orienta- r I l
tion selection principlé). 8 17 2
In the DaviessENDOR spectra, taken at several field VeEnpor [MHZ]

positons, at least three proton interactions can be distinguishedrigure 3. Davies-ENDOR spectra of (a) CoTPP(py) and (b) CoTPP-
besides the narrow matrix peak at the proton Zeeman frequency (py-ds) at observer position | (see inset: X-band (9.71 GHz) CW EPR
Figure 3a shows the spectrum takeryat 2.048,vy = 14.44 spectrum of CoTPP(py) in the 27@10 mT range).
MHz (observer position | in the inset). In the corresponding
spectrum recorded with fully deuterated pyridine (By{Figure hyperfine coupling$? The relative intensity of the proton peak
3b), the two largest proton couplings (resonance frequencieswith the largest hyperfine interaction is indeed found to be
indicated by the dashed lines) disappear, indicating that thesesmaller in the Mims-ENDOR spectra than in the Davies-
features represent hyperfine interactions with protons of the ENDOR spectra.
pyridine ligand. The hyperfine parameters found for the three proton interac-
The value of the largest proton hyperfine coupling can best tions are collected in Table 2. These parameters are derived
be derived from HYSCORE and Davies-ENDOR experiments. from simulation of the HYSCORE spectra (Figure 4b and d)
The HYSCORE spectra witBg || g, at S-band and, || gp at and the Davies-ENDOR spectra (Figure 5a and b). The
X-band are shown in Figures 4a and c. Figures 3 and 5a and bcorresponding geometric parameters are derived using eq 8 and
show Davies-ENDOR spectra taken at observer positions I, Il, considering a cobalt spin densipyCo) = 0.95 It should be
and lll, respectively. (See inset Figure 3.) noted that the relative ENDOR intensities of the twg
For the interpretation of the HYSCORE spectra, we used the manifolds in the simulations are interchanged compared to the
formalism described in the theoretical p#t turns out that ~ experimental Davies-ENDOR spectra. This is not understood,
measurements at S-band frequencies are especially well suite@specially since the intensity behavior of the Mims-ENDOR
in this case, since the displacements of the HYSCORE ridgesspectra is also opposite to that of the Davies-ENDOR spectra.
along the diagonal depend orvil(see eq 9) so that the shifts Interaction with the Nitrogen Nucleus of the Axial
will be considerably larger at S-band than at X-band. 1D Pyridine Ligand. In the CW EPR spectrum the hyperfine
combination peak and-2pulse experiments are also performed, interaction of the!”N nucleus of the pyridine ligand is only
but the sum combination peak of the largest interaction is greatly resolved alongy, (Table 1). To determine all the hyperfine and
masked by the large peak aw2 The latter methods are nuclear quadrupole parameters, Davies-ENDOR spectra of
therefore not very suitable to determine the anisotropic part of CoTPP(}*N]py), CoTPP(pyds) and CoTPP{N]py) are re-
the interaction. The values fdr and a5, are used as starting  corded. Due to the large hyperfine couplings (around 40 MHz),
values for the simulation. To determine the smaller proton ESEEM experiments are not suited in this case. Figure 5a and
hyperfine interactions, Mims-ENDOR spectra (not shown) and b show the Davies-ENDOR spectra of CoTP#\Jpy) recorded
Davies-ENDOR spectra are recorded at several field positionsat the high-field position 11 Bo || g, m©° = 7/2) and atBy ||
and simulated using MAGRE®.Davies-ENDOR is in general gy (observer position 1ll, inset Figure 3), together with the
considered to be more suited than Mims-ENDOR to study large corresponding simulations of the nitrogen spectra. Since the
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TABLE 3: Principal Values of the Hyperfine and Nuclear Quadrupole Interaction of the Pyridine Nitrogen in CoTPP(py) and
CoOEP(py)

