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Novel Fe4 cluster topology from a new hexadentate
chelate: magnetic analysis by experimental, DFT,
and magnetostructural correlation methods
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The new potentially hexadentate chelate N,N’-bis(2-pyridylmethyl)-N,N'-bis(2-hydroxyethyl)-ethylene-
diamine (bphnH,) has been synthesized. It possesses a mixed diol/diamine/dipyridine nature and has
proven the source of two new Fe''/oxo complexes with unprecedented structures. [Fe,O(bphnH)
(bphnH)I[Ce(NO3)gl (1) and [Fe4O(bphn),(NO3)41(NO3), (2) contain pentadentate and hexadentate che-
lates, respectively. A three-pronged approach comprising fits of experimental magnetic susceptibility
data, DFT computations and use of a magnetostructural correlation has been applied to analyse the vari-
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able-temperature magnetic properties of 2, the reliability of obtained pairwise J; exchange interactions,
the occurrence and avoidance of overparameterization problems, and the quantitative determination of a
very weak long-range interaction in a molecule also containing very strong and medium strength
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Introduction

Fe"™-oxo cluster chemistry is the foundation of many current
areas of research, including molecular magnetism, single-
molecule magnets, catalysis, bioinorganic chemistry, bio-
medical applications and others."™® For example, dinuclear
Fe'"-oxo clusters have been prepared as synthetic analogues of
iron-based proteins and enzymes such as hemerythrin,
methane monooxygenase, and ribonucleotide reductase."*>°
Previous research in our group in Fe™-oxo cluster chemistry
has primarily been stimulated by its relevance to molecular
magnetism and has involved the synthesis and characteriz-
ation of a large range of compounds with nuclearities in the
Fe,~Fess range.”’ These obtained from
synthetic routes, almost always involving a multidentate
N,O-chelate such as 2-(hydroxymethyl)pyridine (hmpH),
N-methyldiethanolamine (mdaH,),*® N,N’-bis(2-hydroxyethyl)
ethylenediamine  (heenH,),  2-{[2-(dimethylamino)ethyl]-
methylamino}ethanol (dmemH), and N,N,N',N'-tetrakis(2-
hydroxyethyl)Jethylenediamine (edteH,), to name but a
.*>% In addition, a given chelate can often give clusters of
distinctly different metal nuclearities, as we very recently
showed, for example, using mdaH, in similar reaction systems
that nevertheless led to Fe™-oxo cluster products comprising
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27,28 gimilar results have been

Fe,, Fe,,, and Fe,, nuclearities.
found with edteH,.>*

The study of the magnetic properties of Fe™-oxo clusters is
the primary objective of our work, especially the determination
of their ground state spin (S) and constituent pairwise Fe,
magnetic exchange couplings, J; the latter often allowing
rationalization of the former. Fe'™ is usually octahedral and
high-spin (s = 5/2) in a wholly or predominantly O-based
ligand field, leading to symmetric d-electron distribution and
only small levels of magnetic anisotropy (zero-field splitting).
Therefore, pairwise Fe, exchange interactions are almost
always antiferromagnetic (AF) and readily obtained for low
nuclearity (<Feg typically) from fits of experimental magnetic
susceptibility (ry) data. However, for low-symmetry Fe,, topolo-
gies with multiple independent couplings these can give excel-
lent fits whose J; values are nevertheless unrelated to ‘reality’
due to overparameterization problems. Therefore, in parallel
we also carry out DFT calculations of j; values as an indepen-
dent check of experimental data, and as an additional inde-
pendent approach we also calculate the predicted j; from a
magnetostructural correlation (MSC) equation that employs
the bridging Fe-O-Fe angles and Fe-O bond lengths;*® we
developed this Mitchell-Christou MSC specifically for higher
nuclearity clusters once we realized that the Fe, MSC’s already
in the literature were of little use for higher nuclearities.

The above three-pronged approach has proven a very power-
ful and satisfying means of analyzing the magnetic properties
of Fe™-oxo clusters, currently up to Fes¢ nuclearities, especially
in identifying the presence of spin frustration effects within
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triangular Fe; subunits and the relative spin vector alignments
at each Fe™ ion.**™® This in turn allows rationalization of the
cluster’s often unexpected and unpredictable ground state S,
which is normally a very challenging objective for higher
nuclearity systems. Spin frustration is here defined in the way
appropriate for molecular chemistry, namely, the presence of
competing exchange interactions of comparable magnitude
that prevent (frustrate) the preferred spin alignments of one or
more of the constituent J; interactions; we prefer this defi-
nition over the original solid-state physics definition involving
degenerate ground states, since the latter are very rarely
encountered in malleable molecular systems.® Another impor-
tant result of spin frustration is that if the resulting ground
state S is large enough, Fe™-oxo clusters can even function as
single-molecule magnets (SMMs), such as the prototypical Feg
cluster, even though, as mentioned, they typically do not
possess substantial magnetic anisotropy.'" For all these reasons,
we have continued to work in Fe™-oxo cluster chemistry and are
seeking new complexes of any Fe nuclearity in order (i) to
expand the application of our three-pronged analytical
approach; (ii) to increase our understanding of their magnetic
structures; and (iii) to further probe the effectiveness of our
MSC. We are therefore investigating new N,O chelates that could
potentially yield new Fe™-oxo nuclearities and/or topologies.

