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Intensively researched iron meso-tetraphenylporphyrin (FeTPP) complexes are central to the functionalities of
many biological systems while at the same time they possess intriguing magnetic properties. Here we report on
the synthesis and structural characterization of FeTPP complexes with axial tetrahydrofuran (THF) ligand and
different non-coordinating counter anions. Structurally, the most interesting feature of these complexes is the
stretching of the distance between the iron(IlI) and the oxygen atom of the THF ligand for different counter

anions. This parameter affects the magnetic anisotropy of FeTPP as studied here with magnetic susceptibility,
¥m» and X-band electron paramagnetic resonance (EPR). Both magnetic probes are consistent with the iron(III)
in its high-field state S = 5/2. Simulations of temperature dependencies of y;, and EPR spectra show that the
zero-field splitting magnetic anisotropy parameter D decreases with the tetragonal elongation of the hexa-
coordinated iron(III) geometry, which is qualitatively discussed within the ligand field theory.

1. Introduction

Porphyrin-based metal(IlI) complexes are a well-known group of
chemical compounds whose functionalities in many biological systems
and magnetic properties can be effectively tuned via the coordination of
different transition metals or via the peripheral substitutions [1,2].
Various metals have been utilized in these compounds as paramagnetic
centers, including Mn, Fe, etc. and a wide range of porphyrin ligands
with different covalent substituents, counter ions, and axial ligands have
been reported [3]. These complexes were extensively studied, for
example, as molecular magnets offering a versatile platform for the
bottom-up design of low-dimensional magnetic materials [1,4-6]. The
performance of such molecular magnets critically depends on the
resulting magnetic anisotropies and our ability to tailor them.

While a plethora of studies have been conducted on individual com-
pounds, the number of comparative studies, which deem to understand the
correlation between structure and magnetic properties, is considerably
lower. Some literature reports have compared different metal ions as para-
magnetic centers with the same porphyrin-based ligands [7,81, while other
studies focused more on the impact of different substituents on the
porphyrin ring with the same metal center present [9,10]. Axial ligands in
particular have a strong effect on magnetic properties of metalloporphyrins.
Zero-field splitting (ZFS) [11] and derived values of the spin-Hamiltonian
parameters were determined for several iron(III) and manganese(III) por-
phyrins with various halogen and azide ligands [12]. A thorough analysis of
a series of meso-tetraphenylporphyrinatoiron(lll) complexes of general
formula FeTPP(Y) where Y is a weak ligand (ClOz, BFy, PFg, SbFg, and
CF3S03), showed that manipulation of the axial ligand field of a ferric
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porphyrin leads to spin states which change in a rational manner [13]. A
so-called magnetochemical series was later proposed to rank the ligand field
strength of these weakly binding anions as axial ligands of iron(III) tetra-
phenylporphyrine [14]. Magnetization and magnetic anisotropy data were
studied in the high-spin complexes [FeTPP(X)] (X=SCN~,Cl,Br ,andI")
[15] and later a study with inelastic neutron scattering and ab initio calcu-
lations of a similar group of [FeTPP(X)] complexes (X =F, Cl7,Br, 1)
showed a correlation between the axial anisotropy parameter D and the
nature of halide ion [16]. In an extension of this study,
high-frequency-high-field electron paramagnetic resonance (HFEPR) and
far-IR magnetic spectroscopy (FIRMS) were utilized on the same series of
compounds to determine parameter D more precisely [17]. [MnTPP(X)]
halides have also been studied in a similar manner and it was discovered that
bromide complex (X = Br) possesses easy-axis anisotropy, while for the io-
dide analogue D changes sign leading to the easy-plane anisotropy [18]. The
dramatic change of sign for D has been ascribed to the presence of
ligand-to-metal charge transfer. Therefore, the effect of axial ligands on the
ZFSisquite profound and proceeds either through the tuning of metal-halide
ligand field or in certain cases even via the charge transfer processes. On the
other hand, the non-coordinating counter ion impact on the magnetic
properties of metal porphyrins is expected to be more subtle. Literature re-
ports demonstrate that magnetic properties are indeed affected by the
different counter anion in iron complexes with tetrazole-based nitrogen li-
gands [19], but their impact on the properties of metalloporphyrins is yet to
be systematically explored.

Several iron(III) TPP complexes with axial THF ligands were previ-
ously reported in the literature to form complexes with N-nitrosamines
[20-23]. Recently, we have studied the interaction between metal-
loporphyrins and N-nitrosamines and synthesized a plethora of different
metalloporphyrins for evaluation as potential N-nitrosamine chemo-
sensors [24]. In particular, to explore the structure-activity relationship
of metalloporphyrins for detection of N-nitrosamines, a series of [FeTPP
(THF)x] complexes with various counter anions were prepared. As these
systems comprise tetragonally elongated high-spin d° states, the axial
ligands may directly influence the precise ZFS values through the
spin-orbit coupling contribution [17]. However, this family of com-
plexes allows us also to investigate the effect of counter anions on the
magnetic anisotropies. Hence, here we report on the study of the cor-
relation between structural and magnetic (particularly ZFS) properties
of selected FeTPP THF-coordinated THF solvates with four different
counter ions, specifically in [FeTPP(THF)4]X-xTHF, where X = ClOg,
BF4, SbFg, PFg and x is the number of solvated or coordinated THF
molecules, and in axially ligated chloride [FeTPP(THF)Cl] -THF. We
discover that variations of non-coordinating counter anions X still affect
the parameters of ZFS anisotropy through fine-tuning of iron(IIl) — axial
THF ligand interaction. Therefore, non-coordinating counter anions X
provide a parallel way for tailoring magnetic properties of [FeTPP
(THF)1X-xTHF molecular magnets.

