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ABSTRACT: Zero field splitting (ZFS) parameters of several nondeuterated metalloporphyrins [M(TPP)CI] and [Mn(TPP)]
(H,TPP = tetraphenylporphyrin) have been directly determined by inelastic neutron scattering (INS). The ZFS values are the
following: D = 6.33(8) cm™" for [Fe(TPP)CIl], —2.24(3) cm™ for [Mn(TPP)Cl], 0.79(2) cm™ for [Mn(TPP)], and IDI=
0.234(12) cm™ for [Cr(TPP)Cl]. The work shows that compounds with magnetic excitations below ~30 cm™ could be
determined using nondeuterated samples.

Bl INTRODUCTION neutron scattering (INS).'6~8 Among these techniques, INS is
one of few that directly give both the magnitude of the D
parameter and often its sign.

When a sample is placed in an incident neutron beam,

Metalloporphyrins are an important class of compounds, and
they are found in both biological and geological systems.' ™
Magnetic properties of paramagnetic metalloporphyrins, those

with unpaired electrons, have been actively studied.'® One neutrons may scatter by the sample elastically and inelastically.
intrinsic magnetic property is the zero-field splitting (ZFS). For When neutrons are scattered inelastically, they transfer energy
paramagnetic compounds with spin § > 1, there lies a splitting to molecules in the sample, leading to transitions between
of the spin states of otherwise degenerate states as a result of molecular energy levels. INS has been used to study dynamics
the interaction of the electron spins mediated by the spin— of molecules such as rotational motion of H, ligands.9 It has
orbital coupling.“_6 The spin-Hamiltonian is given in eq 1 also been used to probe the magnetic properties of metal
complexes, especially excitations among low-lying energy levels.

I:Is — D|:§ZZ _ l S(S + 1)] + E[§x2 _ §21 In such a process, incident neutrons transfer energy to the

3 ) (1) molecules, leading to the magnetic excitations that are observed

in an INS spectrum.*® For example, the low-lying energy levels
of magnetic clusters have been characterized by INS.**'° Giidel
and co-workers have determined D for single-molecule magnets
[Mn,0,X(OAc);(dbm),] (X = Br~, CI7, OAc™, and F7) and
studied how the D values change with the axial X~ ligands.""*
Chaboussant, Christou, and Lechner have found out that
reduction of the Mn,, cluster [Mn;,0,,(0,CC¢F;);s(H,0),]
suppresses the axial ZFS parameter D.''"

where D and E are the axial and rhombic ZFS parameters,
respectively.

ZFS appears as small differences (usually a few cm™') among
energy levels in the absence of an external magnetic field, and it
is represented by the D and E parameters (eq 1). ZFS of single
molecular magnets (SMMs) has been actively studied, as the D
values are critical for their potential applications for, e.g., as new
data storage materials.” ZFS, including that of metalloporphyr-
ins, has been investigated using electron paramagnetic
resonance (EPR), magnetic susceptibility, NMR, far-IR, Received: June 27, 2013
Mbssbauer, magnetic circular dichroism (MCD), and inelastic Published: February 6, 2014
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To our knowledge, few bioinorganic complexes have been
studied by inelastic neutron scattering (INS). Traditionally
neutron scattering studies have been conducted using
deuterated samples, as D atoms have smaller incoherent
scattering of neutrons than H atoms, reducing the background
noise.'> The Spallation Neutron Source (SNS) recently
constructed at Oak Ridge National Laboratory (ORNL) in
the United States provides the most intense pulsed neutron
beams in the world for scientific research. State-of-the-art
experimental stations at SNS have made it possible to probe
magnetic properties of nondeuterated metal complexes in
detail.'™™ We have used the cold neutron chopper spectrometer
(CNCS)"™ at SNS to determine the D parameters for the
nondeuterated metalloporphyrins [M(TPP)CI] (H,TPP =
meso-tetraphenylporphyrin, M = Fe', Mn", and Cr'™) and
[Mn(TPP)]. Our results are reported here.