In the present work, we report the synthesis of a new
chelate N,N’-bis(2-pyridylmethyl)-N,N'-bis(2-hydroxyethyl)ethy-
lenediamine (bphnH,) that can be considered a ‘hybrid’ of
N,N,N',N'-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (tpen)
and edteH,, thus combining the attributes of a polyalcohol,
polyamine, and polypyridine into one hexadentate chelate
(vide infra). We shall describe the synthesis of this new chelate,
as well as its use to obtain an Fe, and an unusual Fe, complex,
the latter possessing a novel Fe/O core. We shall also describe
our synthetic methods, and the magnetic properties of these
new complexes.

Experimental
Synthetic procedures

All reagents were used as received without further purification.
All reactions were carried out under aerobic conditions unless
otherwise noted.
N,N'-Bis(2-pyridylmethyl)-N,N'-bis(2-hydroxyethyl)ethylene-

diamine (bphnH,). To a stirred solution of 2-picoylchloride
hydrochloride (4.92 g, 30.0 mmol) in deionized water (90 mL)
was added dropwise an aqueous solution of sodium hydroxide
(1.0 M, 30 mL) to yield a tan-coloured solution. To this was
added  N,N-bis(2-hydroxyethyl)ethylenediamine (2.22 g,
30.0 mmol), which caused a colour change to light pink. The
solution was stirred for 48 h at room temperature, during
which time it became red, and then a second aliquot of
aqueous sodium hydroxide (1.0 M, 30 mL) was added, turning
the solution an intense red colour. The reaction was stirred a
further 4 days at room temperature, during which time the
solution became light orange.
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The product was extracted from the aqueous solution with
CH,Cl, (5 x 100 mL aliquots) and the combined organic
extracts were dried with anhydrous magnesium sulfate, fil-
tered, and the filtrate concentrated under reduced pressure to
give a deep red and extremely viscous oil of bphnH,, which
was used for synthesis without further purification. The yield
was 2.98 g, 65%. 'H NMR spectrum (400 MHz, CDCl;),
5 (ppm): 2.62 (t, 4H), 2.64 (s, 4H) 3.54 (t, 4H), 3.67 (s, 4H), 4.90
(s, 2H), 7.04-8.46 (m, 10H). Selected infra-red bands (KBr disc;
em™"): 3276 (br), 2824 (w), 1651 (w), 1592 (s), 1569 (m), 1474
(m), 1433 (s), 1363 (w), 1150 (W), 1047 (s), 1001 (sh), 870 (w),
755 (vs), 617 (s).

[Fe,O(bphnH)(bphnH,)][Ce(NO3)s] (1). To a stirred solution
of bphnH, (0.23 g, 0.75 mmol) in MeOH (100.0 mL) was added
NEt; (0.035 mL, 0.25 mmol) and Fe(NOj3);-9H,O (0.303 g,
0.75 mmol), followed by Ce(NO3);-6H,0 (0.34 g, 0.75 mmol) to
give a light yellow-orange solution. This was heated at reflux
for 30 min, allowed to cool, and left undisturbed for two days,
during which time dark green, flower-shaped crystals of
1-xMeOH had grown. These were collected by filtration,
washed with cold MeOH, and dried under vacuum. The yield
was 0.34 g, 33% based on Fe. Elemental analysis: calculated
(found)% for 1-2MeOH (Cj3gH53CeFe,N;,0,5): C, 33.49 (33.22);
H, 4.29 (4.25); N, 14.39 (14.15). Selected infra-red bands (KBr
disc; em™"): 1606 (w), 1572 (w), 1480 (sh), 1421 (m, br), 1363
(w), 1300 (m, br), 1284 (sh), 1160 (w), 1083 (w), 1046 (sh), 1026
(sh), 1021 (m), 975 (W), 955 (W), 914 (w), 882 (w), 817 (m), 768
(m), 733 (m), 718 (m), 648 (m), 423 (w).