2. Materials and methods
2.1. Materials

[FeTPP(Cl)] was purchased from Strem Chemicals (Newburyport,
MA, USA). Silver perchlorate, silver tetrafluoroborate, silver hexa-
fluoroantimonate, and silver hexafluorophosphate were purchased from
Aldrich (Burlington, MA, USA). All chemicals were of standard reagent
grade and used as supplied. Hexane and tetrahydrofuran were also of
standard reagent grade and used as supplied (Merck, Darmstadt, Ger-
many). Dichloromethane was of spectroscopic grade and used as sup-
plied (Merck, Darmstadt, Germany) too. FTIR grade potassium bromide
(KBr) was purchased from Merck (Darmstadt, Germany).
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2.2. Synthetic procedures

2.2.1. General synthetic procedure for complexes (1)-(4)

[FeTPP(C1)] (400 mg, 0.568 mmol) was dissolved in THF (40 mL)
under nitrogen atmosphere. Silver salt (1 Eq) was added and the reaction
mixture was heated to 65 °C. After 5 min the reaction mixture was
filtered, and hexane (11 mL) was added to the filtrate. The solution was
put in the freezer for 10 days.

2.2.2. Synthesis of [FeTPP(THF),]ClO42THF (1)

Silver perchlorate (118 mg, 0.568 mmol) was added. Crystals of (1)
(482 mg; 80% yield) were collected with filtration and washed with
hexane. Purple solid; DSC (10 K/min): 74.1 °C onset, 93.2 °C peak
(endo), 180.2 °C onset, 188.6 °C peak (exo0), 434.6 °C onset, 442.4 °C
peak (endo); IR (ATR): 3438, 2975, 2873, 1596, 1479, 1440, 1334,
1200, 1070, 995 cm ™.

2.2.3. Synthesis of [FeTPP(THF)(H20)]BF43THF (2)

Silver tetrafluoroborate (111 mg, 0.568 mmol) was added. Crystals
of (2) (286 mg; 47%) were collected with filtration and washed with
hexane. Purple solid; DSC (10 K/min): 66.1 °C onset, 77.4 °C peak
(endo), 97.6 °C onset, 104.1 °C peak (endo), 180.6 °C onset, 197.6 °C
peak (endo), 155.6 °C onset, 159.7 °C peak (endo), 239.1 °C onset,
265.1 °C peak (endo); IR (ATR): 3422, 2972, 2870, 1596, 1482, 1440,
1334, 1200, 1070, 995 em L.

2.2.4. Synthesis of [FeTPP(THF),]SbFs-2THF (3)

Silver hexafluoroantimonate (195 mg, 0.568 mmol) was added.
Crystals of (3) (367 mg; 54%) were collected with filtration and washed
with hexane. Purple solid; DSC (10 K/min): 132.1 °C onset, 140.4 °C
peak (endo), 233.1 °C onset, 240.8 °C peak (endo); IR (ATR): 3447,
2791, 2872, 1598, 1483, 1442, 1338, 1201, 1178, 1071, 1006 cem L

2.2.5. Synthesis of [FeTPP(THF),]PF¢-2THF (4)

Silver hexafluorophosphate (144 mg, 0.568 mmol) was added.
Crystals of (4) (253 mg; 40%) were collected with filtration and washed
with hexane. Purple solid; DSC (10 K/min): 140.7 °C onset, 147.1 °C
peak (endo), 152.4 °C onset, 159.4 °C peak (endo), 205.8 °C onset,
218.9 °C peak (endo), 252.8 °C onset, 276.5 °C peak (endo), 332.4 °C
onset, 337.7 °C peak (endo), 431.3 °C onset, 436.9 °C peak (exo); IR
(ATR): 3447, 2973, 2872, 1597, 1481, 1441, 1335, 1286, 1132, 1070,
1007 em ™.

2.2.6. Synthesis of [FeTPP(THF)Cl]-THF (5)

[FeTPP(CD)] (400 mg, 0.568 mmol) was dissolved in THF (40 mL)
under nitrogen atmosphere. The reaction mixture was heated to 65 °C.
After 5 min the reaction mixture was filtered and hexane (11 mL) was
added to the filtrate. The solution was put in the freezer for 10 days.
Crystals of (5) (224 mg; 51%) were collected with filtration and washed
with hexane. Purple solid; DSC (10 K/min): 481.0 °C onset, 483.8 °C
peak (endo), 487.1 °C onset, 487.8 °C peak (endo); IR (ATR): 3435,
310?, 3023, 1829, 1596, 1485, 1440, 1333, 1200, 1174, 1069, 995
cm .