Ag (MHz) A (MHz) Qo (MHz) Qi (MHz) ref
CoTPP(py) 38.21£0.3) 47.4 ¢0.1) 0.85 €0.3) —-1.7 0.1) this work
38.1 48.6 0.740.2) —-1.1#0.2) 14
CoTPP([*N]py) —53.3&0.2) —66.3(0.3) this work
CoOEP(py} 38.4(1), 39.15 (1) 43.4 ¢-1.0) 1.4 ¢0.2),—0.5 0.2) —0.9 &0.2) 13
a QOrthorhombicA andQ are assumed.
a) T ] ©
i ] 16}
8 I
— e S —_—
N N 14}
T 6 I
=, =
B B
C\\l Q 12} J
o
9 8
]
10}
1I0 1I2 1l4 1‘6
16}
~N N 14}
£ T
S =
& &
By = 12f
3 3
2 L
T 10
0 1 1 1 " n L L L
[} 2 4 <] 8 10 10 12 14 16
®/2n [MHZ] /27 [MHZ]

Figure 4. S-band and X-band HYSCORE spectra of COTPP(py). (a) Spectrum taken at 3.7 GHZoWiith, (Bo = 150 mT). The weak peaks
indicated by arrows are cross-peaks between'4Neand'H frequencies and are not considered in the simulations. (b) Simulation of the proton
HYSCORE spectrum in (a) using all hyperfine values of Table 2 and considering the number of nuclei contributing to each interaction (addition
of the spectra weighted with number of nuclei). (c) Spectrum taken at 9.7 GHBwIthy, (Bo = 299 mT, observer position Ill in inset in Figure

3). The peak indicated by an arrow is an instrumental artifact. (d) Simulation of the proton HYSCORE spectrum in (c) using all hyperfine values

of Table 2 and considering the number of nuclei contributing to each interaction.

proton ENDOR lines partially overlap with tHéN lines, the smaller than the one with the nitrogen of the pyridine ligand.
ENDOR spectra of CoTPP(pys) and CoTPP{PN]py) are also In the three-pulse ESEEM and HYSCORE spectra of CoTPP-
measured. From all these data, the hyperfine and nuclear(py), peaks at low frequencies are found that can be assigned
quadrupole parameters can be evaluated through simulationto interactions with the porphyrin nitrogens. In the ENDOR
(Table 3). The choice of the signs will be discussed later. For spectra of CO'N]TPP(py) no signals in this frequency region
Bo || go, @ large number of orientations contribute to the ENDOR can be found, but the corresponding Davies-ENDOR spectra
spectrum (hence the broad lines in Figure 5b), resulting in a of Co[*>N]TPP(py) show a peak in this region. Using the
relatively large error for th@N value. A slight orthorhombicity HYEND technique®® this signal could be assigned tolaN

of bothA andQ cannot be excluded. The values gl derived interaction (extrapolation of the ridge to zero hyperfine fre-

from CW EPR (Table 1) and from the Davies-ENDOR quency resulted in thess, frequency). Corresponding'N

experiments are the same within experimental error. ENDOR signals are not observed becaugg > vi4, (SOmMe
Interaction with the Nitrogen Nuclei of the Porphyrin lines are below the detection limit) and because tHd

Ligand. Since the unpaired electron is mainly localized in the quadrupole interaction broadens the lines.
dz-orbital of the cobalt atom, the interaction with the four Figure 6a and b show the HYSCORE spectra of 18

porphyrin nitrogens in they-plane is expected to be much TPP(py) recorded witlBy || go (observer position Ill) and at
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Figure 5. Davies-ENDOR spectrum of CoTPP{{l]py) and CoTPP- r
([1_5N]py):_(a) High-field positiorBo || gi, me=7/2 (observer position 4+
Il in the inset of Figure 3), (bBo || go (observer position Il1). The —
corresponding simulations of the proton andt\(pyridine) ENDOR T al ‘
spectra are shown. The arrows indicate the positions of the nitrogen =,
peaks. (‘S sl
the high-field end of the EPR spectrurBo(|| g, m = "/, °
observer position II), respectively; Figures 6¢ and d show the r
corresponding simulated HYSCORE spectra. The spectra are r
typical for strongly coupled = %/, nuclei, since the ridges O3 =2 a4 o0 1 2 3 4 s
appear only in the-{,+)-quadrant. The separation of the ridges
equals 21s,, revealing the type of nucleus responsible for the d) s . : : ; ; — ;

interaction. The simulation parameters am| = 3.4 MHz, L

|Ay| = 4.0 MHz, |A»| = 5.7 MHz (errors:+0.3 MHz) with 5 4t
= 95 (£5)°, wheref is the angle between thgy and Az-axis. L