Molecules of the complexes in the current studies have 4-fold
symmetry (Scheme 1). If their crystals have a 4-fold symmetry

Scheme 1. Structures of Metalloporpyrins in the Current
Studies
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as well in, e.g., a tetragonal space group, the spin-Hamiltonian
in eq 1 is simplified into eq 2.

A= D[§ZZ ~ L 1)]
3 (2)

In the absence of a magnetic field, electronic ground states of
complexes with spins S = °/,, 2, %/,, and 1 are split (Scheme 2),
as a result of ZFS by the combined effect of the spin—orbital
coupling and the axial ligand field.®

Scheme 2. Zero-Field Splittings (ZFS) in Compounds with §
=5/, 2, and 3/, (Top D > 0; Bottom D < 0)
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B EXPERIMENTAL SECTION

[Fe(TPP)CI] (Strem Chemicals, Lot 19089600), [Mn(TPP)CI]
(Sigma Aldrich, Lot 01909MEV), and [Cr(TPP)Cl] (Strem
Chemicals; Lot 21803900) were used as received. [Mn(TPP)] was
prepared through the reduction of [Mn(TPP)Cl] by NaBH, by the
literature methods.'* The identities and purities of the samples were
confirmed by UV—vis spectroscopy.”'*'*

The solid samples were characterized by powder X-ray diffraction.
Suitable polycrystalline samples of the air-stable complexes [Fe(TPP)-
Cl], [Mn(TPP)Cl], and [Cr(TPP)Cl] were placed on a zero-
background plate sample holder. Air-sensitive [Mn(TPP)] was placed
on an air-sensitive sample holder with a zero background plate. The
sample was covered with a 14 gauge DuPont Mylar C film.

Powder diffraction patterns were obtained on the PANalytical
Empyrean diffractometer using Cu Ka radiation (1 = 1.5418 A).
Analysis and unit cell determination were performed using the
PANalytical HighScore Plus analysis software and the McMaille
method."® Diffraction patterns of [Fe(TPP)CI]"” and [Mn(TPP)CI]"®
were matched to simulated diffraction patterns from their single crystal
X-ray diffraction data.

The INS measurements were carried out on the CNCS at the SNS,
Oak Ridge National Laboratory. The CNCS is a direct geometry, time-
of-flight spectrometer that receives a beam from a coupled cryogenic
H, moderator. For energy selection, the CNCS employs four chopper
assemblies. The speeds and slit widths of the choppers can be varied,
allowing adjustments in the instrumental resolution and intensity of
the incident beam. Approximately 500 mg of each sample was loaded
into !/, in. thick aluminum tubes and sealed under a helium
atmosphere. The sample was mounted in a standard liquid helium
cryostat with a base temperature of T = 1.5 K. An oscillating radial
collimator was used to reduce background scattering from the tail of
the cryostat. Vanadium was used as a standard for the detector
efficiency correction.

The incident neutron energy for every measurement was chosen to
cover the anticipated region of interest in both the energy E and
scattering-vector Q space. The small incident energy is especially
important to observe excitations near the elastic peak (at energy
transfer = 0 cm™) as the full-width-at-half-maximum (fwhm) of the
elastic peak, which is typically 1.5—2% of the incident energy, would be
narrow, giving better energy resolution. As discussed below, the larger
scattering angles reveal the change in the peak intensities versus Q|
and confirm whether a peak is magnetic or phonon in nature.

For [Fe(TPP)Cl], measurements were performed at 1.5 and 20 K
with incident neutron beam energies of 24.20, 80.66, and 201.64 cm™"
and resolutions at the elastic peak of 0.59, 3.1, and 10 cm™}
respectively. For [Mn(TPP)Cl], measurements were performed at
2.08, 5.1, 10.2, and 50.0 K with incident neutron beam energies of
12.58, 24.20, and 96.79 cm ™" and resolutions at the elastic peak of 1.9,
0.46, and 3.1 cm™, respectively. For [Mn(TPP)], measurements were
performed at 2.08, 5.1, 10.2, and 50.0 K with incident neutron beam
energies of 12.58, 24.20, and 96.79 cm™" and resolutions at the elastic
peak of 0.18, 0.43, and 3.0 cm™’, respectively. For [Cr(TPP)CI], the
measurements were performed at 2.08, 10.2, and 50 K using incident
neutron beam energies of 8.06 and 24.20 cm™" and resolutions at the
elastic peak of 0.097 and 0.43 cm™, respectively. It took approximately
24 h to run one sample at various temperatures and incident neutron
energies. Data were then reduced and analyzed using the DAVE (Data
Analysis and Visualization Environment) program package.'®