[Fe,O(bphn),(NO;),](NO3), (2). To a solution of bphnH,
(0.23 g, 0.75 mmol) in MeOH (100 mL) was added NEtz
(0.105 mL, 0.75 mmol) followed by Fe(NOj3);-9H,O (0.606 g,
1.50 mmol) to give a light orange solution. This was heated at
reflux with stirring for 30 min, allowed to cool to room temp-
erature, and then left undisturbed for two days for the solvent
to partially evaporate slowly, during which time deep orange-
red needle-like crystals of 2-xMeOH had formed. The crystals
for X-ray crystallography were kept in mother liquor, otherwise
they were collected by filtration, washed with cold MeOH, and
dried under vacuum. The yield was 0.36 g, 37% based on Fe.
Elemental analysis: calculated (found)% for 2 (C3sH,gFe,N14053):
C, 34.09 (33.55); H, 3.81 (3.92); N, 15.46 (15.30). Selected infra-
red bands (KBr disc; cm™): 1607 (m), 1570 (w), 1534 (m), 1483
(s), 1332 (s), 1280 (s), 1256 (s), 1152 (m), 1134 (sh), 1103 (w),
1085 (m), 1058 (m), 1022 (s), 991 (sh), 985 (m), 962 (sh), 913 (m),
888 (m), 802 (s), 778 (m), 763 (s), 754 (s), 732 (sh), 716 (m), 650
(s), 627 (s), 519 (sh), 497 (s), 448 (w).

X-ray crystallography

X-ray intensity data were collected at 100 K on a Bruker Dual
micro source D8 Venture diffractometer and PHOTON III
detector, running the APEX3 software package and using
MoKa radiation (4 = 0.71073 A). The data frames were inte-
grated, and multi-scan scaling was applied in APEX3. Intrinsic
phasing structure solution provided all the non-H atoms. The
structures were refined on F* using full-matrix least-squares
cycles. R, is calculated to provide a reference to the conven-
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tional R value, but its function is not minimized (Table 1).***”
The non-H atoms were refined with anisotropic displacement
parameters and all of the H atoms were placed in calculated
idealized positions and refined as riding on their parent atoms.

For 1-xMeOH, the asymmetric unit consists of the complete
Fe, cation, a [Ce(NO;)e]>~ anion, and disordered MeOH solvent
molecules. The data were refined as a perfect inversion twin.
The unbound CH,CH,OH arm of one bphnH™ chelate is dis-
ordered and was refined in two parts. One MeOH solvent was
slightly disordered and was refined in two parts, but the other
MeOH molecules were too disordered to be modelled and
program SQUEEZE was again used to remove the solvent dis-
order area of 66 A® and 20 electrons. In the final refinement
cycle, 12 512 reflections of which 11 576 are observed with I >
20(I) were used to refine 687 parameters, and the resulting Ry,
WR, and S were 3.73%, 9.68% and 1.025, respectively.

For 2-xMeOH, the asymmetric unit contains the complete
Fe, cation, two disordered NO;~ anions, and disordered
MeOH solvent molecules. One bphn®~ shows some disorder in
its C and N atoms, and they were refined in two parts with iso-
tropic thermal parameters. Three of the four NO;™ ligands are
disordered: the one on Fe3 was refined in two parts, whereas
the two on Fe4 were each disordered 50% between a chelating
and monodentate binding mode. The NO;~ anions are also
disordered and were refined in two or three parts with isotro-
pic thermal parameters.

Solvent MeOH molecules were too disordered to be mod-
elled, thus program SQUEEZE, part of the PLATON package of
crystallographic software,*®?” was used to calculate the solvent
disorder area of 397 A* and 39 electrons and remove its contri-
bution to the overall intensity data. In the final refinement
cycle, 14 089 reflections of which 11 640 are observed with I >

Table 1 Crystallographic data for complexes 1-xMeOH and 2:xMeOH

Parameters 1-xMeOH 2-:xMeOH
Formula® C;7H;50CeFe,N; 40,4 C36H gFe4N1,0,5
Fw, g mol™! 1326.73 1266.68
Crystal system Orthorhombic Triclinic
Space group P2,2124 P1

a, A 15.6614(3) 11.7197(6)
b, A 16.9224(4) 15.6104(8)
¢ A 19.0128(4) 17.1367(9)
a, © 90 64.9490(1)
B, ° 90 89.806(2)
7o 90 85.460(2)
Volume, A® 5038.93(19) 2829.7(3)
Z 4 2

Pealey € €M™ 1.749 1.487

u, mm~ 1.555 1.090
Temperature, K 100(2) 100(2)
Wavelength, A 0.71073 0.71073
Goodness-of-fit on F* 1.025 1.083

R, ¢ 0.0373 0.0679
WR, ¢ 0.0968 0.2028
(Ap)maxymin (€ A7) 1.122, —0.492 3.013, —1323

“Excluding solvent molecules. ? Graphite monochromator. °I > 26(I),
Ry = Y(|Fo] = IEVZIE|- “ Ry = [TIW(ES - F2PYEWES VT, S =
[(EW(ES* = EYY(n = p)I'?, w = 1/[o*(F%) + (mp)? + np], p = [max(F,*,0)
+ 2F.%)/3; m and n are constants.