2.3. Attenuated total reflection fourier transform infrared (ATR-FTIR)
measurements

ATR-FTIR spectra were recorded on a Nicolet iSS50FT-IR spectrom-
eter (Thermo Fisher Scientific, Waltham, MA, USA) using a single
reflection diamond ATR cell.

2.4. Differential scanning calorimetry (DSC) measurements
DSC thermograms were recorded on differential scanning calorim-

eter DSC 37 Star® System instrument (Mettler Toledo, Polaris Parkway
Columbus, OH, USA) operating at 10 °C/min. Alumina pans under air
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atmosphere were used.
2.5. Thermogravimetric analysis (TGA) measurements

TGA measurements were recorded on TGA/DSC 1 Star® System
(Mettler Toledo, Polaris Parkway Columbus, OH, USA) operating at 10
°C/min. Alumina pans under air atmosphere were used.

2.6. Single crystal X-ray crystallography

Single-crystal X-ray diffraction data of (2)-(5) were collected on an
Agilent Technologies SuperNova Dual diffractometer using Mo-Ka radia-
tion (4 = 0.71073 A) at 150 K. The data were processed using CrysAlis Pro
[25]. Structures were solved by SHELXT [26] using intrinsic phasing and
refined by a full-matrix least-squares procedure based on F* with SHELXL
[27] using Olex2 program suite [28]. All the non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were readily located in difference
Fourier maps and were subsequently treated as riding atoms in geometri-
cally idealized positions with Ujso(H) = 1.2Ueq(C), except hydrogen atoms
bonded to water oxygen atom in (2) that were refined restraining the O-H
bond length with Ujso(H) = 1.5Ueq(O). In (2) two THF solvate molecules
were disordered over two positions in refined ratios 0.50(2):0.50(2) and
0.63(3):0.37(3), and atoms C53, 04 and C56 as well as C57a C57b, C58 and
C58b being part of two THF solvate molecules were refined restraining U’
components. In (5) one THF solvate molecule was highly disordered and
the electron density associated with disordered solvent molecule was
removed by a solvent mask. Therefore, the chemical formula and crystal
data given in Table 1 do not take into account this solvent molecule.
Crystallographic data for compound (1) are in agreement with the data that
has already been reported [20,21] and are therefore not presented here.

2.7. Electron paramagnetic resonance

X-band electron paramagnetic resonance (EPR) measurements were
done using a Bruker Elexsys E500 EPR spectrometer operating at 9.37
GHz, equipped with a Varian TEM104 dual cavity resonator, an Oxford
Instruments ESR900 cryostat, and an Oxford Instruments ITC503 tem-
perature controller. The samples were inserted into standard 4 mm EPR
quartz tubes for the purpose of the measurements. EPR spectra were
measured at 4 mW microwave power and 0.2 mT modulation amplitude
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with modulation frequency 80 kHz.
2.8. Magnetic susceptibility

Magnetic susceptibility of powder samples was studied in a magnetic
field of 1 kOe between 2 K and 300 K using a Quantum Design MPMS-XL
-5 magnetometer. The data were corrected for a temperature-
independent diamagnetism, y,,, of the inner shell electrons and the
sample holder.

3. Results and discussion
3.1. Synthesis of iron(Ill) complexes

In order to study the influence of counter anions on the structural and
magnetic properties of iron(IlI) meso-tetraphenylporphyrin tetrahy-
drofurane solvates a series of complexes were synthesized using the
approach previously reported by Richter-Addo et al. [21] (Scheme 1). In
short, [FeTPP(Cl)] was dissolved in THF and refluxed for 5 min with
appropriate silver salt followed by addition of hexane and crystalliza-
tion. The reaction of [FeTPP(Cl)] with silver perchlorate afforded
[FeTPP(THF)2]1ClO4-2THF (1) in 80% yield. The structure of (1) is
identical to that previously reported in Ref. [21]. Interestingly, when
[FeTPP(Cl)] was reacted in similar manner with silver tetrafluoroborate,
a new complex [FeTPP(THF)(H20)]BF4-3THF (2) was obtained in 47%
yield. In (2) the metal center is coordinated with one water and one THF
molecule instead of two THF molecules as in (1). We note that this
complex is structurally close to known [FeTPP(THF);]1BF4 [23]. The
incorporation of the water into the complex is surprising and probably
originates from the water present in the inorganic salt, since the same lot
of anhydrous THF solvent was used for all experiments. In the case of
reaction of silver hexafluoroantimonate with [FeTPP(Cl)], we isolated
complex [FeTPP(THF),]SbFe-2THF (3) in 54% yield, which contains an
extra THF compared to [FeTPP(THF),]SbFe-THF [21]. Treatment of
[FeTPP(CD)] with hexafluorophosphate provided [FeTPP(THF),]
PFe-2THF (4) in 40% yield. Finally, when [FeTPP(Cl)] was simply
refluxed in THF, a new complex (5) was isolated in 51% yield (Scheme
1). All samples were first extensively characterized by attenuated total
reflectance Fourier transform infrared spectroscopy (Figs. S1.1-S1.5)
and thermal analysis (Figs. 52.1-52.5) [29].

