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Two-coordinate transition metal complexes are exciting candidates for single-molecule magnets (SMMs)
because their highly axial coordination environments lead to sizeable magnetic anisotropy. We report a
series of five structurally related two-coordinate Fe(i) m-terphenyl complexes (4-R-2,6-Xyl,CgHy)oFe [R =
tBu (1), SiMes (2), H (3), Cl (4), CF3 (5)] where, by changing the functionalisation of the para-substituent
(R), we alter their magnetic function. All five complexes are field-induced single-molecule magnets, with
relaxation rates that are well-described by a combination of direct and Raman mechanisms. By using
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more electron donating R groups we were able to slow the rate of magnetic relaxation. Our ab initio
calculations predict a large crystal field splitting (>850 cm™) and sizeable zero-field splitting parameters
(ca. =60 cm™, |E] < 0.2 cm™) for 1-5. These favourable magnetic properties suggest that m-terphenyl
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Introduction

Single-Molecule Magnets (SMMs) are molecules that
display slow magnetic relaxation without long-range
magnetic ordering."”® As such, SMMs have attracted
significant interest due to their potential applications in spin-
tronics, quantum computing, and nanotechnology.>! SMM
behaviour was first observed in the polynuclear cluster
[MnYYMnl'0,,(0,CCHs)16(H,0),],> and later the mononuclear
[nBuyN][Pc,Tb"] (Pc = phthalocyaninato) demonstrated that
SMM behaviour could occur in species containing a single
lanthanide centre®” due to their inherently strong spin-orbit
coupling and anisotropy. This facilitated the rational design of
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ligands have untapped potential as chemically versatile ligands able to impose highly axial crystal fields.

mononuclear SMMs, converging upon highly axial dysprosium-
based systems.® ™! Building upon this, mixed-valence dilantha-
nide complexes with strong magnetic exchange have recently
shown record coercive fields at liquid nitrogen temperatures.*>

While the first mononuclear SMMs incorporated lantha-
nide ions, the 3d metals have also received significant atten-
tion."* The challenge for mononuclear 3d SMMs is that the
crystal fields exerted on the metal centre by the ligands tend to
quench the orbital angular momentum. This can be avoided
through careful ligand design, and there have been a number
of reports of Fe(r),'**> Fe(u),"*>” Co(u),**>* Ni(u),*> and Mn(ur)*®
complexes that display slow magnetic relaxation. Among these,
two-coordinate metal centres in linear or near-linear geome-
tries, most notably [Co{C(SiMe,O-1-naphthyl);},],** have shown
the best performance in terms of magnetic blocking tempera-
ture and open hysteresis'>>*?®3* a5 their large magnetic an-
isotropy inhibits quenching of the orbital angular momentum.
Thus, to realise the potential of 3d SMMs, one promising
pathway is to explore ligands which impose strong axial fields
and are sufficiently bulky to achieve linear coordination.

To that end, m-terphenyl ligands stand out as potential can-
didates. These are a class of bulky, monoanionic ligands that
have proven useful in the stabilisation of highly reactive or
unusual d-block and main group species.>”>° Several two-coor-
dinate 3d species have been reported,’®*® and have found
applications in  catalysis™ and small molecule
activation*"*>*® due to the high reactivity of the coordinatively
unsaturated metal centre. In addition, the para-substituent on

This journal is © The Royal Society of Chemistry 2022


http://rsc.li/dalton
http://orcid.org/0000-0003-2448-8883
http://orcid.org/0000-0003-1115-6759
http://orcid.org/0000-0002-0408-7647
http://orcid.org/0000-0002-3461-9675
http://orcid.org/0000-0001-7103-6981
http://orcid.org/0000-0002-4948-4267
http://orcid.org/0000-0003-0000-9892
http://orcid.org/0000-0002-4616-6001
https://doi.org/10.1039/d2dt03531f
https://doi.org/10.1039/d2dt03531f
https://doi.org/10.1039/d2dt03531f
http://crossmark.crossref.org/dialog/?doi=10.1039/d2dt03531f&domain=pdf&date_stamp=2022-12-05
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt03531f
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT051047