The INS spectra were simulated by calculating the energies E, and
corresponding wave functions In) via exact diagonalization of spin-
Hamiltonian in eq 1. These can be used to get the INS intensity for a
transition i — f, which is proportional to the scattering function
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S;q is the a component of the spin operator S; at position r; where @, 8
stand for Cartesian coordinates x, y, z. The initial and final states of a
transition with energy E, are li) and If), respectively. Q = k; — ks the
scattering vector of the momentum transfer where k; and k; refer to the
wavevector of the incoming and outgoing neutrons, respectively, and p;
is the Boltzmann population factor of state li). For powder samples eq
2 has to be averaged in Q space using known equations.”' The values
of D and, if necessary, E were systematically scanned in order to find
the best fit to the experimental spectra. The linewidths of the INS
peaks lie within experimental accuracy determined by the instrumental
resolution. The effective resolution function R(Q,E) of CNCS is nearly
Gaussian in energy.13 Therefore, the INS intensities were fit assuming
Gaussian line shapes with fwhm of the energy resolution for the CNCS
spectrometer. The detailed analyses, using the plots with smaller
stepsize points, and calculations of errors in the D values, are given in
the Supporting Information.”

B RESULTS AND DISCUSSION
[Fe(TPP)CI]. Powder X-ray diffraction of the sample at 296

K is consistent with the simulated pattern predicted from the
single crystal X-ray diffraction data at 20(2), 143(2), and
293(2) K, indicating that the solid sample is in the tetragonal
crystal system (with the 4-fold symmetry).'”** Indexing of the
powder X-ray diffraction data from the sample by the McMaille
method also yielded the same tetragonal unit cell. Our earlier
studies of the X-ray diffraction of a single crystal of
[Fe(TPP)Cl] revealed that the crystal remains in the tetragonal
system between 296(2) and 20(2) K. Although the X-ray
diffraction studies were not conducted at 1.5 K, the INS studies
discussed below suggest that the sample remained in the
tetragonal crystal system between 1.5 and 20 K.

In [Fe(TPP)Cl], the Fe(IlI) ion has a high spin (S = */,)
configuration, and its electronic ground state is split into three
Kramers doublets: Mg = +'/,, +%/,, and +°/,. The spacings
among the three doublets are 2D and 4D, respectively (Scheme
2). The ZFS in [Fe(TPP)Cl] has been the subject of several
studies. Its D values have been determined by, e.g.,, magnetic
susce7ptibility measurements,”* far-IR,%° NMR,26 and Mossba-
uer,”” MCD,® and EPR*® spectroscopies. The D values
obtained, ranging from 3.2 to 11.9 cm™}, are summarized in
Table 1.

Table 1. ZFS Values for [Fe(TPP)CI]

D, cm? sample form technique

11.9 powder magnetic susceptibility>**
8.0(5) powder magnetic suscept“ibility24b
6.0(1) single crystal magnetic susceptibility?**
6.5 powder far-IR>

113 solution NMR*®

7.0(1.0) powder Mbssbauer?’