Table 1
Crystallographic data for (2)-(5).
(2) 3) “@ 5)

CCDC number 2247176 2247177 2247178 2247179
Formula CeoHg2BF4FeN4O5 CeoHgoFsFeN404Sb CeoHeoFFeN404P C4gH36CIFeN,O
M, 1061.79 1192.72 1101.94 776.11
T (K) 150.00(10) 150.00(10) 150.00(10) 150.00(10)
Crystal system monoclinic tetragonal tetragonal monoclinic
Space group P2,/c P442,2 P4,2,2 P2y/n
aA) 13.8721(5) 17.0980(5) 16.9476(5) 11.1120(4)
b (A) 17.2844(6) 17.0980(5) 16.9476(5) 19.5956(6)
cd) 22.3076(8) 18.6920(9) 18.5940(10) 19.5107(6)
Q! 99.930(3) 90 90 92.173(3)
Volume (A%) 5268.6(3) 5464.4(4) 5340.6(4) 4245.3(2)
Z 4 4 4 4
D, (g/cm?) 1.339 1.450 1.370 1.214
u (mm™1) 0.355 0.831 0.385 0.457
F(000) 2228 2444 2300 1612
Reflections collected 27976 17551 15963 21261
Data/restraints/parameters 12065/18/711 6261/0/347 6117/0/347 9734/0/496
Rint 0.0304 0.0338 0.0341 0.0269

R, WR; [I > 20(D]
R, WR,, (all data) ¢

0.0626, 0.1664
0.0904, 0.1917

0.0744, 0.1526
0.0903, 0.1593

0.0425, 0.0961
0.0653, 0.1070

0.0642, 0.1653
0.0772, 0.1753

GOF, sP 1.036 1.295 1.021 1.030
Apmaxs Apmin (€ A73) 1.40/-0.84 1.01/-1.23 0.31/-0.25 2.16/-0.53
Flack parameter / 0.031(11) —0.001(9) /

R = Y| [Fo| - |Fe||/321Fol, wRy = {3-[W(Fa - F2)*1/3 - [w(F2)*1}'/2.

b= {Z[(Fg - Ff)z] /(n/p}l/ 2 where n is the number of reflections and p is the total number of refined parameters.
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1. AgCIO,
THF

65°C, 5 min

-— 2T

2. hexane

80%

[FeTPP(THF);ICIO, 2THF (1)
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1. AgSbF
THF

65 °C, 5 min
—

2. hexane

54%

[FeTPP(THF);]SbFe-2THF (3)

[FeTPP(CI)]

j@ PF©
AgPFg

1. AgCIO,
THF

65 °C, 5 min
—_

2. hexane

40%

1. AgBF,
THF
65 °C, 5 min

2. hexane

47%

[FeTPP(THF)(H,0)IBF 4 3THF (2)

1.
THF
65 °C, 5 min

2. hexane

51%

[FeTPP(THF)ICI- THF (5)

Scheme 1. Preparation of complexes (1)-(5) from the parent [FeTPP(Cl)] complex.

3.2. Structural properties

Compounds (2) and (5) crystallize in the monoclinic space group
P2;/c and P2;/n, respectively, with all of the atoms located in general
positions. Compounds (3) and (4) crystallize in the tetragonal space
group P412;2 and the asymmetric units are composed of half of [FeTPP
(THF),]" cation, half of SbFg or PFg anion and one THF molecule with
iron(III) metal center as well as Sb and P atoms positioned on the two-
fold rotation axis. The iron(III) metal center is in an octahedral coordi-
nation geometry in the equatorial plane formed by the porphyrin ni-
trogen atoms in (3) and (4) while in (2) and (5) it is slightly above the
plane (0.038 and 0.260 A, respectively). The Fe-N distances 2.024(3)
and 2.038(4) A for (3) and 2.026(3) and 2.027(4) A for (4) are slightly
shorter than distances in the range 2.035(2)-2.049(2) A for (2) and
2.044(2)-2.053(2) A for (5) (Figs. 1-3, S3.1, Tables 2-4).

The axial positions in (2)-(5) consist of different ligands. Axial po-
sitions in (2) are occupied by one water and one THF molecule, in (3)
and (4) by two THF molecules and in (5) by one chloride ligand and one
THF molecule (Figs. 1-3, S3.1). The presence of different axial ligands

causes differences in Fe—Layia bond lengths. The Fe—Oryr distances of
2.1768(19) A in (2), 2.137(6) A in (3) and 2.134(2) A in (4) are similar
as in [FeTPP(THF);]ClO4 [21], while in (5) the Fe—Oryr distance of
2.442(2) Ais significantly elongated compared to complexes (2)-(4)
(Tables 2-4). The Fe—O,, distance of 2.042(2) Ain (2) is somewhat
shorter than previously observed in [FeTPP(H20)2]ClO4 (2.130(3) ./?\)
[2]. In (5) the Fe—Cl distance is 2.2569(8) A. We note that in mono-
nuclear compounds with two chloride ligands in the axial position Fe~Cl
distances are in the range 2.425-2.431 A [30,31]. In the case of mixed
axial ligands FeCl distance is 2.305 A or 2.514 A with methanol or
acetate ligand in trans position, respectively [32,33]. In
penta-coordinated Fe-porphyrin compounds the observed Fe-Cl dis-
tance is 2.220 A in [FeTPP(CD)] [34] and slightly elongated distances are
present in meso-tetraethyl or meso-tetraisopropylporphyrin complexes
(2.264 and 2.238 f\, respectively) [35,36]. Slight distortion of octahe-
dral geometry in (2)-(4) can be seen since O-Fe-O, trans N-Fe-N and cis
N-Fe-N angles deviate from ideal values only to a minor degree (Ta-
bles 2 and 3). Moderate distortion in (5) is indicated by, for example,
trans N-Fe—N angles of 164.87(9) and 165.97(9)° (Table 3). The shortest