Open Access Article. Published on 08 November 2022. Downloaded on 11/1/2025 5:37:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

the central aryl ring can be functionalised, making them
amenable to tuning of their electronic properties.** >

Whilst the related m-terphenoxide ligands have been inves-
tigated for Dy(m) SMMs,”* m-terphenyl carbanions have not
been studied for SMM synthesis, despite imposing a near-
linear coordination environment. Here, we report the synthesis
and characterisation of five m-terphenyl Fe(un) complexes (1-5),
four of which are novel, that all display field induced SMM
behaviour. We show that, while 1-5 display similar molecular
geometries in the solid state, their relaxation profiles are
strongly influenced by the nature of the para-substituent R.

Results and discussion
Synthesis and structural characterisation

Reaction of the organolithium complexes [4-R-2,6-Xyl,CcH,Li],
(R = tBu, SiMes, H, Cl, CF3)*" in solution with FeCl,-(thf), 5
resulted in the formation of the corresponding Fe(u) m-terphe-
nyl complexes (4-R-2,6-Xyl,C¢H,),Fe [R = tBu (1), SiMe; (2), H
(3), Cl (4), CF; (5); Scheme 1]. Note that these complexes are
numbered in order of the electron donating/withdrawing
power of the R group (as quantified by their Hammet constant,
Opara)’" With 1 (¢Bu) being the most electron donating, and 5
(CF3) the most electron withdrawing. For 1-4, the reaction was
carried out in a mixture of toluene and THF (ca. 10:1). For
complex 5 (R = CF3), carrying the reaction out in diethyl ether
gave significantly better yields (57% vs. 36%). The complexes
were purified by recrystallisation from hexane (1, 2, 5) or
toluene (3, 4) in moderate to good yields (42-58%). Complexes
1-5 are highly air- and moisture-sensitive, but stable over long
periods (>1 year) at room temperature under inert atmosphere.
Complex 5 is noted to be particularly sensitive, with crystalline
samples undergoing rapid surface decomposition (from yellow
to orange/dark brown) upon exposure to trace amounts of air.
Complex 3 (R = H) has been reported previously, and its
characterisation matched that of the literature.*®* The novel
complexes 1, 2, 4 and 5 have been characterised by X-ray crys-
tallography, mass spectrometry, elemental analysis; and IR,
UV/Vis, and "H NMR spectroscopy. These complexes crystallise
as yellow-green or yellow solids, dissolving to give bright yellow

FeClz(thf)1 5
——
Solvent, rt

L -2

Scheme 1 Synthesis of diaryl complexes (4-R-2,6-Xyl,CgH,),Fe 1-5
[R = tBu (1), SiMes (2), H (3), Cl (4), CF3 (5)]. Solvent = toluene/THF (10 : 1)
for 1-4; diethyl ether for 5.
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solutions with broad UV/Vis absorptions (4max ca. 370 nm; & =
830-1550 dm® mol™' em™; Fig. S91).

The crystal structures for 1-5 determined by X-ray diffrac-
tion (Fig. 1, Fig. $10-S137) show the iron is two-coordinate and
the complexes are all monomeric in the solid state, with bent
C-Fe-C bond angles over a range of 167.71(9)-174.9(2)° and a
narrow range of Fe-C bond lengths [2.019(4)-2.041(4) A]
(Table 1). All structures feature large Fe---Fe separations of
>9 A and, despite displaying similar molecular geometries,
they crystallise in different space groups (Table S21) with
different numbers of symmetry independent molecules in the
unit cell (Z' = 1 for 1, 3, 5; 1.5 for 2; 3 for 4). Additionally, the
crystal structure of 5 contains 0.5 co-crystallised iso-hexane
molecules per formula unit (ESI, section S4.17), which is also
observed in the 'H NMR spectrum of 5 (Fig. S6t).

