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Abstract

We systematically studied the zero-field splitting (ZFS) parameters of Fe(IIl) pro-
toporphyrin IX chloride, or hemin, using the terahertz electron paramagnetic reso-
nance (EPR) spectroscopy technique at ambient and high pressures. Although hemin
is known as a model substance of hemoproteins, the pressure effect on the electronic
structure has not yet been explored owing to the large ZFS. In this study, high-field
and high-frequency EPR measurements were carried out in the frequency range up
to 700 GHz and at hydrostatic pressures up to 2 GPa. At ambient pressure, multiple
EPR branches were clearly observed, and the axial and rhombic components of ZFS
were determined as D = 6.90 +0.01 cm™! and E = 0.055 + 0.005 cm™!, respec-
tively. Upon pressure application, we observed a systematic shift of the resonance
field, indicating a monotonous increase of the axial component from D = 6.9 to 7.9
cm~! at 2 GPa. The origin of this unusually large shift was discussed from a micro-
scopic viewpoint of the electronic structure of iron under pressure.
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1 Introduction

Porphyrin complexes play important roles in biochemistry [1, 2]. In particular,
metalloporphyrins [3], in which a metal ion is located at the center of a porphyrin
ring, are widely found in numerous proteins and enzymes, such as chlorophyll and
hemoproteins. The metal ions in these complexes play functional roles in biologi-
cal processes such as redox, catalysis, and electron transfer. In this sense, the elec-
tronic structures of metal ions in porphyrin complexes are crucial for understand-
ing the functional roles of metalloproteins and metalloenzymes from a microscopic
viewpoint.

It is known that hemoproteins are among the most important metalloproteins in
various biological systems [4, 5]. For example, hemoglobin transports oxygen mol-
ecules in blood, and its functional center is iron protoporphyrin IX, which is also
known as heme. Hemoglobin controls whether the oxygen molecule is captured or
released at the iron site, depending on subtle differences in the environment. During
this process, the molecular structure of heme changes accordingly; thus, the micro-
scopic study of the electronic structure of heme, especially around an iron atom, is
very important [6, 7].

Because hemin, i.e., iron(Ill) protoporphyrin IX chloride [3], has the same geo-
metric structure as heme, this molecule is one of the model substances of hemopro-
teins (Fig. 1a). The Fe*™ ion located at the center of protoporphyrin IX is coordinated
with four nitrogen atoms and one chlorine atom [8]. In the case of free Fe** (3d%),
the ground state is a sextet (S =5/2,L = 0), but for hemin, the zero-field degen-
eracy of the three Kramers doublets of S = 5/2(S, = +1/2,+3/2, +£5/2) is removed
by the effect of zero-field splitting (ZFS), which yields the magnetic anisotropy of
the system. In the case of S >1, ZFS is described by the following spin Hamiltonian:

H = DS* + E(S” —Si), e

where the z-axis corresponds to the direction normal to the heme plane, and the
parameters D and E represent the axial and rhombic components of ZFS, respec-
tively. Therefore, D and E primarily determine the electronic structure and magnetic
anisotropy of the spin system. Thus, precise determination of these parameters is
fundamentally important for the elucidation of the electronic structure and function-
ality of these molecules.

It should also be noted that in metalloproteins and metalloenzymes, the pres-
sure strongly affects not only the conformation but also the active sites or metal
ions [9-11] through the pressure-induced structural changes. Therefore, the effects
of a high pressure on the local electronic structure of metal-ion complexes are of
particular interest. However, such pressure effects on functional centers have been
studied only indirectly via optical spectroscopy [12, 13] and NMR [14, 15]. On the
other hand, EPR has a unique advantage in that it permits the electronic structures
of metal ions to be studied selectively and directly with a high spectral resolution
at the ambient pressure [16—18]. However, no high-pressure EPR studies probing
the active site of hemoproteins have been reported. This is attributed to the fact
that iron-porphyrin complexes generally have large ZFS parameters, necessitating
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Fig. 1 a Three-dimensional molecular structure of hemin. b Multiplet energy states for the 3d° system.
In the case of a free ion, the °S and G states are the lowest and second-lowest multiplets. In the presence
of a ligand field, as the symmetry is reduced, the multiplet energy levels are split. The energy differences
between the ground and excited states are indicated by three arrows. ¢ Spin configurations of the °A, and
4A’2 and E, or E, (4E, in the tetragonal symmetry) multiplet energy states

high-frequency EPR spectroscopy under pressure. Currently, such broadband EPR
techniques under pressure are very limited [19-24]; thus, the pressure dependence
of the ZFS parameter has hardly been discussed.