Fig. 1. Perspective drawing (a) and top (b) and side (c) views of the cationic mononuclear iron(IIl) unit of (2).
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Fig. 2. Perspective drawing (a) and top (b) and side (c) views of the cationic mononuclear iron(IIl) unit of (3). Drawings for (4) are in Ref. [29]. Hydrogen atoms
have been omitted for clarity.

Fig. 3. Perspective drawing (a) and top (b) and side (c) views of (5). Hydrogen atoms have been omitted for clarity.

Table 2 Table 3
Selected bond distances (A) and angles (°) for (2). Selected bond distances (A) and angles (°) for (3) and (4).
Distance (A) 3) (C)]
Fel-O1 2.042(2) Fel-N2 2.046(2) Distance (le\)
Fel-02 2.1768(19) Fel-N3 2.035(2) Fel-01 2.137(6) 2.134(2)
Fel-N1 2.040(2) Fel-N4 2.049(2) Fel-N1 2.021(7) 2.027(3)
Angle (°) Fel-N2 2.032(7) 2.026(3)
O1-Fel-02 179.47(8) 02-Fel-N4 89.28(8) Angle (°)
O1-Fel-N1 90.97(9) N1-Fel-N2 89.98(9) i
O1-Fel-N2 91.95(9) N1-Fel-N3 178.51(9) Ol-Fel-O1 177.2(4) 177.74(14)
0O1-Fel-N3 90.51(9) N1-Fel-N4 89.79(8) Ol-Fel-N1 88.1(3) 91.09(10)
O1-Fel-N4 90.78(9) N2-Fel-N3 90-14(9) O1-Fel-N1" 90.0(3) 90.49(10)
: . O1-Fel-N2 90.3(3) 89.94(10)
02-Fel-N1 89.55(8) N2-Fel-N4 177.27(9) i
0O1-Fel-N2! 91.6(3) 88.48(10)
02-Fel-N2 88.00(8) N3-Fel-N4 90.02(8) i
02-Fel-N3 88.96(8) N1-Fel-N1 89.8(5) 90.86(17)
. Nl—Fel—NZ_ 89.5(3) 89.19(11)
N1-Fel-N2' 179.2(4) 179.57(11)
N2-Fel-N2' 91.2(5) 90.76(16)

Fe---Fe intermolecular distance between adjacent iron(III) metal centers
in (2)—(5) are 10.448, 10.486, 10.434 and 9.854 A, respectively.

In (2) coordinated water molecule forms O-H---O hydrogen bonding
with THF solvate molecule and a bifurcated O-H---F hydrogen bonding

Symmetry code for 3: )y, x, 1 -z for4: () 1-y,1-x,3/2-z.
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Table 4 Table 5
Selected bond distances (;\) and angles (°) for (5). Hydrogen bonds for (2)-(4) [JQX and °].
Distance (A) D-H---A d(D-H) d(H---A) d(D---A) <(DHA)
Fel-O1 2.442(2) Fel-N2 2.044(2) (2)
Fel-Cl1 2.2569(8) Fel-N3 2.055(2) O1-Hla---03 0.836(18) 1.798(19) 2.632(3) 175(4)
Fel-N1 2.053(2) Fel-N4 2.053(2) 0O1-H1b---F1 0.844(18) 1.93(2) 2.730(3) 158(3)
Angle () 01-Hl1b---F2 0.844(18) 2.46(3) 3.135(5) 137(3)
C22-H22.-F4 0.95 2.51 3.426(4) 162
0O1-Fel-Cl1 177.34(5) Cl1-Fel-N4 97.36(6) C42-H42--F4! 0.95 2.44 3.362(5) 164
01-Fel-N1 81.53(8) N1-Fel-N2 89.63(8) 3) )
01-Fel-N2 81.44(8) N1-Fel-N3 165.97(9) C1-H1--F1" 0.95 2.46 3.303(14) 148
01-Fel-N3 84.45(8) N1-Fel-N4 89.09(8) C16-H16---F2! 0.95 2.39 3.300(16) 161
0O1-Fel-N4 83.46(8) N2-Fel-N3 88.88(9) C29-H29A:--F2 0.99 2.53 3.17(2) 121
Cl1-Fel-N1 95.95(6) N2-Fel-N4 164.87(9) C25-H25.--F3" 0.95 2.54 3.387(13) 148
Cl1-Fel-N2 97.76(6) N3-Fel-N4 88.71(9) 4 )
Cl1-Fel-N3 98.08(6) Cl1-H1---F1" 0.95 2.49 3.365(4) 153
C12-H12--F2 0.95 2.54 3.442(5) 159
C25-H25.--F3i 0.95 2.47 3.338(4) 153

with BFy anion. These interactions are supported by C-H:--F hydrogen
bonding between a phenyl group of the complex cation and BF4 anion
(Fig. 4, Table 5). A zig-zag chain along c axis is formed through C-H---F
interaction between a phenyl group of the adjacent complex cation with
the BF; anion.