Notably, the structures with Z' > 1 (2 and 4) show relatively
broad variation in C-Fe-C bond angles and C-Fe bond lengths
(Table 1). This suggests that changing the electronic character
of the R group has little effect on the solid-state structures,
with the variations in bond length and angle likely dominated
by crystal packing effects. This is in line with our previous
work on these ligands with lithium and Group 12 metal
ions.’™* The bond lengths and angles about the Fe centres
are similar to those observed for the related m-terphenyl carba-
nion complex, (2,6-Mes,C¢Hj3),Fe.*® However, the C-Fe-C bond
angles are less acute than those seen in the more sterically
demanding  m-terphenyl  carbanion  complex, (2,6-
Dipp,CeH;),Fe [C-Fe-C = 159.34(6) A].*' These non-linear
structures can be contrasted with the field-induced SMMs
Fe[N(H)Ar], [Ar = CgH;-2,6-(CgH3-2,6-1PT,),; CeH3-2,6-(CoH,-2,4,6-

Fig. 1 Crystal structure of 1 with displacement ellipsoids set to 30%.
Hydrogen atoms and minor disorder components omitted for clarity.
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Table 1 Selected bond lengths (A) and angles (°) for 1-5. Values for 3 taken from the literature.*® Multiple entries refer to the symmetry indepen-

dent molecules present in the asymmetric unit

Compound Fel-C1 Fe1-C23 C1-Fe1-C23 Fel-C1--C4 Fe1-C23---C26
1 2.034(4) 2.022(4) 170.0(1) 174.6(2) 167.8(2)

24 2.026(4) 2.018(4) 172.2(2) 169.4(2) 170.4(2)

2, 2.019(4) 2.019(4) 174.9(2) 170.7(2) 170.7(2)

3 2.027(2) 2.029(2) 167.71(9) 167.4(1) 174.9(1)

4, 2.031(2) 2.030(2) 170.50(8) 169.0(1) 171.5(1)

4, 2.023(2) 2.034(2) 170.74(8) 175.7(1) 165.1(1)

4, 2.041(2) 2.033(2) 168.30(8) 165.7(1) 170.99(9)

5 2.039(1) 2.034(1) 170.04(5) 168.77(7) 172.99(7)

iPr,),], which also feature m-terphenyl moieties in their amide
ligands, but which display a linear coordination environment
around iron.**

The "H NMR spectroscopic signals of these complexes are
broad and occur over a wide range of chemical shifts (+181.6
to —59.5 ppm) owing to their paramagnetism (Fig. S3-S67).
Despite this, it is possible to assign protons based on inte-
gration of the signals. For 1-5, a linear correlation is observed
between opar,’' of the R group and some of the 'H NMR
signals; with the C¢H, m-H signals shifting upfield and the
methyl signals for the xylyl substituents shifting downfield
with increasing opar, (Table S1, Fig. S1t). Both trends bring the
signals closer to 0 ppm (i.e. reduce the magnitude of the
pseudocontact shift) as the R group becomes more electron
withdrawing (Fig. S21). These data suggest that the degree of
spin delocalisation onto the ligand can be controlled by
varying the electronics of R.”> It should be noted, however,
that no correlation is observed between op,, and the com-
puted zero-field splitting (ZFS) parameters of 1-5 (see below).

Electrochemistry

Cyclic voltammetry (CV) studies on THF solutions of 1-5
revealed that all complexes undergo a reduction at negative
potentials (Fig. 2). Previous CV studies on related Group 12
m-terphenyl complexes [(4-R-2,6-Xyl,C¢H3),Hg, R = tBu, CF;]

4
—
= —1
c =2
o
= — 3
3> —4
O —5
—
—
10 /JAI ﬁ
T T T T T T 1
26 -24 22 -20 -18 -16 -14

Potential (V vs. Fc/Fc")

Fig. 2 Cyclic voltammograms for 1-5. All voltammograms recorded in
0.5 M [nBu4NII[BF,] solution in THF at v = 100 mV s,