Ay lies in the porphyrin plane perpendicular Ag.. For each T 3l
of the four porphyrin nitrogens tha,-axis is approximately 2 |
along the Ce-Nporph direction. This assignment will be eluci- 5 2l
dated in the discussion. It should be noted that the simulated &'

spectrum 6¢ does not fully reproduce the shapes of the ridges 10
found in the experiments (Figure 6a). The origin of this

discrepancy could not be found. However, with these parameters 0 s . s s . s
good simulations of the Davies-ENDOR spectra are obtained 5 4 38 2 4 0 1 2 3 4 5
(not shown). The absolute sign of the hyperfine principal values o/2n [MHZ]

cannot be determined from the HYSCORE and the Davies- Figure 6. Experimental HYSCORE spectra of CHIJTPP(py). ()
ENDOR spectra. To get the correspondittN hyperfine Bo || go (observer position 11l in the inset in Figure 3), (B) || g
couplings, the principal values have to be multipliedga*N)/ m = 7/2 (observer position I1), (c and d) corresponding simulations.
gn(15N) = —0.7129.

In Figure 6b, the cross peaks lie close to the frequency axesin Figure 7a), as is expected for cancelation. However, the sum
in the (—,+)-quadrant. This means that along tfpedirection of the two lower frequencies 0.60 and 1.75 MHz does not
(single-crystal like position), the cancelation condifb(jA| correspond to the third frequency 3.50 MHz. Although the four
= 2 v)) is approximately fulfilled. With this orientation selection, porphyrin nitrogen nuclei are expected to be geometrically
the X-band HYSCORE spectrum of G#{JTPP(py) shown in equivalent with the same hyperfine coupling alapgso that
Figure 7a is therefore especially well suited to determine the the 3.50 MHz peak can be considered as a combination peak
nuclear quadrupole interaction parameters. Inthe-§ quadrant of different nuclei, there still remains an ambiguity for the
of this figure, three strong cross peaks with the double quantumthird nuclear quadrupole frequency which is not observed in
frequencyvpy’ = 5.60 MHz are observed (marked by arrows this HYSCORE experiment (either 1.15 or 2.35 MHz). The




5452 J. Phys. Chem. A, Vol. 103, No. 28, 1999 Van Doorslaer et al.

— , . . . - o
a) ° vpQ
L 1
61 ,
= 0 @[3@ é ] a) voa®
= ¢
= 4 i
8 |
& 2
2 vr®> °
\’ 7
o _ b)
% 6 4 2 6 8
b) 5 | Lo
4 -
§ 3t Q c)
2 |
=
g 2t
é\l r
1t
r ~ ] i I | T T I
B B T R R B A
DO v [MHz]
C) 8 T T T T T " Figure 8. Three-pulse ESEEM spectrum of CoTPP(py)Bat|| go
(observer position lll in inset in Figure 3). (a) Experiment (b) Simulation
of (a) using the principal values &% and the data foe’qQ and n
_ 6r ? % S Q ] given in Table 4 (1), with the largest (absolu@)alue along the\,-
B axis. The simulation shows the sum of the spectra at 10 different
= values ranging from 10 to 100 ns. (c) Simulation with the largest
& 4 (<) | (absolute)Q value along theA.-axis.
ok Q Q { SCORE spectra. The X-band simulation (high-field position,
Bo || gy) is shown in Figure 7c. Since the simulation was done
0 IQ‘ . . . ‘ . for ideal pulses, the diagonal peaks found in thef) quadrant
-8 -6 -4 2 0 2 4 6 8 and caused by the incomplete coherence transfer governed by