In (3) and (4), each SbFg and PFg anion, respectively, is involved in
C-H---F interactions as hydrogen-bond acceptor with four adjacent
complex cations (Fig. 5 and S3.2, Table 5). In (5) no significant
hydrogen-bonding interactions are present.

3.3. Magnetic properties

Temperature-dependent molar magnetic susceptibilities, ym,
measured in the temperature range between 2 K and 300 K for powder
samples of [Fe''TPP(THF),]ClO4-2THF, [Fe''TPP(THF)(H,0)]
BF,4-3THF, [Fe'TPP(THF),]SbFs-2THF and [Fe'TPP(THF),]PFq-2THF
with ClOy, BF4, SbFg, PFg as counter anions and Cl~ as an axial ligand
in [FeTPP(THF)(CD)]-THF show in all cases a strong paramagnetic
response without any signatures of cooperative magnetic phenomena
(Figure S4.1). After subtracting the temperature-independent diamag-
netic contribution, y;,, from ym, the effective magnetic moment, psf, per
Fe site is evaluated from the high-temperature value of the product
\/m . The effective magnetic moment ranges between g = 5.82 for
Cl™ and pesr = 6.26 for BF4 samples, respectively. These values are close
to the spin-only value anticipated for the high-spin S = 5/2 state of iron
(III) and are similar to those experimentally found for the other penta-
and hexa-coordinated iron(III) centers in porphyrins with axial halides
[32]. We note though that the variations in the extracted peg values
between different samples are non-negligible and can be ascribed to the
dependence of the iron(IIl) g-factor values on the spin—orbit coupling
(SOC) with the axial ligand group.

Symmetry codes for 2: (i) x, 3/2-y, %o+ 2z, for 3: Dy, x, 1 -2 (ii) -2 +y, o - X,
Va+g (i) % +y,3/2-x,-Ya + 2z for 4: (i) o -y, Vo + x, Y4 + 2; (iii) 3/2 -y, -
+ x, Y4 + 2.

Fig. 5. Hydrogen-bonding interactions of SbFs with adjacent cationic mono-
nuclear iron(III) unit of (3). Drawing for (4) is in Ref. [29]. Hydrogen atoms not
involved in the motif shown have been omitted for clarity.

Below ~50 K, peg(T) starts to decrease on cooling for all samples,
which is a hallmark of a sizeable zero-field splitting. In order to extract
the axial ZFS parameter D, we start with the minimal spin Hamiltonian

H= yBBg§ + D(§Z2 +S(S+1) /3) and fit the temperature dependence of
Leff(T) by using the Easyspin package [37] with D and axial g-factor as
the only free parameters. This approach yields satisfactory agreement
for all samples (Fig. 6) and the summary of extracted ZFS parameter D

Fig. 4. Hydrogen-bond chain along c axis in (2). Hydrogen bonds are represented by dashed blue lines. Two THF molecules, a disorder on hydrogen-bonded THF
molecule, and hydrogen atoms not involved in the motif shown have been omitted for clarity.
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Fig. 6. Temperature dependences of the effective magnetic moments, g, for
[FeTPP(THF)1X powder samples with counter anions X = ClOz (1) (purple
circles), X = BF4 (2) (blue circles), X = SbFg (3) (green circles), X = PFg (4)
(black circles) and axial ligand C1~ (5) (orange circles). Solid red lines represent
simulations with a model based on an axial ZFS system. The dashed horizontal
line marks the expected value for the high spin S = 5/2 Fe moment with
isotropic g = 2.0023. The inset shows extracted ZFS parameter D in relation to
the iron(IIl) — THF oxygen atom distance, r. The blue line in the inset is a guide
to the eye.

values from the magnetic susceptibility data is given in Table 6. The
values of D ~ 160 GHz-400 GHz (= 5.3 em!-13.34 cm’l) are in the
range found for various [Fe'TPP(X)] complexes [16,17,38]. Even
though the ZFS parameter values extracted from the spin susceptibility
data are known to be less accurate [17], a comparison between samples
with similar counter anions, shows some important trends. The sample
with Cl™ that axially coordinates to [Fe'"TPP(THF)] species has signif-
icantly lower D = 5.3 cm™! compared to other samples with axially
coordinated THF molecules and non-coordinating counter ions. For
cases when axial ligands are changed, variations in D may be due to
partial spin delocalization onto the axial ligand groups that determines
the degree of their spin-orbit coupling contribution to ZFS [17]. On the
other hand, when axial ligands are kept the same and only
non-coordinating anions are varied, we still observe variations in D. For
example, for the X = BFy (2) and PFg (4) samples, D increases from 9.11
em™! to 11.54 cm™! (Table 6), respectively.