18120 | Dalton Trans., 2022, 51, 18118-18126

indicated that these ligands are not redox active in this poten-
tial range,’* so it is likely that the process corresponds to a
Fe(un) to Fe(1) reduction. Cyclic voltammograms recorded at
100 mV s~' show a redox couple for complexes 2 and 4, with
properties characteristic of a diffusion controlled process,>®
but little to no return wave for 1, 3, and 5 (Fig. 2, Fig. S15-519,
Table S31). At higher scan rates (>200 mV s™'), more pro-
nounced return waves for 1, 3, and 5 are observed, suggesting
that the reduced complexes are prone to decomposition. A
linear relationship between the cathodic peak current (I, )
and the square-root of the scan rate (v*/?) is observed for 1-5
(Fig. S207), which suggests the reduction is diffusion con-
trolled for all complexes.’® It is unclear why certain R groups
better stabilise the reduced species since there is no obvious
correlation with the steric bulk or electron withdrawing capa-
bility of the substituent. However, the cathodic peak potentials
(Ep,c) of 1-5 do correlate with 6p,.,”" (Fig. S147) such that more
electron donating groups shift E;, . to more negative voltages,
indicative of a linear free energy relationship across the series.

Electronic structure calculations

The electronic structures of 1-5 were studied with complete
active space self-consistent field spin-orbit (CASSCF-SO) calcu-
lations using OpenMolcas®” on the geometries determined by
X-ray crystallography (see ESI, section S6.17 for details). The
first four electronic states are grouped as two pseudo-doublets,
with an energy separation that ranges between 159 and
173 cm™" (Table S51). These are well-isolated from the fifth
electronic state, which is consistently predicted at ca.
250 em™". Assuming a ground multiplet with an effective S = 2
spin, the anisotropy of the complexes can be modelled as
a second-order effect via a ZFS Hamiltonian according to
eqn (1):°®

H= D(Szz - +E(S® - 5)%) (1)

S(S+1)

)
with the axial and rhombic terms defined as D = (3/2)D, and
E = (D, — D))/2, respectively. The resulting g-tensors and ZFS
parameters (Table S6t) are in agreement with previously
reported Fe(n) compounds.’® A comparison between the
experimental, calculated (CASSCF-SO), and fitted (fit1, eqn (2),
see below) y,T plots for 1-5 is shown in Fig. S21 and S22.}
We observe no correlation between the ZFS parameters (either

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt03531f

Open Access Article. Published on 08 November 2022. Downloaded on 11/1/2025 5:37:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

calculated or fitted) and the electron donating strength of the
R groups or the C-Fe-C bond angles of the crystal structures.
Given the predicted energy separation between the first two
pseudo-doublets (159-173 cm™"') one would expect a large
effective energy barrier (Us) associated to an Orbach relax-
ation in 1-5 comparable to the linear Fe(u) complexes Fe[C
(SiMes);], (Uer = 146 cm™) and Fe[N(SiMe;)(Dipp)], (Uesr =
181 cm ™). However, this could not be observed experimentally
in 1-5 due to efficient QTM (in zero-field) and Raman and
direct (in field) relaxation processes (see below). For complete-
ness, CASPT2 calculations were also performed for 1 (see ESI,
section S6.17 for details), which showed the largest deviation
between CASSCF predicted and experimental magnetic data.
However, the CASPT2 results were very similar to the CASSCF
(Tables S7 and S87t), suggesting that deviation from experiment
does not arise from a lack of dynamical correlation as in work
by Neese et al.,>*>*° and thus further CASPT2 calculations
were not deemed worthwhile.

Static magnetic characterisation

Magnetisation curves at 2, 3, 5 and 10 K up to 40 kOe
(Fig. S247%), together with variable temperature magnetic sus-
ceptibility data under a 1000 Oe applied field (Fig. 3), were col-
lected on ground, polycrystalline samples of 1-5. Complexes
1-5 show y,,,T values at 300 K (Table 2) far in excess of the pre-
dicted spin-only values for Fe(n) (3.00 cm® K mol™ for § = 2,

A WN =

150 200 250 300

T(K)

100

0 50

Fig. 3 Temperature dependence of y,,,T values for powdered polycrys-
talline samples of 1-5 measured under a 1000 Oe field between 1.8 and
300 K (circles) with calculated fittings ( fit1) according to eqn (2) (lines).