6.9 polystyrene film MCD®

32 doped in H,TPP EPR*®

6.33(8) powder INS (this work)

In the INS spectra of [Fe(TPP)Cl], a peak at 12.65(8) cm™
was observed (Figure 1, left) at both 1.5 and 20 K. This
corresponds to the +'/, — +3/, excitation (Scheme 1). At 20
K, a peak at —12.65(8) cm™" is observed, indicating that the
incident neutrons gain energy from the sample in the process.
In other words, at 20 K, the excited +°/, states in Scheme 1 are
partially populated. During the scattering process, those
molecules return to the ground il/z states, transferring the
energy to the neutrons.
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INS is unique in that it is capable of distinguishing peaks of
magnetic excitations from those of vibrations.'> Peaks of
magnetic excitations decrease in intensity with increased 1Ql,
while those from vibrations increase in intensity with increased
IQL"> The decrease in magnetic excitations follows the square
of the magnetic form factor F(Q). Changes in peak intensities
versus |Q| are given in Figure 1, right. The intensity of the
12.65(8) cm™' peak indeed decreases with increased 1Q,
confirming that it is magnetic in nature. The intensities of the
peaks >16 cm™! increase with increased 1Ql, indicating that they
are vibrational peaks.

Earlier studies of [Fe(TPP)CI] have given positive D values,
as summarized in Table 1. INS, however, can be used to
confirm the sign of the D parameter. If D > 0, the lowest energy
level is +'/,, and the first excitation is from this level to +°/,
level with a peak at 2D, as shown in Scheme 1, top. When the
temperature is raised, the +°/, is populated, and one expects to
see the +3/, to +3/, transition with a peak at 4D at a higher
energy. If D < 0, the lowest energy level is +°/,, and the first
excitation is from this level to +3/, level with a peak at 4D, as
shown in Scheme 1, bottom. When the temperature is raised,
the +°/, is populated, and one expects to see the +3/, to +'/,
transition with a peak at 2D at a lower energy. Figure 2, left,
shows the measured INS spectra with incident neutron energies
of 80.66 cm™'. Although there is considerable phonon
scattering at both temperatures, a new peak is visible at around
25.60 cm™" in the 20 K spectrum. This peak matches nicely
with the theoretical INS spectra (Figure 2, right).

Our earlier single crystal diffraction studies of [Fe(TPP)Cl]
at 20(2) K indicate that the crystal is in a tetragonal system at
this temperature.'” A comparison of the INS spectra at 1.5 and
20 K in Figure 1, left, shows no observable rhombic splitting(s)
at 1.5 K, suggesting that the solid samples remained in the
tetragonal crystal system at this temperature. Thus, the INS
studies here give 2D = 12.65(8) cm™, D = 6.33(8) cm™" for
[Fe(TPP)CI].>

The D value of 6.33(8) cm™ for [Fe(TPP)CI] is close to
6.95(14) cm™! for protoporphyrin IX dimethyl ester Fe(III)
chloride (Scheme 3) that Brackett and co-workers measured
using far-IR spectroscopy.29 The protoporphyrin complex in
Scheme 3 does not have 4-fold symmetry, and its E/D = 0,
indicating there is nearly no rhombic splitting in this complex.

[Mn(TPP)CI]. Single crystals of [Mn(TPP)Cl] and [Fe-
(TPP)CI] are isomorghous.”’ls’23 Powder X-ray diffraction of
the sample at 296 K** is consistent with the simulated pattern
predicted from the single crystal X-ray diffraction data at
293(2) K, indicating that the solid sample is in the tetragonal
crystal system (with the 4-fold symmetry).'”® Indexing of
powder X-ray diffraction data from the sample by the McMaille
method also yielded the same tetragonal unit cell. As in
[Fe(TPP)Cl], powders of [Mn(TPP)CI] likely remain in the
tetragonal crystal system at 2.1 and 5.1 K used to conduct INS
studies. The INS data discussed below are also consistent with
the solid sample with the 4-fold symmetry.

[Mn(TPP)CI] is a d* complex with S = 2. Its integer spin
electronic ground state is split into three levels: Mg = 0, +1, and
+2. The ZFS parameter for [Mn(TPP)Cl] was first obtained by
Behere and co-workers through magnetic susceptibility
measurements.”® Using a single crystal they obtained D =
—2.3(2) cm™". When a powder sample was used, the D value
obtained is —1.9 ecm™.*° [Mn(TPP)CI] is an “EPR silent”
integer spin system, and it was not until the use of high-field,
high-frequency EPR (HFEPR) by Hoffman and co-workers
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Figure 1. (Left) INS spectra of [Fe(TPP)Cl] using a 24.20 cm™" incident neutron beam. (Right) Change in the peak intensities vs IQl at 1.5 K.