A complementary insight into the magnetic anisotropies of [FeTPP
(THF)]X samples can be obtained from the EPR spectra. A very broad X-
band EPR signal with effective g-factor values g, ~ 6 and g|| ~ 2 can be
found for all polycrystalline samples at room temperature. These g-fac-
tor values are characteristic of high-spin S = 5/2 iron(Ill) centers
showing large axial ZFS parameter D. In order to interpret EPR spectra

Table 6

Extracted values of the ZFS parameter D from the magnetic susceptibility data
for the different samples and their relation to Fe — Oryr distance. *Average Fe —
01(2) distance is taken from Ref. [21].

Sample/counter anion Fe — Opyr distance [A] D [GHz] D [em™ 1]
(1)/Cl04 2.1585* 320 10.67
(2)/BF4 2.1768 273 9.11
(3)/SbFg 2.137 400 13.34
(4)/PFg 2.134 346 11.54
(5)/none (axial C17) 2.442 160 5.34
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we thus proceed with the model of a spin system consisting of S = 5/2
spin and including axial anisotropy in the g-factor (i.e., the Fe''TPP in-
plane eigen-value is g, and out-of-plane is g||) and the ZFS anisotropy
with the axial and rhombic parameters D and E (Equation (1)) [39]:

~2

Hyp = 1y BgS + D(S. +8(S+1) /3) + E(3.” = 5,)). )

Here we neglect the residual small anisotropy in g-factor in the Fe''TPP
plane and co-align the main eigenaxes of the g-factor and ZFS anisotropy
tensors. The axial ZFS parameter D significantly influences the positions
of EPR lines only when its magnitude is comparable to the applied mi-
crowave frequency [38]. From the above analysis of y,, we conclude that
the values of D are indeed much larger compared to the microwave
frequency (Larmor frequency is in these experiments v, = 9.37 GHz).
Therefore, we proceed by fixing the axial ZFS parameter D values to
those obtained from the magnetic susceptibility measurements
(Table 6). On the other hand, variations in rhombic ZFS parameter E
have a more pronounced effect on the positions of the resonances even
when D>v;. We therefore proceed with EPR lineshape simulations to
determine this parameter too. Finally, a Gaussian line broadening, AB, is
used for all calculated EPR spectra, as the main source of broadening is
due to the dipolar interactions between neighboring iron(IIl) spins. This
last assumption agrees well with the negligible exchange interactions
(inset to Fig. S4.1) because of the large distances between nearest
neighboring iron(IIl) spins, being around 10 A

At T = 150 K, X-band EPR spectra remain qualitatively similar to
those measured at room temperature except for the reduced AB [Fig. 7
(a)]. We thus simulate X-band EPR spectra measured at T = 150 K using
the model of Eq. (1) as it allows us a more precise determination of
anisotropy parameters (Table 7). From the X-band EPR spectral simu-
lations we notice a significant axial anisotropy in the g-factor, which
corresponds well to the axial nature of the ZFS. Most importantly, these
EPR simulations yield very small, effectively zero values for the rhombic
ZFS parameter E. Namely, increasing the value of E/D would in the X-
band EPR spectra split and shift the strong signal at effective g, ~ 6
(Figure S4.2), which has not been observed in the experiment. The ob-
servations that E»0 corroborate the structural data taken at T = 150 K,
which show almost perfect iron(Ill) axial symmetry displaying only
small porphyrin plane distortions and some minor tilting of the THF
molecules. Such small structural distortions in principle give rise to
minor rhombicity effects, but they are here clearly too small to have an
observable effect on the X-band EPR spectra at 150 K.

On further cooling [FeTPP(THF)]X samples to T = 20 K, the X-band
EPR spectra continue to narrow down as AB decreases to ~20 mT. This
allows us to monitor fine shifts and splitting of EPR spectra, in particular
the spectral part around the effective g, ~ 6. Moreover, we notice the
appearance of several additional weaker peaks in the EPR spectra [Fig. 7
(b)]. These spectral features disclose the lowering of the iron(IIl) sym-
metry at these cryogenic temperatures where more pronounced rhom-
bicity distortions increase the rhombic ZFS parameter E. Attempts to
simulate such complex powder spectra with a single component mostly
failed, since the Hamiltonian (Eq. (1)) cannot reproduce the fine struc-
ture of a strong effective g, = 6 signal that is at the same time flanked by
several weaker resonances. We thus conclude that at least two compo-
nents with slightly different sets of spin parameters are needed, where
some of the iron(IIl) spins retain the approximate axial symmetry, while
the others change to a more rhombic environment. The complete set of
parameters for the T = 20 K EPR spectra simulations [Fig. 7(b)] with a
two-component model are given in the second part of Table 7.