This journal is © The Royal Society of Chemistry 2026
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20(I) were used to refine 644 parameters, and the resulting R,
WR, and S were 6.79%, 20.28% and 1.083, respectively.

Magnetochemistry

Variable-temperature direct current (DC) and alternating
current (AC) magnetic susceptibility data on vacuum-dried
samples of 1-2MeOH and 2 were collected on a Quantum
Design MPMS-XL superconducting quantum interference
device (SQUID) magnetometer in the 1.8 to 300 K temperature
range. Samples were prepared by lightly grinding the crystal-
line product into a powder and loading it into a capsule,
restrained with eicosane to prevent torquing. The DC magnetic
susceptibility (yum, as ymT) data were measured in a 0.1 T (1000
G) applied field in the 5.0 to 300 K range and fit using
program PHIL>® In-phase (yi) and out-of-phase (y}) AC mag-
netic susceptibility data were measured in the 1.8 to 15.0 K
range using a 3.5 G ac field at a 1000 Hz oscillation frequency.
Pascal’s constants were used to estimate the diamagnetic cor-
rections for each compound,***® and those for the eicosane
and gel capsule were measured as a blank. The combined cor-
rections were subtracted from the experimental susceptibilities
to yield the molar paramagnetic susceptibilities.

Density functional theory (DFT) calculations

DFT calculations were carried out with an in-house version of
the Gaussian 16 program that facilitates spin inversions at the
paramagnetic atoms and was used to produce appropriate
initial guesses for self-consistent broken spin-symmetry calcu-
lations.*" The hybrid Perdew-Burke-Ernzerhof (PBEh) density
functional approximation was employed. The PBEh functional
admixes 25% of exact (Hartree-Fock-type) exchange and 75%
of PBE exchange, and it is known to perform reasonably well
for magnetic exchange couplings.*>™*® For example, for a set of
eleven dinuclear oxo-bridged Fe™ complexes, PBEh predicted
exchange couplings with an RMS error of approximately
10%." In the present work, Pople’s all-electron 6-311+G**
basis set was used for Fe atoms and the 6-31G** for lighter
elements.*® Point group symmetry and relativistic effects were
neglected in the DFT calculations and the spin model, and a
self-consistency convergence threshold of 107® Ha = 0.2 cm™
in the energy and 107 in the RMS changes in the density
matrix were employed.

DFT calculations on 2 were performed using the unrelaxed
X-ray crystallographic coordinates of 2-:xMeOH. A total of five
independent nearest-neighbour exchange couplings, J;, were
determined from DFT calculations using the broken-symmetry
method. This utilized Ising-type spin configurations, S, which
are mapped onto the broken-symmetry DFT solutions. The
chosen configurations were all-parallel (high-spin), all four
single-spin inversions, and all five first-neighbour two-spin
inversions, giving a total of ten broken-symmetry solutions.
The energies, E(S), of the broken symmetry configurations are
expressed in terms of a sum over spin interactions (eqn (1)),

E(S)=Eo—2Y JjSi-5; (1)
(@
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where (ij) stands for all nearest-neighbour §j pairs, Sy = £5/2
for Fe™, and E, is a constant that offsets spin model and DFT
energy spectra. The calculated energies E(S) of the spin con-
figurations S were then used in a linear regression to deter-
mine the five J; exchange couplings of eqn (1). This method
has been employed numerous times in the literature for evalu-
ating exchange couplings in multinuclear transition metal
complexes.””™® The linear regression R> coefficient differs
from 1 by less than 107°, which is a strong indication that the
broken spin-symmetry DFT solutions are reliable represen-
tations of the Ising configurations.

Other studies

Infrared spectra in the 400-4000 cm ™" range were collected on
KBr discs using a Nicolet iS5 FTIR spectrometer, with peaks
reported with the following key: (br, broad; vs, very strong; s,
strong; m, medium; w, weak; sh, shoulder). For organic com-
pounds, NMR spectra were obtained using a Varian Unity
Inova 400 MHz spectrometer at the University of Florida.
Chemical shifts (5, ppm) are referenced to the CHCl; solvent
peak at 7.26 ppm for 'H NMR and 77.16 ppm for *C NMR.
The peak multiplicities are abbreviated as follows: s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet. C/H/N elemental
analyses were carried out by Atlantic Microlabs, Inc. in
Norcross, Georgia.

Results and discussion
Syntheses

As stated, the new chelate bphnH, can be considered a hybrid
of edteH, and tpen, as indicated diagrammatically in
Scheme 1.