Incident neutron energy: 80.66 cm™L.

Intensity

Intensity

20K

-10 0 10
Energy Transfer (cm™)

20

-10 0 10 30

Energy Transfer (cm™)

20

Figure 2. (Left) INS spectra of [Fe(TPP)Cl] using a 80.66 cm™" incident neutron energy. (Right) Theoretical INS spectra of an S = °/, spin system

with D = 6.33 cm™.

Scheme 3. Protoporphyrin IX Dimethyl Ester Fe(III)
Chloride

OMe

that the ZFS of the complex could be probed to give the D =
—-2.3 cm™1*!

The measured and theoretical INS spectra of [Mn(TPP)Cl]
are shown in Figure 3. The small neutron incident energy
(12.58 cm™) excludes vibrational peaks. At 2.1 K there is only
one large peak at 6.70(3) cm™'. When the temperature is
increased to 5.1 K, a second peak becomes visible at 2.24(3)
cm™". As in the INS spectra of [Fe(TPP)CI], the sign of D can
be determined directly using INS for complexes with S > 3/,. If
its D value is positive (D > 0), the ZFS would take the spacings
among the three levels as illustrated in Scheme 2, top. At 2.1 K,
the peak at 6.698(15) cm™ would correspond to the 0 — +1
transition and equal to D. As the temperature is increased to 5.1
K, the +1 level is populated, and a peak at 3D = 20.09 cm™
corresponding to the +1 — +2 transition would be expected. If

1958

the D value is negative (D < 0), the ZFS would take the
spacings among the three levels as illustrated in Scheme 2,
bottom. At 2.1 K, the peak at 6.698(15) cm™' would
correspond to the +2 — =1 transition and equal —3D. As
the temperature is increased to 5.1 K, the +1 level is populated,
and a peak at 2.23(3) cm™ (= —D) corresponding to the +1 —
0 transition would be expected. The fact that only the larger +2
— =1 transition is populated at the low temperature of 2.1 K in
Figure 3 indicates that the D value is negative. Thus, for
[Mn(TPP)Cl], the INS study gives D = —2.24(3) cm™". This
value is similar to D = —2.3(2) cm™' and D ~ —2.3 cm™ that
Behere et al.*® and Hoffman et al.*' reported, respectively. This
D value for [Mn(TPP)CI] is also close to D = —2.48(7) cm™
for [Mn(TPP)(0O,)] that does not have the C,, symmetry.**

[Mn(TPP)]. [Mn(TPP)] is an air-sensitive, d° complex.
Unlike its chloride derivative [Mn(TPP)Cl], there is no ligand
in the axial position. Both [Mn(TPP)] and its adducts
[Mn(TPP)L] (L = THF, pyridine) and [Mn(TPP)L,] (L =
toluene, pyridine) have been actively studied.**** ESR studies
of [Mn(TPP)(py)] by Hoffman and co-workers gave DM* =
~0.55 em™"*

Powder X-ray diffraction of the sample was conducted using
an air-sensitive sample holder with a zero background plate.
After removing the peak of the Mylar film at 26 = 26.52°, the
peaks by [Mn(TPP)] were indexed by the McMaille method to
give a tetragonal unit cell. The results are given in the
Supporting Information.”?
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Figure 3. (Left) INS spectra of [Mn(TPP)Cl] using a 12.58 cm™ incident neutron beam. (Right) Theoretical INS spectra of an S = 2 spin system
with D = —2.24 em™.
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Figure 4. (Left) INS spectra of [Mn(TPP)] using a 12.58 cm™ incident neutron beam. (Right) Theoretical INS spectra of an S = */, spin system
with D = 0.79 cm™.
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Figure 5. (Left) INS spectra: [Cr(TPP)CI]. Incident neutron energy: 8.06 cm™. (Right) Theoretical INS spectra of an S = 3/, spin system with D =
0234 cm™' and E = 0.