The two-component model indeed captures fine structure of the main
peak around effective g, =~ 6 for samples (1) and (2). The ratios of the
intensities for the two components are approximately 1:1, which may
hint a possible low-temperature structural change with the doubling of
the unit cell. On the other hand, the EPR spectrum of sample (4) can be
accounted for by a single component. Finally, samples (3) and (5) show
even more rich X-band EPR spectra, that the simple spin Hamiltonian
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Fig. 7. X-band EPR spectra of polycrystalline [FeTPP(THF)]X samples (X = ClO4 (1), BF; (2), SbFg (3) and PFg (4)) and [FeTPP(THF)(CD)] (5) measured at T = 150
K (a) and T = 20 K (b). The solid red lines are powder spectrum simulations for high-spin S = 5/2 ZFS system of the model represented by Eq. (1) using Easyspin

code [37].

Table 7

Results from simulations of powder X-band EPR spectra to Eq. (1). When two sets of parameters are given, a two-component simulation has been applied. In all cases
the ZFS parameter D was in Eq. (1) fixed to values obtained from the magnetic susceptibility data simulations (Table 6).

T=150K T=20K

Sample/counter anion g g AB [mT] E [GHz] g 8| AB [mT] E [GHz]

(1)/ClO4 1.9318 2.0119 42.4 0.022 1.8203 1.9765 20.7 0.200
1.9736 2.2731 13.8 11.60

(2)/BF4 1.9550 2.2049 44.3 0.050 1.8059 1.9727 19.9 0.050
2.0793 1.9727 20.0 0.050

(3)/SbFg 1.7346 2.3500 79.9 0.036 1.8979 1.9864 17.9 2.500

(4)/PFg 1.9475 2.2941 39.2 0.083 1.9762 2.0004 16.4 0.227

(5)/none (axial C17) 2.0162 2.2416 22.3 0.020 1.9898 2.0007 18.9 0.022

Eq. (1) with two components included cannot reproduce. Possible ex-
planations for this disagreement would necessitate further structural
distortions, such as (i) low-temperature distortions of the crystal struc-
ture with the larger unit cell and crystallographic splitting of iron(III)
sites, or (ii) chemical and structural inhomogeneities of polycrystalline
samples employed in this study. A source for such inhomogeneities
could be the gradual loss of THF solvent molecules from parts of the
sample. A detailed structural investigation conducted at low tempera-
tures is needed to address the appearance of additional fine structure
EPR features that cannot be accounted for by Eq. (1) and complementary
high-field EPR measurements would be needed to extract more accurate
D and E values.

Combined magnetic susceptibility and X-band EPR measurements on
samples (1)-(5) showed that ZFS anisotropy varies not only when axial
ligand is changed, but also when counter anion is varied. The observed
correlation between the different non-coordinating counter ions and the
magnetic anisotropies is at first sight surprising as there is no direct
interaction between hexa-coordinated iron(IIl) and non-coordinating
anions. As can be deduced from the structural data described in Sec-
tion 3.1, different counter anions have a measurable effect on the dis-
tance between the iron(Ill) and the oxygen atoms of the THF axial
ligand. Specifically, the extracted values of the axial ZFS parameter D
increase with decreasing iron(Ill) to oxygen atom distance thus
revealing a clear correlation between the magnetic properties and the
precise location of the axial THF ligands (inset to Fig. 6 and Table 6). A
qualitative explanation for such behavior can be given within the ligand
field theory as outlined for FeTPP in Ref. [11] or [17]. Within this
model, the tetragonal elongation of the iron(Ill) geometry yields a
positive sign for D. The value of D will increase if the energy of the

excited *A, state (i.e., d,z(ydg,zd,l(zd%z) decreases and/or when the “E state
(i.e., d,l(yd}l,zd,z(zd%g/d}{ydizd,l(zdéz) increases in energy. The presence of
counter anion affects the axial THF ligand by changing its bonding en-
ergy and the iron(III)-oxygen distance. As a result, it also tunes *A, and
“E energies and the resulting D.

4. Conclusions

In conclusion, we have reproduced [FeTPP(THF);]ClO4-2THF as well
as synthesized novel [FeTPP(THF)(H0)]BF4-3THF, [FeTPP(THF).]
SbFg-2THF, and [FeTPP(THF),]PFg-2THF compounds with ClOg, BFy,
SbFg, PFg acting as counter anions and [FeTPP(THF)(C1)]-THF with CI™
as the axial ligand. The choice of anions (ClOg, BF4, SbFg, PFg, Cl7) is
used to tune the distance between the coordinated iron(III) and the
oxygen atom of the axial THF ligand molecule. The shortest Fe—Oryp
distance of 2.134(2) and 2.137(6) A was observed in (4) and (3),
respectively, while in (2) and (5) this distance was found to be 2.1768
(19) and 2.442(2) f\, respectively. We find that the elongation of this
distance plays a major role in reducing the relevant ZFS parameter D,
which is discussed within the ligand field theory. However, the effect of
water in compound (2) and chloride in (5) as axial ligands should not be
neglected. Nevertheless, the distance Fe-O(THF) is still a very sensitive
parameter of local Fe coordination and thus a meaningful measure for
the magnetic anisotropy. When designing molecular magnets [FeTPP
(THF)4IX one thus has an additional mean to control its magnetic
anisotropy: with the choice of non-coordinating counter anion a fine
variation in D can be achieved via stretching the iron(IIl)-oxygen
distance.
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