In this review, we show high-frequency and high-field EPR (HFEPR) results
of hemin—a model substance of hemoproteins—at ambient and applied pressures
using specially developed pressure cells [25-28]. We report the systematic pressure
dependence of the ZFS parameter at pressures up to 2.0 GPa, in which a monot-
onous increase of the axial ZFS parameter upon pressure application was clearly
observed [29].

2 The Electronic Structure of Hemin

First, we will briefly discuss the origins of the ZFS parameters. When we con-
sider 3d° electrons for the free Fe3* ion, the ground state is in a sextet S(S=5 /2,
L = 0) state, as shown in Fig. 1b. In a weak ligand field, the lowest energy cor-
responds to a sextet °A; (S = 5/2) state. Because the %A, state possesses spatially
high symmetry, a mixing between the ground state ®A, and the excited states is
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needed to account for the ZFS parameters. The spin—orbit coupling is known to
be a dominant source of ZFS parameters in transition metal complexes; it mixes
the SA, state with the excited states.

Figure 1b shows the excited states coupled with the °A, state by the spin—orbit
coupling. In cubic symmetry, the *7| state is the lowest excited state, which cor-
responds to the S = 3/2 state. In tetragonal symmetry, the *T state is split into
“E" and A states, where the *A), state is lower than the “E’ state due to the Cj,
symmetry of hemin. When the symmetry is lowered to rhombic symmetry, the *E’
state is further split into E, and E| states.

Here, we define the energy difference between the °A, state and the 4A'Z, E., or
E, state as A(4A/2), A(E,), or A(Ey), respectively. Then, the ZFS parameters D and
E are given as follows:

&2l 2 1 1
D=2 -
10 lA(ztA’z) <A(Ex) + A(Ey)>] ’ &
N 1
E=15 [m - A(Ep]’ ®

where { is a spin—orbit interaction constant. From this equation, the E term becomes
zero in tetragonal symmetry but nonzero in rhombic symmetry.

There have been numerous studies on the axial ZFS parameter of hemin, D, by
HFEPR [16-18, 30-35], Mossbauer spectroscopy [36], magnetic circular dichro-
ism (MCD) [37], far infrared (FIR) spectroscopy [38, 39], and inelastic neutron
scattering (INS) [40, 41]. For example, the ZFS parameters of high-spin ferric
complexes were obtained by FIR spectroscopy [38, 39], frequency-domain EPR
[18, 33, 42], and INS [40, 41]. The axial component was large (D ~ 6.9 cm™h)
compared with those of other metalloporphyrins. From the microscopic perspec-
tive, however, the origins of the ZFS parameters are not very well understood,
and even the correlation between the ZFS parameters and the molecular geomet-
ric structure is not clear. Indeed, a simple ligand field theory often fails to predict
proper values and even the signs of the ZFS parameters.

Recently, several groups have developed techniques to calculate the ZFS
parameters on the basis of computational quantum chemical calculation [40,
43-47]. For example, the ZFS parameters of the [Fe(TPP)]X (X = F, Cl, Br, I)
series [40]) were obtained by ab initio calculation. The results could explain the
trend in D values, but the calculated D values were smaller than the experimen-
tally determined D values by several factors. It is noted that high-spin ferric com-
plexes such as [Fe(TPP)]X exhibit unusually large D values, on the order of 1-10
cm™! [48, 49]), compared to other transition metal complexes (usually ~ 0.1cm™!)
[50]), thus making quantitative calculation very difficult. Moreover, the rhombic
component E of metalloporphyrin is much smaller than D in many cases, and
greater accuracy is required in the calculation.
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3 Experimental Setup
3.1 HFEPR Measurement at Ambient Pressure