Table 2 4,7 at 300 K and low temperature Mg, values for complexes
1-5 as determined by DC magnetometry. M, determined at 4 T and
18K

Sample ZmT (cm® K mol™) Mat (1B)
1 4.07 2.7
2 4.34 2.8
3 491 2.9
4 4.19 2.6
5-(CeHia)os 5.03 3.3

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

£ = 2.00). While 1 and 5 give the lowest and highest values for
mT at 300 K respectively (4.07 and 5.03 cm® K mol™"), there is
not a clear correlation between ym,T and opara (R* = 0.370,
Fig. S217). The y,,T data for the 1-5 bear strong similarities to
a previously reported series of linear and near-linear 2-coordi-
nate Fe(n) complexes,® particularly the presence of a
maximum in y,T at ca. 75 K (Fig. 3). This maximum indicates
that the orbital angular momentum is unquenched due to the
axiality of the systems (Table 1). This agrees with previous
studies in which only markedly non-linear two-coordinate
Fe(u) complexes failed to display this maximum, i.e. the bent
Fe[N(H)Dmp], (Dmp = 2,6 Mes,C¢Hjz; N-Fe-N = 140.9(2)°).>*
For 1-5, starting at 300 K, the increase of y,T on cooling
suggests depopulation of states with a lower magnetic moment
due to anisotropy,>*® followed by a decrease in y,T at the
lowest temperatures.

Assuming a ground multiplet with an effective S = 2 spin,
the anisotropy of the complexes can be described as a second-
order effect. As such, the magnetic data can be modelled
through a combination of a crystal field and a Zeeman
Hamiltonian (eqn (2)),>® as implemented in PHI:**

A A A A0 A0 = = =
H = Hcr + Hzee = BY9,0, + B30,0, + S -g - B (2)

where B! are the crystal-field parameters, 6, the operator equi-
valent factor, ég the operator equivalent, and g the g-tensor.
Within this formalism, D = 3BJ0, and E = B30, describe the
axial and rhombic terms of a zero-field splitting Hamiltonian,
respectively.

Initially, a global fitting of both the susceptibility and mag-
netisation was attempted for 1-5.°> To avoid over-parameteri-
sation, the CASSCF-SO values were used as a starting point,
with g, = g, # g, and B} fixed to the CASSCF-SO value (see
above and Table S61). However, the obtained fit was biased
towards the magnetisation curves, which drastically worsened
the model’s agreement with the susceptibility traces. This is
tentatively assigned to the way residuals are calculated in a
global fitting. Further data analysis revealed that both the high
temperature susceptibility and magnetisation curves tend
towards an anisotropic model, whereas low temperature sus-
ceptibility suggested otherwise. To overcome this apparent
inconsistency, y,T was first fit using D and g, = g, # g, as para-
meters, biasing toward the high temperature susceptibility
data with PHI's “Residual” keyword. Next, both the y,,T and
M vs. H data were fit, fixing the previously optimised parameters,
and allowing E to vary as well as a introducing a mean-field
parameter (z/) to model intermolecular interactions. This was
needed to reproduce the drop in y,T at low temperatures. The
values obtained from this fit are labelled as fit1 (Table 3,
Fig. 3). Finally, a global fitting without any constraints was per-
formed, labelled fit2 (Table S107). Both approaches predict
small antiferromagnetic interactions for all complexes, compa-
tible with the reported intermolecular interactions. A compari-
son between experimental and fitted values with both models
is presented in Fig. S24 and S25,f highlighting that a sizeable
change in parameters between fit1 and fit2 leads to a very

Dalton Trans., 2022, 51,18118-18126 | 18121
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Table 3 Zero-field splitting Hamiltonian parameters for 1-5 deter-
mined using the procedure fitl as described in the main text. Fitting
conducted using PHI®!