EdteH, and tpen are similar in both being hexadentate che-
lates and having an ethylenediamine backbone, but they are
very different in an important way: edteH, has four alcohol
arms that on deprotonation each generate powerful p,-brid-

Z>N =z I
|
X N HO -
N\/\ S~
N + /\/N\/\N
N 1 HO
N N OH
tpen edteHs
Z N /
S |
Ho/\/N\/\N/\/OH

=z
bphnH2 | |

Scheme 1 Diagrammatic representation of the structural relationship
between the hexadentate chelates tpen and edteH, and their hybrid
bphnH; synthesized in this work.
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ging (n = 2, 3) alkoxide groups that can foster formation of
higher nuclearity products such as [Fe;,04(OH)g(edte),(H,0),]
(NO;), ** and [Mn,,05(OH),(0,CMe)4(edte)q].* In contrast, the
four pyridyl arms of tpen can only function as monodentate
ligands, and thus this chelate tends to either give mono-
nuclear complexes or acts as a binucleating ligand giving
dinuclear products such as [Mn,0,(0,CMe)(tpen)]** salts.>
Therefore, we wondered what kind of products might result
from a hybrid comprising two alcohol and two pyridyl arms on
an ethylenediamine backbone, namely, bphnH,. The latter has
never been synthesized before to our knowledge; however, N-
(2-pyridylmethyl)-2-aminoethanol (mpenH) is essentially half
of bphnH, and has previously been shown to form mono-
nuclear compounds.>*>?

The synthesis of bphnH, was related to those for tpen and
mpenH, and involved the addition of N,N'-bis(2-hydroxyethyl)
ethylenediamine to an aqueous solution of 2-picoylchloride
hydrochloride neutralized with 1.0 M aqueous NaOH. After 2
days at room temperature, a second aliquot of 1.0 M aqueous
NaOH was added, the reaction left for a further 4 days, and the
product extracted using CH,Cl,. The solvent was removed in
vacuo, affording 2.98 g of a thick viscous red oil of bphnH, in
~65% yield. The red oil was used as is without further purifi-
cation. The overall reaction is summarized in Scheme 2.

The reaction of Fe(NO3); with bphnH,, Ce(NO;); and NEt;
in a 3:3:1:1 molar ratio in refluxing MeOH led to a light
yellow-orange solution from which was subsequently isolated
[Fe,O(bphnH)(bphnH,)][Ce(NO3)s] (1) in 33% yield and high
purity. This procedure was initially developed to target hetero-
metallic Fe/Ce clusters, and with the identity of 1 established
we explored if we could isolate the cation as the NO;™ or ClO,~
salt. Only the latter gave an isolable crystalline product, but as
poorly diffracting crystals in low yield (9%). Sufficient X-ray
data were collected for a connectivity study to confirm the
cation to be the same as in 1. Formation of the cation is sum-
marized in eqn (2).

2Fe(NO,), + 2bphnH, + H,0

— [Fe,O(bphnH)(bphnH,)]*" + 3H" 4 6NO; ™~ 2)

The two unbound alcohol arms in the Fe, cation of 1
suggested that a higher nuclearity complex might form if they
could be involved in ligation to Fe'™ ions. We thus explored
various reaction systems with increased Fe:bphnH, and
bphnH, : NEt; ratios, and success was achieved with the reac-
tion of Fe(NO3);, bphnH,, and NEt; in a 2:1:1 molar ratio in

Z "N
H P
N Ho/\,N\/\Nf\,OH
2 [ | cl ~N o~y ~_OH
S HO N
2 NaOH
H,O /l

Ny

Scheme 2 Procedure for the synthesis of bphnH,. The HCl from
2-picoylchloride is omitted for clarity.

This journal is © The Royal Society of Chemistry 2026
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refluxing MeOH. This gave an orange-red solution and sub-
sequent isolation of dark orange-red needle-like crystals of
[Fe,O(bphn),(NO;),](NO3), (2) in 37% yield. Formation of the
cation is summarized in eqn (3).

4Fe(NO;), + 2bphnH, + H,0
— [Fe,O(bphn), (NO;),](NO3), + 6H' + 6NO; ™~

(3)

Description of structures

Complex 1-xMeOH crystallizes in orthorhombic space group
P2,2,2, with the Fe, cation in a general position. The structure
of the cation and its labelled core are shown in Fig. 1 and
consist of two distorted-octahedral Fe** ions bridged only by a
u-O%~ ion. The other five coordination sites at each Fe are
occupied by a bphnH, group binding as a pentadentate
chelate with one alcohol arm unbound. Dinuclear Fe™ com-
plexes with a single O*>~ bridge usually have a large, often
near-linear Fe-O-Fe angle, so the Fe1-O1-Fe2 = 132.19(18)° is
surprisingly small, and we thought initially that it might be a
pu-HO™. However, its O bond valence sum (BVS) of 1.81 clearly
indicated an O®~ ion (Table 2), and we realized the bridging
angle is decreased by the close approach of O2 and O3 (2.376
(6) A) indicating a strong O-H---O hydrogen-bond between
them and that one of O atoms is protonated. This was con-
firmed by the O2 and O3 BVS values of 1.51 and 1.41, respect-
ively, which are in-between those expected for HO™ and O*~

Fig. 1 (Top) Complete structure of the Fe, cation of 1 with all except
two H atoms omitted for clarity. (Bottom) Partially labelled core with the
hydrogen-bond indicated as a black dashed line. Colour code: Fe gold;
O red; N blue; C grey; H white.