Powder-like hemin was purchased from Sigma Aldrich (Product No. 51280) and
used as received. HFEPR measurements of hemin powder samples were performed
using a field-swept transmission-type setup [51, 52]. Gunn oscillators and back-
ward-traveling wave oscillators were used as a light source. They covered wide fre-
quency ranges of 80-160 and 200-700 GHz, respectively. All measurements were
performed at 4.2 K in this study. Pulsed magnetic fields up to 16 T were gener-
ated using a capacitor bank. To calibrate the absolute field value, an EPR standard
sample, 2-diphenyl-1-picrylhydrazyl (DPPH) was used as a field marker. The field
homogeneity was typically 10~ within 1 mm from the field center.

3.2 HFEPR Measurement at Applied Pressures

In HFEPR measurements under applied pressure, a specially designed pressure cell
[25-28] was used. A piston and a bottom backup made of alumina ceramic were
employed, along with a top backup made of zirconia-based ceramic. The alumina
ceramic had inferior toughness compared to the zirconia-based one but had higher
transparency over the entire frequency region covered in this study. This combina-
tion allowed us to perform EPR measurements in a wide frequency range of 50-700
GHz at a maximum hydrostatic pressure of 2 GPa. Daphne 7373 oil (Idemitsu Kosan
Co. Ltd.) was used as a pressure medium and was encapsulated with a sample in a
Teflon capsule. The low-temperature pressure value was calibrated in advance using
the pressure dependence of the superconducting transition temperature of tin. An
electromagnetic wave was introduced from the top of the pressure cell into the cell
body and the transmitted intensity was detected by an InSb bolometer placed at the
bottom of the cryostat.

The spin sensitivity of our high-pressure EPR system was typically 10'3 spins/
Gauss. This sensitivity corresponds to a detectable sample quantity of 1.6 x 10710
mol in the case of an EPR linewidth of 1 mT.

4 Results
4.1 HFEPR of Hemin at Ambient Pressure

Figure 2 shows the HFEPR spectra at ambient pressure at several frequencies (682,
441, 363, 287, and 105 GHz). For 105 GHz, we observed an asymmetric broad absorp-
tion characteristic of the heme structure. The effective g-values ranged from g =
2-6, which is in good agreement with previous results [53]. It should be noted that g.;
indicates apparent g-values determined from the resonance field alone under low-field

conditions. The g.; = 6 signal (usually called g°-") corresponded to the case where
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an external magnetic field was applied perpendicular to the heme normal, whereas the
gy = 2 signal (usually called g”-™) corresponded to the case where a magnetic field
was applied parallel to the heme normal.

It is noted that an additional absorption line (assigned as the “@” branch in this
paper) appeared in the lower side of the g*" branch for 363 and 287 GHz. It was found
that the resonance field of this new branch decreased as the frequency increased, and
became almost zero near 400 GHz. For 441 GHz, another EPR signal (the “f#” branch)
was observed at approximately 1 T. This branch shifted to the higher-field region as the
frequency increased, in contrast to the a branch, and was observed at 4 T for 682 GHz.
In the previous EPR study [42], the g”-” and f branches were reported, but the a branch
was not observed.

Looking carefully at the EPR signal of the g?® branch for 441 GHz, a splitting of
the absorption was clearly resolved. We observed similar peak splitting at different fre-
quencies between 300 and 500 GHz. This splitting of the g° signal is direct evidence
of the existence of an |E| value, indicating non-zero magnetic anisotropy in the heme
plane.