Compound  g,=g, & D(em™) E(m™) z(em™)

1 1.80 2.87 -59.14 2.94 -1.6 x 1072
2 1.90 2.91 -59.91 -6.13 -7.3x107°
3 2.08 3.03 —68.54 7.19 —2.1x107°
4 1.82 2.86 -73.07 2.69 -1.7x1072
5 1.98 3.15 -72.39 4.69 -9.9x107?

modest improvement in M vs. H but no significant improve-
ment in y,7. Based on this, and because the values obtained
from fit1 are much closer to the CASSCF-SO values than fit2
(Table S61), we conclude that the much more anisotropic
values of fit1 are the most representative. Still, it is worth men-
tioning that the so-obtained E values are at least one order of
magnitude larger than the CASSCF-SO ones, significantly redu-
cing the E/D ratio, and one obtains the same fitting regardless
of its sign. Fitting with g, # g, or including magnetic impuri-
ties does not improve the fittings.

It should be noted that while the simulated (fit7) M vs. H
curves match the experimental data well for 2, 3, and 5; the
agreement is less good for 1 and 4 (Fig. S247). The reason for
this is unclear, but could arise from small errors in the mass
(a ca. 7% error in the mass of 1 would give good agreement
between the simulated and experimental curves) or from struc-
tural variations, as indicated by the large a values from the
generalised Debye model.®® Nevertheless, the experimental
profile of the M vs. H curves is reproduced for all simulations,
and the shape of the y,,,T plots is well captured.

Plots of M vs. H/T for 1-5, recorded at 10, 20, 30, and 40
kOe over a temperature range of 1.8-5.0 K, show similar behav-
iour to other reported 2-coordinate 3d complexes®**®** with
data that are non-superimposable on a single Brillouin curve
(Fig. S26-S30%). This provides further evidence of strong mag-
netic anisotropy in 1-5.>%** M, values for 1-5 of 2.6-3.3ug
(Table 2) are far lower than the spin-only 4.0up expected for a S
= 2 centre, however, these values are comparable to those
obtained for other linear Fe() complexes.>*

Dynamic magnetic characterisation

AC magnetic susceptibility measurements were performed on
1-5 to investigate their low temperature magnetic relaxation.
For all AC susceptibility measurements, magnetic relaxation
times (r) were determined by a global fitting of the in phase
(¢) and out-of-phase susceptibilities (y”) vs. frequency using a
generalised Debye model® as implemented in the CC-FIT2
software package.®®

For 1-5, no out-of-phase susceptibility signal (y") was
detected at zero-field over the frequency range 1-1400 Hz. This
is likely due to rapid quantum tunnelling of magnetisation
(QTM), which is commonly observed in mononuclear Fe(i)
species.’* %227 However, 1-5 exhibit slow magnetic relax-
ation under an applied DC field. To determine the dependence
of 7 on field strength, AC susceptibility measurements were

18122 | Dalton Trans., 2022, 51, 18118-18126
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performed on 1-5 at 2 K (1-1400 Hz switching frequency) over
a range of applied DC fields (H = 100-5000 Oe). For 1-5, ¢
initially increases with increasing applied field as QTM is
reduced, reaches a maximum at a certain field strength (Hmay),
and then decreases (Fig. S36 and S377) following the onset of a
direct process. This behaviour is similar to that observed for
previously reported Fe(u) field induced SMMs.>02%2%%7
Estimates of Hp,, for 1-5 are provided in Table 4, and fall in
the range 1000-2000 Oe. At 2 K and an applied field of 1500
Oe, 7 is observed to increase in the order 5 <4 <2 <3 <« 1.
This trend approximately parallels the electron donating/with-
drawing power of the R group on the m-terphenyl ligand, with
the electron-donating ¢Bu (1) showing by far the longest relax-
ation time (Fig. S36%), and the electron-withdrawing CF; (5)
the shortest (Fig. S371). It should be noted that 7 values were
not determined for 1 at H = 100-500 Oe or 3 at H = 100-200 Oe
as the y' vs. " data could not be well fit to the generalised
Debye model.