/27 [MHZ] the r pulse between the twims states, are not reflected in the
Figure 7. HYSCORE and DONUTHYSCORE spectra of CoTPP-  Simulations. Using the above parameters, the DQ cross peak
(py) atBo || g, mC = 7/, (observer position Il in the inset of Figure ~ (—4.30, 2.80) MHz found in the«,+) quadrant of the S-band
3). (@) HYSCORE spectrum (The arrows indicate the cross-peaks HYSCORE spectrum aj, (not shown), can also be explained.
between frequencies of twms manifolds), (b)) DONUF-HYSCORE From the HYSCORE spectra taken in the single crystal-like
spectrum (The arrows indicate the third NQR frequency), (¢) simulation 5 46| direction, little information can be derived about the
of the HYSCORE spectrum shown in (a). . . . - .

orientation of theQ tensor in the porphyrin plane. This

information can be obtained from three-pulse ESEEM (Figure
8a) or HYSCORE spectra taken @t. Figure 8b and ¢ show
the simulations (using MAGRES of the spectrum, with the
largestQ value (in absolute value) taken either aloAg or
Ay, respectively. Figure 8b obviously corresponds best to the
experiment, implying that the axis of the largest hyperfine
coupling is parallel to the axis of the largest quadrupole coupling
(in absolute values). Both principal axes are directed along the
Co—Nporph bond as will be discussed later.

weak cross peak found at-2.50, 5.60) MHz is also not yet
assigned.

To resolve this ambiguity, a DONUTHYSCORE experi-
men#+25is done at the same observer position (Figure 7b). A
cross peak is found at-0.60, 1.75) MHz, indicating that 0.60
and 1.75 MHz are indeed two of the three expected nuclear
guadrupole frequencies in the samemanifold. The frequency
1.75 MHz also correlates with its double frequency 3.50 MHz
found in the HYSCORE spectrum. No further cross peaks are
observed, but on the diagonal of the,{-) quadrant, we find
peaks at 0.60, 1.20, 1.75, 3.50, and 5.60 MHz (the last one is
not shown). The peak at 1.20 MHz (marked with an arrow) g and A®° Matrix. The ground state of Co(Il)TPP(py) is
suggests that this is the missing nuclear quadrupole frequencyfound to be (g)2(dy,)%(dx)?(d2)1.4 Figure 9 shows the schematic
The weak peak observed in the HYSCORE spectrum-atg0, molecular orbital diagram for CoTPP(L), where L is a Lewis
5.60) MHz may then be ascribed to a combination of different base (e.g., pyridine). Wayland and Abd-Elmagéedvic-
nitrogen nuclei (2-) (analogous to the 3.50 MHz frequency). Gravey;? and Baumgartéi calculated the electron spin density
Using the above assignment, we find for the pure NQR on the cobalt atom for a series of Co(ll) complexes with d
frequenciesy ~ 0.60 MHz,v- ~ 1.20 MHz, andv+ ~ 1.75 ground state. The spin density lies in the range G7psz4 <
MHz. Using the formula given by Flanagan and Sifgéleq 0.97 for the 3d orbitals and in the range 08245 < 0.09 for
10), starting values can be derived 8qQ/h andy. Simulations the 4s orbital. Using the simple expressions given by Wayland
are found to be optimal foe?Qg/h = 1.8 MHz andy = 0.55. and Abd-Elmageetf, based on Maki et a3 values ofpzq =
These data are then used to simulate the experimental HY-0.85 andpss = 0.04 can be calculated from our experimental

Discussion
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Figure 9. Schematic molecular orbital diagram for Co(l)TPP(L); L represents a Lewis base.