Figure 3a shows the relationships between the electromagnetic-wave frequencies
and the resonance fields of all the EPR branches we observed, together with the simu-
lation curves. We also calculated the resonance field to reproduce the experimentally

observed EPR absorptions by numerical diagonalization of a spin Hamiltonian:
2 2_ @
H=DS +ES -S)+usB-g-8S. 4)

where g is the g-tensor, u; is the Bohr magneton, and B is the external magnetic
field. In this calculation, intermolecular interactions such as exchange and dipolar
interactions were not directly taken into account, because the estimated exchange
interaction was very small (J ~ 0.1 cm™') [54] compared to the Zeeman term. The
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Fig. 3 a Electromagnetic-wave frequency versus resonance field derived from the observed EPR spectra,
together with simulated curves, taking into account the ZFS parameters. Assignment of the branches is
given in the text. The inset shows the magnified EPR data for 644 GHz, in which an additional weak
absorption (the y branch) was observed. b The calculated energy levels of hemin for B || x, y, and vertical
arrows indicate the corresponding EPR transitions for the field-swept data at 441 GHz. Curves for B || x
and y are almost overlapped and cannot be resolved in this scale. ¢ The calculated energy levels of hemin
for B || z. Purple (@) and black (gpam) arrows indicate the corresponding EPR transitions for the field-
swept data at 363 and 105 GHz, respectively

dipolar interaction was even smaller, and could be negligible. The effect of the
exchange interaction was partly taken as the linewidth in the EPR simulation.

The solid, dotted, and dashed lines correspond to cases where an external
magnetic field is applied along the x-, y-, and z-axes, respectively. In the com-
parison between the data and simulation, the spin Hamiltonian parameters
were precisely obtained as g,, g, =1.93,¢, =2.05D=6.90=x0. Olcm~!, and
E = 0.0055 + 0.005 cm™! [55], where g, 8y» and g, are the intrinsic g-values for
Bll x, y, and z, respectively. With these parameters, all the branches were well
reproduced, as shown in Fig. 3a.

For the g"=" signal, due to the existence of a small E term, two EPR transi-
tions corresponding to B || x and y were visible, as shown in Fig. 3a. Further,
the a branch corresponds to the EPR transition from the second to the third low-
est energy state for B || z, as shown in Fig. 3c. The f signal corresponds to the
EPR transition from the lowest to the fourth lowest energy state in Fig. 3b. The

gh+? branch exhibited an upward curvature. Below 300 GHz, the peak splitting
was not observed, probably due to insufficient spectral resolution. Indeed, the
peak splitting was not found in the numerical simulation of the EPR spectrum
for 287 GHz because of the inherent broad EPR linewidth. Splitting of the g”-"
branch was also not observed at frequencies beyond 500 GHz. According to a
multi-frequency EPR study of myoglobin [16], EPR signals corresponding to the

gPx? branch became steeply broad beyond a certain frequency due to an addi-
t10na1 relaxation process, i.e., the Orbach process, in the high-frequency region.
A similar mechanism might cause the spectral broadening of the gp P branch in
the high-frequency region.

As shown in the inset of Fig. 3a, we also observed an additional EPR signal
at around 8 T for 644 GHz, though the absorption was rather weak. This signal
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(denoted as the “y” branch) was located between the f and gle) :frp branches, but the
origin was unclear.

4.2 HFEPR of Hemin at Applied Pressures

Figure 4 shows HFEPR spectra of the hemin powder sample obtained at pressures of
P =0,1.00, and 1.96 GPa. All the data were acquired for the same sample, and we
confirmed that pressure-induced changes of the EPR spectra were reversible with a
pressurization cycle. In this setup, the splitting of the g’-" signal was not observed
at ambient pressure. An inhomogeneously distributed strain induced by the frozen
pressure medium may cause additional spectral broadening. A multi-peak structure,
surrounded by a dotted line, was observed near g = 2 for all pressure values. The
origin was attributed to magnetic impurities contained in the pressure cell itself,
which makes detailed analysis of the g°. difficult in the high-pressure setup.