This journal is © The Royal Society of Chemistry 2026
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Table 2 Bond valence sum (BVS) calculations for core O atoms in 1
and 2

Complex Atom BVS Assignment®
1 o1 1.81 0>
02 1.51 0*/HO™?
03 1.41 0*/HO™?
2 o1 1.79 o>
02 2.04 RO™
03 2.02 RO~
04 1.91 RO™
05 2.05 RO~

“Oxygen BVS values of approx 1.8-2.0, 1.0-1.2, and 0.2-0.4 indicate
non-, single-, and double-protonation, respectively, but the values can
be affected by hydrogen-bonding. ? Involved in hydrogen-bonding.

and suggest a ~50% disorder of the H" between 02 and O3
(Table 2). The cation formula is thus [Fe,O(bphnH)
(bphnH,)]**. The Ce™ and Fe™ oxidation states were con-
firmed by BVS (Table S1). The [Ce(NO;)q]*~ contains a dodeca-
coordinate Ce™ comprising six chelating NO,™~ ligands at octa-
hedral positions about the metal. Finally, the two -OH (04
and O5) of the unbound alcohol arms of the cation are each
hydrogen-bonded to different O atoms of the same NO;™ of
the [Ce(NO;)]*” anion (04---014 = 2.939(6) and 05--013 =
2.929(6) A) (Fig. S1).

Complex 2-xMeOH crystallizes in triclinic space group P1
with the Fe, cation in a general position. As in 1, all Fe ions
are again distorted-octahedral and Fe™™ (Table S1), whereas the
four chelates are now bphn®~, i.e., all their alcohol arms (02-
0O5) are deprotonated (Table 2). The resulting Fe/O core pos-
sesses an unprecedented structure to our knowledge. The four
Fe™ ions form an almost perfect rhombus with the four alkox-
ide arms each bridging an edge; the Fe---Fe distances and Fe-
O-Fe angles are 3.311(1)-3.385(1) A and 113.55(12)-117.74
(12)°, respectively. In addition, the shorter next-nearest Fe3/
Fe4 pair is bridged by a p-0*>~ (01), confirmed by O BVS
(Table 2), with a near-linear Fe3-O1-Fe4 = 176.0(2)° angle.

The {Fe,(u-O*>7)} unit is essentially planar (maximum devi-
ation = 0.019 A by Fe3 and Fe4), whereas the edge-bridging alk-
oxides alternate above and below this plane (Fig. 2), giving a
twist angle of 24.4° between the two halves of the core and
virtual D, symmetry. Peripheral ligation is completed at Fel
and Fe3 by the bphn®~ chelates whereas that at Fe2 and Fe4 is
by two NO;~ groups each. The complete molecule also has
virtual D, symmetry if ligand disorder and differing binding
modes for the NO;™ ligands are ignored (Fig. 3).

Magnetic susceptibility studies

DC magnetic susceptibility (yy) data were collected on
vacuum-dried, lightly-ground samples of 1.2MeOH and 2,
restrained in eicosane to avoid torquing, in the 5.0-300 K
temperature range and in a 0.1 T applied DC field. The data
are plotted as yumT vs. T. For 1.2MeOH, y\T decreases steadily
from 2.26 cm® K mol™" at 300 K to 0.39 cm® K mol™" at 5.0 K

(Fig. 4).
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Fig. 2 (Top) Partially labelled structure of the cation of 2. (Bottom)
Side-view of the core to emphasize the planar {Fe4(u-O?")} unit, the alk-
oxide O atoms above and below the plane, and the overall twisted
nature of the complete core. Colour code: Fe gold; O red; N blue; C
grey.

N/‘\\
Lo

SR

Fig. 3 Illustration of the coordination modes of bphnH, in the cations
of 1 and 2. (A) Cation of 1 showing hydrogen-bonding between the
ethanol/ethoxy arms of the bphnH,. (B) One half of the cation of 2
showing the bphn?~ chelation around Fe.

The 300 K value is much lower than the 9.56 cm® K mol™
calculated for two high-spin Fe™ with g = 2 (8.75 cm® K mol™)
and one Ce™ (f* free-ion: S = 1, L=3, *Fs)0, ymT = 0.81 cm® K
mol ") non-interacting ions. This indicates strong AF exchange
interactions between the two Fe'™ ions and a resulting S =
0 ground state for the Fe, unit, consistent with the steady
decrease in yyT with decreasing 7' and a non-zero yyT at 5.0 K
from the Ce™ counterion. A fit of the data gave J = —50.7 (8)

m~"' (H = -2J;5;S; convention), with fixed g = 2.0 and tempera-
ture independent paramagnetism (TIP) of 100 x 10~ cm® per
mol per Fe.