AC° andg matrixes of CoTPP(py). The corresponding energy nm. This can be compared with the value of 0.2161 nm found

differenceAEy,, -2 is estimated to be about 8200 tinThe
formulas used by Wayland and Abd-Elmag¥exere optimized

by McGravey}? Attanasio et af* and Baumgarte#®? For
CoOEP(py), which is very similar to CoTPP(py), Baumgatten
found a total spin density at the cobaltgfCo) = 0.95 (o3¢ =
0.90 andoss = 0.05) and values of 8380 and 3620 chfior the
energy difference\Ey,y,—2 and AE,,—y, respectively. The
corresponding values for CoOEP in tetrahydorfuran(THF)/
toluene are 4840 and 3240 cin respectively’? In the latter

from an X-ray study of CoTPP(3,5-dimethylpyridin§)Con-
sidering theg anisotropy, the calculated distance leads to a
nontraceless poirtdipolar contribution to thé“N hyperfine
matrix of (—0.5,—0.5, 0.9) MHz (eqs 8 and 9). The sign of the
observed pyridine nitrogen interaction is taken to be positive
in accordance with previous studi#sThe hyperfine matrix can
be split into an isotropic pasis, and two anisotropic parts

38.2 MHz —0.5 MHz —2.6 MHz

compound, THF acts as a weak axial ligand. The large increase |38 2 MHz| = 41.3 MHz+ |=0.5 MHz|+ | =2.6 MHz

of AE,;y,—z2 upon addition of the pyridine base indicates the
destabilization of the gorbital relative to the g and g, orbitals.
The fact thatAE,,—xy increases much less thav,,y,-2, shows
that the o donor contribution plays a dominant role in the
addition of the pyridine base (see Figure 9).

Interaction with the Surrounding Protons. In Table 2, the
principal values of the different proton hyperfine couplings, the
orientations of the principal axes, the distancdmtween the
different protons and the €b ion and the values ofis, are
collected. Takingo(Co) = 0.90, gives only a small change in
the distance (<0.01 nm). The largest coupling (1) is due to
the interaction with the ortho-H of pyridine (positioh&hd 6,

Figure 1). Combination of the simulation parameters of interac-

tion (2) and the X-ray data of pyridife (C—H bond length

47.4 MHz 0.9 MHz 5.2 MHz

From aiso, @ spin density on the nitrogen nucleel$ = 0.027
(oN = aso/ap with ag = 1538.22 MHZ7) can be calculated. The
anisotropic part is the sum of the point-dipole part and the
contribution -2.6,—2.6, 5.2) MHz. The latter axial part reflects
that the overlap and mixing of the pyridimedonor orbital with
the cobalt ¢ directly places spin density in the ligandsystem
(see Figure 9). The values @is, for the pyridine proton
hyperfine couplings (Table 2) indicate that the unpaired electron
is also delocalized to some extend throughout the pyridine ring.
For the pyridine!“N nuclear quadrupole interaction given in
Table 3, we evaluateg?qQ/h| = 3.4 MHz and 0< 5 < 0.3.
Hsieh et al*8 found from nuclear quadrupole resonance experi-

was taken 0.1 nm), allows the assignment of this coupling to ments the value?qQ/h| = 4.584 MHz and; = 0.396 for the

the meta-H of the pyridine in positions$ &nd 3. The smallest

free pyridine molecule. These authors also observed that, upon

observable coupling (3) is due to the eight porphyrin ring protons coordination of pyridine with a Lewis acid (here CoTPP), the
in positions 2, 3, 7, 8, 12, 13, 17, and 18. The couplings of the electric field gradient at the nitrogen nucleus decreases, which

phenyl protons and the pyridine protohare very weak and
contribute to the signal at the proton Zeeman frequency.
Note that Baumgartéain his CW ENDOR study of CoOOEP-
(py) could not observe isotropic proton splittings larger than
0.79 MHz. This is very surprising in view of the close similarity

is confirmed by our measurement. Furthermore, they found a
linear relation betweefh/(e2qQ)| andy. Using their simplified
equation, the value g&2qQ/h| = 3.4 MHz results inj = 0.28,
which is in good agreement with our measurements. Brown and
Hoffmarf*® found that the largest nuclear quadrupole coupling

of the two systems. It is known however that very broad peaks is negative when it is oriented along the methll bond. This

are difficult to observe with CW ENDOR, in particular when

the spectra are recorded as first derivatives. In CoTPP(py),

Dages et al* observed weak peaks with a splitting of about 8

justifies our choice of the signs fapN.
Table 3 also shows the hyperfine and nuclear quadrupole
values of the pyridine nitrogen interaction in CoTPP(py)

MHz which were assigned to an interaction with the closest reported by Dges et al’* The authors observed in the CW
pyridine protons, but the corresponding hyperfine interactions ENDOR spectrum at least six nitrogen lines alomg They

were not determined.