Figure 5a shows a frequency-field diagram of three EPR branches for all pres-
sure values. At frequencies below 350 GHz, the gP." signals showed little pressure
dependence, but above 350 Hz, they shifted slightly to the lower-field side as the
pressure increased. For this reason, a pressure-induced shift of the resonance field
in hemin using conventional EPR techniques has not been observed. In addition to
gP+", the a branch was shifted to the higher-field side. The relationship between the
frequency and the resonance field was well fitted by a straight line at all pressures,
but the slope varied slightly under pressure, as discussed later. On the other hand,
the f branch was shifted to the lower-field side as the pressure increased. Thus,
the intersection of the a and f branches extrapolated to the zero field was shifted
upward. This result clearly indicates an increase in the axial ZFS parameter D of
hemin upon pressure application. For the f branch, a large pressure effect was
found near the zero field, but it became small as the frequency increased, because

the effect of the ZFS parameter D decreased within the high-magnetic-field limit
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Fig.4 (a)—(c) Multi-frequency EPR data obtained at 4.2 K for P = 0, 1.00 and 1.96 GPa, respectively.
The data are vertically shifted for clarity. Solid triangles indicate positions of the EPR absorption. EPR
signals surrounded by dotted lines originated from impurities contained in the pressure cell

@ Springer



Zero-Field Splitting Parameters of Hemin Investigated by... 1M

% 8.0 —— . . . :
7 —————— .
(b) o
600 1 _7sf e ]
- [ 2
c =
500 A = -
N Q7ot 7 1
o
Q 400 1 X . . . .
Iy & 1.96 GPa
£ 200 v 152 0Pa ] 2.06 — . . . .
> A 1.00 GPa e
2 © 0.51GPa 2.04 - ]
200 - o AP b N e
o S
202} i
100 b N
200} (©) e . o
O 1 1 1 1 1 1 L L L L L
o 1 2 3 4 5 6 7 9 0.0 05 1.0 15 2.0

Megnetic field (T ) Pressure (GPa )

Fig.5 a Electromagnetic-field frequency—-resonance field diagram for all pressure values. Simulation
curves (solid and dotted lines) are shown together. The pressure dependences of b D and ¢ the intrinsic g.
are shown. Dotted straight lines are the fit result to the respective data

(D << gugB). This trend is indicated by the simulation curves of the § branch in
Fig. 5a, where all curves tend to merge together in the high-field region.

Figure 5b, ¢ show the pressure dependence of the D term and the intrinsic g..
The contribution of the E term was neglected in this study because of its small value
compared with D (E/D <0.01). Once the D values were determined, g, and g, were
estimated to reproduce the experimentally observed g°" signals. In addition, the g,
values were estimated from the slope of the a branch. These analyses revealed that
the D value increased substantially—from 6.9 to 7.9 cm™'—upon pressure applica-
tion to 2 GPa. The slope of the change, obtained by a linear fitting, was 0.506 cm™!/
GPa. This anomalously large shift was observed for the first time using our HFEPR
spectroscopy technique under pressure. It was also found that the intrinsic g, first
decreased from 2.06 to 2.00 linearly upon pressure application to 1 GPa, and then
became constant up to 2 GPa. It was difficult to precisely estimate small changes in
the intrinsic g, and g, values, owing to the broad EPR spectra, and thus previously
estimated values (g, = g, = 1.93) were used for all the simulation curves.

5 Discussion

The effect of pressure on the electronic structures of iron-porphyrin complexes is
not well understood. One reason for this is that these compounds have large ZFS
values exceeding the energy scale of X-band EPR spectrometers, and another reason
is that g°-" and gP." signals, which are usually discussed in the context of X-band
experiments, exhibit little frequency dependence below 350 GHz upon application
of pressure, as shown in Figs. 4 and 5. Therefore, a high-pressure EPR spectroscopy
technique is needed to investigate the pressure-induced changes in the electronic
structures of these complexes.
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Upon the application of pressure, the crystal structure is compressed, but the
compressibility is generally not uniform, because of the anisotropic nature of the
molecular structure. For hemin, a porphyrin ring is composed of covalent bonds of
carbon atoms and is rather rigid within the plane. Therefore, it is easier to compress
the molecular structure normal to the plane, and the bond length between iron and
chlorine is thought to be more sensitive than those between iron and nitrogen to
the applied pressure. This anisotropic behavior was also observed in high-pressure
vibrational studies of hemoproteins [12, 56, 57], where the skeletal modes of heme
were slightly changed, while the axial ligands of heme were more affected upon
pressure application.