For 2, yuT decreases only slowly from 8.55 cm® K mol™ at
300 K to 7.55 cm® K mol™" at 80.0 K and then more rapidly to
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Fig. 4 ymT vs. T plot for complex 1:2MeOH in a 0.1 T dc field. The red
line is the fit of the data to a dinuclear Fe" unit with a constant g = 2.0.

2.62 cm® K mol™" at 5.0 K (Fig. 5). The 300 K value is much
smaller than the spin-only (g = 2) value for four non-interact-
ing Fe™ ions (17.50 cm® K mol™) again indicating dominant
AF interactions with one (or more) being particularly strong.
The rapidly decreasing ymT at the lowest T suggests an S =
0 ground state.

The unusual yuT vs. T profile for 2 can be qualitatively
rationalized by consideration of the various couplings (/;)
within the core (Fig. 4, inset). The y»7T at 300 K and its only
slight decrease with decreasing T down to 70 K is consistent
with two Fe' spins being nearly paired up by 300 K by a
strong AF interaction (yuT for two Fe™ ions is 8.75 ecm® K
mol ™). Consistent with this is the J5, coupling across the near-
linear Fe3-O-Fe4 bridge, the large Fe-O-Fe angle being
expected to lead to a very strong interaction. If this interpret-
ation is correct, the 70-300 K data reflect Fel and Fe2 interact-
ing with an almost diamagnetic {Fe,Os} unit containing Fe3

—
8]
L

e Datafor2
=== Simulation with DFT values

—
S
L

= Fit using DFT or MSC values

[ =]

X! (cm? K mol!)
=

0 50 100 150 200 250 300
Temperature (K)
Fig. 5 Plot of experimental ymT vs. T data (®) for complex 2 in the
5.0-300 K range in a 0.1 T DC field. The red line is the simulation using

the DFT values as inputs, and the blue line is the fit using either MSC or
DFT inputs.
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and Fe4. The steep decrease below ~50 K would then be due to
any long-range J;, coupling by superexchange pathways, via
four-bonds through Fe3 or Fed4, via two weak Fe---O inter-
actions through central O1, or both. This analysis represents a
reasonable rationalization of the y\,T vs. T plot for 2 in Fig. 5,
but it needed to be tested quantitatively by determination of
the various J; values. We thus carried out the latter using our
three-pronged approach involving fits of experimental data,
DFT calculations, and use of our MSC for Fe'/O clusters.
Applying virtual D, core symmetry, the exchange coupling
within the Fe, rhombus is a 3-J system described by the
Heisenberg-Dirac-Van Vleck (HDVV) spin Hamiltonian of
eqn (4), where J = Ji3 = J14 = Ja3 = J24,J' = J3a and J" = J1, (Fig. 5);
the subscripts are the Fe atom labels. This can be converted
into an equivalent form using the substitutions S, = S5 + S,
Sp =8, +38,, and St = S, + S, where Sy is the total spin of the
molecule, leading to the energy expression of eqn (5),

H= *2](5:1 'és +§1 -.§4+.§2 '§3 +k§2 '54) *2]/(5:3 '5‘4)

—2]"(8 - 5,) (4)

E|ST7SA7SB> — _][ST(ST + 1) - SA(SA + 1) - SB(SB + 1)}
—J'[Sa(Sa +1)] —J"[Sp(Ss + 1)]

(5)

with constant values omitted, where E|St, S, Sg) is the energy
of a state St arising from particular S, and Sg values.

Listed in Table 3 are the Jysc, Jorr and Jerr values obtained
from the three independent approaches for 2 with imposed
virtual D, symmetry. MSC refers to the semi-empirical
Mitchell-Christou magnetostructural procedure of eqn (6)>°
developed specifically for higher nuclearity Fe™/O clusters to
estimate the j; for each Fe, pair of 2 from the average Fe-O
bond length (r) and Fe-O-Fe angle (¢) at the monoatomic brid-
ging O atom. As we have found previously for several Fe, (x =
5-36) clusters, the estimates from the three approaches are
generally in agreement with the following approximate ranges
of J;: weak (0 to =10 cm™"), medium (—10 to —25 ecm™), and
strong (> —25 cm ™).