Interaction with the Nitrogen Nucleus of the axial Pyridine
Ligand. From the position of the pyridine protons @nd 6
and the X-ray data of the pyridine molectiéC—H bond length
taken 0.1 nm), the distance E€blp, can be estimated as 0.23

interpreted the two additional lines as a doublet with zero

guadrupole interaction, although a second species contributing
with a different coupling scheme was not excluded. We assume
a six-line pattern has been recorded because the observer field
was not properly chosen at the high-field end of the EPR



5454 J. Phys. Chem. A, Vol. 103, No. 28, 1999 Van Doorslaer et al.

TABLE 4: N Hyperfine and Nuclear Quadrupole Parameters for Different Porphyrin Systems and for
trans-Bis(dimethylglyoximato)bis(pyridine)cobalt(I1)(Co(ll)(dmg) 2(py)2)?

A (MHZ) Ay (MHz) Az (MHz) oN |€2qQ/h| (MHz) n ref
(1) CoTPP(py) 2.43 2.85 4.07 0.002 1.8 0.55 this work
(2) CuTPP 42.778 44.065 54.213 0.031 1.85 0.34 49
(3) AgTPP 61.33 62.918 78.87 0.044 1.83 0.51 49
(4) cytochrome-d 6.5 7.0 8.2 0.024 2.60 0.49 51
7.1 7.1 9.3 0.026 2.66 0.51
(5) hemin 6.1 6.8 7.7 0.023 2.24 0.51 51
6.7 6.7 8.6 0.024 2.30 0.51
(6) metmyoglobin 6.7 6.9 8.3 0.024 2.44 0.51 51
7.2 6.9 9.2 0.025 2.26 0.51
(7) agquometmyoglobin 6.89 7.11 9.86 0.026 2.08 0.48 52
(8) Fe(ITPP(py)(OR) 5.1 4.9 4.6 0.003 2.2 0.2 53
(9) myoglobin hydroxide 5.1 5.3 4.9 0.003 2.2 0.1 53
(10) VOTPP 291 8.01 9.5 0.004 0.86 0.21 54
(12) Co(ll)(dmg)(py)2 1.84 1.86 2.61 0.001 34 0.7 55

a|n all cases the''-axis is approximately perpendicular to the equatorial plane. For each porphyrin nitrogé&rattie is along the h,,i—metal
bond. For the complexed—7 and 10, the largesQ value lies in the porphyrin plane, perpendicular to thjsN-metal bond. For compounds
and 11, this Q value lies along the Nmetal bond, and in complexd&sand9 the Q.- axis makes an angle of 48vith the g, axis Qu«||Ax).

spectrum, so that a powder-like rather than a single crystal-like to be 0.019 4 0.019) nm. However, because of the large error,
spectrum was observed. Measurements at the high-field positionthe result cannot be considered as a proof of an out-of-plane
(m° = 7/,) clearly reveal four lines, as is shown in Figure 5a. displacement, but at least it shows that such a displacement of
The large discrepancies between the parameters of ref 14 andhe cobalt ion is not in disagreement with our measurements.
our data in theg, direction can be explained in the same way.  The hyperfine and nuclear quadrupole parameters of the
Greiner and Baumgart&treported for the pyridine nitrogens  porphyrin nitrogens of different metalloporphyrins are given in
of the CoOEP(py) complex a slightly rhombic hyperfine Table 4. The values of the spin density at the nitrogen nucleus
interaction (Table 3). The rhombicity is, however, within the N calculated asiso/ap with ap = 1538.22 MH#7give a measure
experimental error. More puzzling are the values they obtained for the transfer of electron spin density from the metal ion on
for the Q tensor. The largest coupling (in absolute values) does the porphyrin nitrogens. Note that for the compouddd, the
not point along the N-Co axis. These results are in contradiction  fact that anS = %/, system is present is taken into account for
with ours and those reported by @es et al* A possible the calculation ofoN.
explanation might be that a signal of the Iarge;t proton coupling |, cuTPP 2) and AgTPP @), the unpaired electron resides
was falsely ascribed to the nitrogen interaction. _ mainly in the metal ¢ orbital, resulting in a strong overlap
_Interaction with the Nitrogen Nuclei of the Porphyrin with the sp hybrid orbitals of the porphyrin nitrogens. Brown
Ligand. The hyperfine couplings of the porphyrin nitrogens anq Hoffmad® showed that the unpaired electron is further
(Table 4) are much smaller than the hyperfine couplings of the ya|ocalized in the porphyrin ringgo = 1.3 and 2.1 MHz for
pyridine nitrogen. The“N hyperfine interaction can again be e porphyrin protons 2, 3, 7, 8, 12, 13, 17, and 18 in CuTPP