In this situation, it is expected that the energy level of the d,, orbital changes
little. On the other hand, considering that the bonding between iron and chlorine
atoms is z-antibonding, reducing the iron—chlorine distance increases the energy of
the d,, and d,, orbitals. Accordingly, the energy difference A(4E’) increases, and the
negative contribution to D decreases, according to Eq. 3. This is a qualitative expla-
nation of the pressure-induced increase of ZFS, which is consistent with previously
reported Mossbauer results obtained under pressure [36].

To study the origins of the ZFS parameter, one can systematically change either
the molecular structures or the anions of the complexes. However, the interpretation
of the results induced by these changes is not straightforward, owing to the compli-
cated origin of ZFS parameters. As discussed in Ref. [40], not only the ligand field
but also numerous additional parameters must be considered to determine the ZFS
parameters in quantum chemical calculations, e.g., the covalency, spin—orbit cou-
pling constant, and relativistic effect. On the other hand, pressure is another way to
control the ZFS parameters that is distinct from chemical modification. Pressure is
often called a clean physical parameter because it allows reversible and continuous
changes while maintaining the same atoms with the same connectivity.

Previous studies on the high-pressure effects on proteins have mainly focused
on conformational changes that are induced at lower pressure. For instance, NMR
[58-61], X-ray [62], infrared, and Raman spectroscopy [12, 63] have been reported
below 1 GPa. On the other hand, studies on the pressure effects at the active site of a
metalloprotein have been limited, even though the electronic structure of metal ions
plays crucial roles in protein activities. The Mossbauer effect under pressure [9—11]
was reported in relation to the local environments of iron atoms, but its applica-
tion is limited to iron-containing systems. In contrast, our HFEPR technique can in
principle detect any type of EPR-active spin species and is expected to have more
versatile applications. HFEPR techniques are very sensitive to subtle changes in the
local environment—such as changes in molecular structure, valence, and motional
degrees of freedom—and have been used to investigate the active sites of metal-
loproteins/metalloenzymes at the ambient pressure with a high spectral resolution
[16-18]. Thus, our HFEPR technique provides unique opportunities to study the
effects of high pressure on such protein active sites.

In metalloproteins, metal ions are often coordinated by amino-acid residues
that are a part of the protein structure. Upon pressure application, conformational
changes are induced, and therefore the coordination of the amino-acid residues are
affected. Such ligands are more susceptible to pressure than the chlorine atom of
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hemin, and more pressure-induced changes in the EPR spectra are expected for
these proteins compared with model complexes. The EPR detection of ferrous iron
states under pressure is also of particular interest, as most hemeproteins are active
in the ferrous state. Thus, ferrous (S = 2) hemoproteins [64] and hemin [65] under
pressure would be worth studying in the future.

6 Summary

We studied the electronic structure of hemin using a broadband high-frequency
EPR spectroscopy operated under pressure and reported the pressure dependence of
the ZFS parameter of hemin—a model complex of hemoproteins—in a frequency
range up to 700 GHz and at pressures up to 2 GPa. Our data clearly indicate a 30%
increase of the axial ZFS parameter, D, which is explained by the anisotropic com-
pressibility of the hemin molecule.

Our analysis was based on a ligand field theory as the crystal structure under
pressure was not available. We hope that this work will stimulate further high-pres-
sure structural investigations and subsequent quantum chemical calculations under
pressure. Because pressure is recognized as a continuous and reversible physical
parameter for controlling the electronic structure, the effect of pressure on the ZFS
parameter provides unique opportunities to elucidate the origins and nature of the
ZFS compared with other approaches based on structural modifications. To date,
the effects of pressure on proteins have been studied mainly from the viewpoint of
conformational changes. On the other hand, due to experimental difficulties, the
pressure effects on the electronic structures of metal ions in metalloproteins/metal-
loenzymes have not been explored, even though these ions play crucial roles in pro-
tein activities. Therefore, the application of our high-pressure HFEPR technique to
metalloproteins/metalloenzymes will be tested in the near future.
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