Subsequently, AC susceptibility measurements were per-
formed for 1-5 at a fixed DC field (Hpay, Table 4) over a range
of temperatures (1.8-16.0 K) and frequencies (1-1400 Hz) to
determine the temperature dependence of 7. Fig. 4a shows the
out-of-phase susceptibility (y”) of 1 as a function of frequency,
while plots of y” as a function of frequency (Fig. S38-S427),
temperature (Fig. S43-S471) and Cole-Cole plots (Fig. S48-
S527) for 1-5 are provided in the ESI. 1-5 all show a maximum
in y” which shifts to higher frequencies with increasing temp-
erature. These data were fit to the general Debye model (Tables
$11-S151) and log;o-logy, plots of 7! vs. T, henceforth referred
to as relaxation profiles, were constructed. The relaxation pro-
files for 1-5 are presented in Fig. 4b. Note that for 2, 4, and 5
relaxation rates are not given below 2.4 K; this is because the
Cole-Cole plots for these complexes (Fig. S49, S51 and S527)
could not be well fit to the general Debye model due to the
presence of a low frequency process. There were insufficient
low frequency data points to satisfactorily model these accord-
ing to a 2-process equation.

Given that the data has been collected in field, the relax-
ation profiles for 1-5 were fit by considering a combination of
Raman and direct terms, according to eqn (3).%?

7t =108T" + 10*T (3)

where 10% = C and n are the Raman parameters, and 10 = B is
the direct term that implicitly accounts for the effect of the
external field. We note that the a values associated with the

Table 4 Summary of AC magnetic data for 1-5. Parentheses indicate
the error on the associated parameter

Compound  Hpax (O€) logso[C/(s™ K] n log:ofA/(s™ Oe™ K™')]

1 1000 -1.12(2) 4.98(2) 0.839(6)
2 1750 —0.58(7) 5.19(9) 2.062(9)
3 1000 —0.73(2) 4.74(2) 1.712(4)
4 2000 —0.1(1) 4.6(1) 2.22(1)
5 2000 -1(1) 5(1) 2.82(2)
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Fig. 4 (a) Frequency dependence of y" for 1 over the temperature
range 1.8-16.0 K, recorded on a MPMS magnetometer at 1000 Oe
applied field. Lines are intended as guides for eyes. (b) Relaxation profile
for 1-5 under an applied field (Hmax Table 4) with fittings (solid lines)
according to eqn (3). Error bars represent error in the fitting of z from
Cole—Cole plots.

generalised Debye model are large, likely due to considerable
structural variations, leading to large estimated standard devi-
ations (ESDs)®* on 7 and hindering a meaningful comparison
between 1-5 (see Table S167). As such, we have performed the
fitting of the relaxation profile without considering the ESDs.
We note, however, that consideration of the a parameters is
uncommon for 3d SMMs; many recent publications do not
provide them.'®'®*” Those we found that do provide them
show similar a parameters to those reported here, but do not
make it clear if they were considered in fitting the relaxation
profiles.®®®” It is thus difficult to compare the large uncertain-
ties obtained from consideration of a parameters here to other
literature examples.