split into an isotropic part and an anisotropic part and AgTPP, respectively.). Both the obsenagd value of 0.1
MHz for the corresponding protons and tpk value for the
2.43 MHz —0.69 MHz porphyrin nitrogens of CoTPP(py) reflect that the spin density
2.85 MHz| = 3.12 MHz+ [ —0.27 MHz in the ring is a factor 1520 smaller than that in CuTPP and
4.07 MHz 0.95 MHz AgTPP.

The aiso value of 3.12 £0.2) MHz corresponds to a spin For the high-spin $ = /) iron porphyrin systemd—7, a
density on the nitrogen nucleyd of 0.0020 ¢0.0002). Our large interaction with the nitrogens of the porphyrin ring is
previous assignment of th&, axis to a Co-Nporpn direction expected, which is reflected in thé values (approximately a
can be justified by the fact that the anisotropic part is mainly factor 10 larger as the corresponding value for CoTPP(py)). In
governed by the NCo point-dipolar interaction. Considering VOTPP (L0) the unpaired electron is in a molecular orbital with
the experimental errors of the hyperfine interactions and using dominant metation d, orbital contribution. The interaction
egs 8 and 9, the CeN distance obtained from the anisotropic ~With the porphyrin nitrogens is smaller than in the case of
part is estimated to 0.23 0.03 nm. The X-ray analysis of ~AgTPP and CuTPP, because the lobes of thebisect the
CoTPP(3,5-dimethylpyridiné) shows that the CeNporpn dis- N—V—N bond angles, so that there is minimal overlap with
tance in this complex is 0.20 nm, which is slightly lower than the ligand orbitals. For CoTPP(py) (unpaired electron in the d
our value. Due to the experimental error of about 200 kHz, it orbital) and the compoundsand9 (unpaired electron in,g),
is difficult to determine whether the orthorhombicity of the —again a small spin density is expected on the porphyrin nitrogens.
anisotropic part is governed by Spin density in the nitrog@n p This is also in agreement with the studies of Wirt et®abn
orbital or if it can be fully ascribed to thg anisotropy. If the  transbis(dimethylglyoximato)bis(pyridine)cobalt(II}L¢), (Co-
signs of the hyperfine interaction are taken negative, the (I1)(dmg)(py).), where a valueis, = 2.1 MHz for the isotropic
observed anisotropic part cannot be explained satisfactorily. Thehyperfine coupling with the dmg nitrogens was derived from
fact that the anglg slightly deviates from 90seems to be an  three-pulse ESEEM. The unpaired electron is here in the d
indication that the cobalt ion is above the porphyrin ring (in orbital.
the direction of the pyridine ligand). X-ray data of several There is a surprising similarity between the nuclear quadru-
pentacoordinated cobalt porphyrin complexes indeed mention pole parametergqQ/h| andy found for the porphyrin nitrogens
out-of-plane displacements of about 0.01849¥?.The displace- in CoTPP(py) and the compoun@s-7. This similarity must
ment, calculated fronf and the Ce-Nporpn distancer, is found however be accidental, since in CoTPP(py) the direction of the
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found in Co(ll)(dmg)(py): (8 = 95°).%° This suggests that for ~ H.; Walker, F. A.J. Phys. Chem. B997 101, 8683.
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