Jusc = (1.23 x 10°)(—0.12 + 1.57 cos ¢ + cos? p)e 59

(6)

In fact, J' (J34) is very strong and confirms that the near-
linear Fe-O-Fe is responsible for the y\T at 300 K being so
small. The Jper give a reasonable simulation of the experi-
mental y\T vs. T data (red line in Fig. 4), but the Jysc give a
poorer simulation at lower temperatures (Fig. S2) indicating

View Article Online

Paper

the /i, value to be significantly underestimated by the MSC.
Nevertheless, using either the Jyisc or the Jper values as inputs
gave the same excellent fit (blue line in Fig. 5, and Table 3).
This is consistent with our prior experience that using Jysc or
Jorr estimates as inputs for fits of experimental data greatly
helps avoid false fits due to over-parameterization, even for
only a 3-J system. We also explored this in the present case by
using inputs of 0, —10, and —20 cm™'. Excellent fits were
obtained in each case, but those for the 0 and —10 cm™
inputs were clearly unreasonable, giving massive ferromagnetic
and antiferromagnetic couplings, whereas the —20 cm™ inputs
gave the same fit as the Jyisc and Jppr inputs. We also probed
whether the weak J” (J1,) fit value was reliable given that it was
part of a 3 fit with two much stronger interactions. We thus fit
only the low-T data to J”, and data in the 5.0-100 K and 5.0-50 K
ranges gave —0.75 and —0.71 cm ™", respectively, (Fig. S3) sup-
porting the conclusion from the 3 fit of the 5.0-300 K data.

The MSC and DFT calculations lead to individual values, of
course, for the four J interactions, Ji3, J14, J23, and J,4. These
were averaged under virtual D, symmetry in Table 3 but are
given individually in Table S2. The latter also shows that excel-
lent fits obtained using Jusc and Jppr inputs now do not give
the same fit values, consistent with overparameterization pro-
blems. The same situation was obtained using only >70 K data
to omit the lower T drop and exclude J;, (Fig. S5), and with
inputs of 0, —10 and —20 cm ™. The AC in-phase y}4T vs. T data
for 2 (Fig. 6) show a steadily decreasing y4T from 0.52 cm® K
mol ™" at 15 K to 0.36 cm® K mol " at 1.8 K and clearly heading
for zero at 0 K, in good agreement with the dc susceptibility
data and confirming an S = 0 ground state. Fitting of these
data to a dinuclear Fe'" unit provided an independent determi-
nation of J” (Jy,) that precluded any complications from a DC
field, giving J” (J1) = —0.61 cm™", in satisfying agreement with
the DC fit.

Finally, we note that Fe, complex 2 is a magnetically very
interesting 3-J system because the magnitudes of its three
types of J; couplings are very different and affect the yy7 vs. T
data in nearly independent T ranges. The latter also means
that although 2 has a structure comprising two isosceles tri-
angles sharing the unique edge and all the j; are AF, it does
not show spin frustration effects arising from competing inter-
actions of comparable magnitude that often lead to S #
0 ground states for even nuclearity clusters. In 2, the compet-
ing interactions are not of comparable magnitude, and the
ground state is S = 0.

Table 3 Exchange interactions J, J' and J” for 2 from MSC calculations, DFT computations, and PHI fits of experimental DC data with various input

values

Ji Jusc Jorr Jerron” Jero) © Jerr (0)7 Jerr (-10)7 Jerr (—20)7
J —14.5° -7.37 -11.3 -11.3 —71.2 -71.3 -11.3

J (J34) —-75.6° —78.47 -57.1 -57.1 —203 —203 -57.1

J" (J12) —-0.01 —-0.6 -1.1 -1.1 +299 +260 -1.1

TIPS — — 400 400 400 400 400

Yem™. b]MSC as fit inputs. ¢ Jpgr as fit inputs. 4 Numbers in parentheses are input values for the fits. © Average of four MSC values in the —13.6 to
—14.9 em™ range./ Average of four DFT values in the —4.8 to —9.4 cm™* range. ¢ x10™° cm® K mol ™.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Plot of experimental AC in-phase ymT vs. T data (®) for complex
2 in the 1.8-15 K range in a 3.5 G AC field at a 1000 Hz oscillation fre-
quency. The red line is the fit to the dinuclear Fel.--Fe2 unit; see the text
for the J" (J;2) fit value.

Conclusions

The new bphnH, molecule with a mixed diol/diamine/dipyri-
dine nature has proven on partial or complete deprotonation
to be a source of two new Fe™/oxo complexes with unpre-
cedented structures. Complexes 1 and 2 contain pentadentate
bphnH~ and hexadentate bphn®~, respectively, and will likely
prove a rich source of other metal clusters in the future. We
note that our three-pronged approach to studying Fe/O clus-
ters, namely, MSC, DFT, and fits of experimental data, has
once again revealed satisfying agreement between them for 2
and a resulting detailed analysis of its interactions and
reliability of fits, including for the very weak long-range inter-
action between Fel and Fe2. Further applications of this three-
pronged approach to other clusters are in progress.
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