The electronic ground state of [Mn(TPP)] is split into three measured and theoretical INS spectra for [Mn(TPP)] are

Kramers doublets: Mg = +'/,, +%/,, and +%/,. If its D value is shown in Figure 4. It is assumed that the solid sample remained
positive (D > 0), the ZFS would take the spacings among the in the tetragonal crystal system at 2.1—50 K, as no observable
three doublets as illustrated in Scheme 2. To our knowledge, rhombic splitting(s) was observed. At 2.1 K, the peak for the

ZFS of adduct-free [Mn(TPP)] has not been reported. The +'/, = 4%/, excitation is very prominent at 1.57(2) cm™". At
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5.1 K a second excitation peak is already visible at 3.14(2) cm™

which corresponds to the +%/, — +°/, excitation. For
[Mn(TPP)], the INS measurements are consistent with a
positive D value and they give 2D = 1.57(2) cm ™" and thus D =
0.79(2) em™.

[Cr(TPP)CI]. A single crystal structure of [Cr(TPP)CI] or its
powder X-ray diffraction pattern has not been reported. We
have collected the powder X-ray diffraction®® of the sample at
296 K, and the results are given in the Supporting Information.
Indexing of the powder X-ray diffraction data from the sample
by the McMaille method yielded an orthorhombic unit cell
(10.6576 A, 8.5982 A, 13.3577 A). In phase transformation of
crystals, the trend is that, at a lower temperature, crystals
usually go to a lower symmetry phase.>® Thus, it is unlikely that
the sample solids transformed to the tetragonal crystal system
at 2.1—-50 K, temperatures at which INS data were collected.

[Cr(TPP)CI] has a d* configuration (S = */,). If the solids of
the sample have 4-fold symmetry, the four states split into two
Kramers doublets as shown in Scheme 2. To our knowledge,
the ZFS for [Cr(TPP)CI] has not been studied. However,
using EPR spectroscopy, Hoftman and co-workers studied
[CrTPP(CI)(L)] (L = N, S, or O donors), a series of its
adducts.** DI is ca. 0.156 cm™! for N-donor ligands and 0.232
cm™' for O- and S- donor ligands. The small D values are
typical of other Cr(III) octahedral complexes, and this is mainly
due to the small spin—orbital coupling of octahedral Cr(III)
complexes. For an octahedral d* complex with a t2g3
configuration, the electron distribution is essentially spherical,
making its D value near zero.”® The largest D value recorded for
a Cr(Ill) complex is the pseudo-octahedral complex [Cr-
(dmpe),(CN)I]* [dmpe = 1,2-bis(dimethylphosphino)ethane],
IDI = 2.30 cm™, that Long and co-workers reported.>

Figure S shows the experimental and theoretical INS spectra
for [Cr(TPP)Cl]. The zero-field splitting for [Cr(TPP)Cl] is
very small and almost at the limits for detection by CNCS."* A
peak is clearly shown at 0.468(12) cm™ which corresponds to
the transition between the +3/, — +!/, levels. The value was
calculated using the peaks at 10.2 and 50.0 K. As mentioned
earlier and shown in Scheme 2, the sign of D for complexes
with § = */, cannot be determined directly using INS. If the
solids of the sample had a 4-fold symmetry, 12Dl would equal
0.468(12) cm™, and IDI would be 0.234(12) cm™. Since the
solids of the sample are in an orthorhombic crystal system, the
peak at 0.468(12) cm™' includes both the axial (D) and
rhombic (E) ZFS parameters, as shown in eq 1. As 0.468(12)
cm™" is small and normally it is assumed that the ZFS
parameters obey the relationship IDI > 3E > 0,** the E value
is likely very small as well. The fitting procedure of the
observed excitation as described in the Experimental Section
yields the range IDI = 0.234(12)—0.203(12) cm™' and the
corresponding range E = 0.000—0.068(8) cm™'. These data
indicate small zero-field splittings for this square pyramidal
complex with a dxy1 (b,') and dle,dyz1 (¢") configuration. If a
sample of [Cr(TPP)Cl] in the tetragonal crystal system is
available, it is expected that INS studies using this sample will
give the IDI value. Then using the results from the current work,
the E value may be calculated.
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