Nevertheless, the optimised parameters for a given com-
pound are virtually identical with and without considering
ESDs (see Fig. S53-S62, Table S77). The relaxation parameters
(C, n, A) for 1-5 are presented in Table 4. The parameters
associated to the Raman process are in agreement with those
found for other Fe(n) complexes®® and, importantly, the
characteristic n term is consistently close to 5. The data was

This journal is © The Royal Society of Chemistry 2022
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also fitted considering an Orbach process, but this model was
discarded as it led to effective barriers one order of magnitude
smaller than the CASSCF predicted first excited state (see
above). While this model affords a satisfactory fit of the data,
recent studies have shown that spin-phonon coupling
mediated by low energy phonons can be important for rationa-
lising under-barrier relaxation processes in SMMs.**7% We
thus considered two different models which account for spin—
lattice relaxation published by Wu (eqn (51)1),*® and Lunghi
(eqn (S2)1).°® In both cases, a reasonable fit of the data for
complex 1 (Wu and Lunghi models, Fig. S63 and S651) and 2
(Wu model only, Fig. S64t) could only be obtained through the
use of physically unreasonable parameters, with spin phonon
couplings several orders of magnitude larger than the expected
values of 0.1-1.0 cm™" (Tables S17 and $18t). We thus con-
cluded that eqn (3) is the most appropriate model for the relax-
ation rates of 1-5.

Fig. 4b shows that magnetic relaxation rates increase in
order 1 < 3 <2 < 4 <5 over the direct-dominated temperature
range (1.8-5.0 K), and that 1 and 5 remain the slowest and
fastest relaxing across the whole temperature range, respect-
ively. This is likely because the direct mechanism dominates at
T < 5 K; with 5, 4, and 2 being measured under the largest
external fields. Nonetheless, for molecules measured under
the same external field (Table 4), more electron withdrawing
groups lead to faster relaxation rates: i.e. 5 relaxes ca. 2x faster
than 4 and 3 relaxes ca. 10x faster than 1. At higher tempera-
tures (T > 6.0 K) the relaxation profiles begin to converge and
the difference in their relaxation rates becomes less pro-
nounced. This indicates that, despite a change in the phonon
density of states associated with the different R groups, the
Raman mechanism remains largely unaffected in the studied
temperature range. This is somewhat surprising, as 1-5 crystal-
lise in different structure types with different space groups,
and one might expect to observe different low-energy phonon
modes, changing the efficacy of the Raman mechanism.

Hysteresis measurements were also performed on 1-5 at
1.8 K and a sweep rate of 67 Oe s™'. Under these conditions,
slight open hysteresis was observed for complexes 1 and 3
(Fig. S31 and S33t), but not for 2, 4, or 5 (Fig. S32, S34, and
S35t). This is in line with the AC susceptibility data, which
shows that 1 and 3 have the slowest rates of magnetic
relaxation.

Conclusions

The reaction of the m-terphenyl lithium salts [4-R-2,6-
Xyl,C¢H,Li], (R = ¢Bu, SiMe;, H, Cl, CF;) and FeCl,-(thf), 5
affords Fe(u) complexes 1-5 as yellow-green crystalline solids.
Single crystal X-ray diffraction demonstrates that 1-5 all
feature two-coordinate Fe(u) ions in near-linear geometries. DC
magnetometry measurements on 1-5 show maxima in the y,,,T
plots at ca. 75 K, y,T values which exceed the spin-only value,
and discontinuity in plots of M vs. H/T at low temperatures,
indicating substantial orbital angular momentum contri-
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butions leading to large magnetic anisotropy. These obser-
vations are corroborated by the highly axial values obtained
from fitting the magnetic data to the ZFS Hamiltonian.
Ab initio calculations on the crystal structures afford computed
ZFS Hamiltonian parameters which are also indicative of a
highly axial ligand field. Complexes 1-5 all display field-
induced SMM behaviour, with the rate of relaxation dependent
upon the identity of the R group. The relaxation profiles were
fit to a combination of direct and Raman relaxation processes
and show that the most electron donating group (1) relaxes
considerably slower than the most electron withdrawing
counterpart (5) across the whole investigated temperature
range.

While 1-5 exhibit modest SMM properties, this work
demonstrates that the m-terphenyls are a tuneable and versa-
tile class of ligand capable of inducing highly axial ligand
fields upon a metal centre. These ligands have not been
explored in this context, and this study opens exciting opportu-
nities to apply them to other metal ions and thus establish
magneto-structural correlations for the development of SMMs
with improved relaxation behaviour.
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