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ABSTRACT: The synthesis and characterization are reported of two new poly-
nuclear Fe" complexes containing the anion of 8-hydroxyquinoline (hqnH), an
N,O-chelating ligand. The complexes are [FegO,(O,CPh),o(hqn),(OMe),] (1) and
[Fes0,(OH),(0,CPh),4(hqn),] (2) and were obtained from reactions in MeOH
(1) or H,O (2) using either low-nuclearity preformed clusters or simple metal salts
as starting materials. Variable-temperature, solid-state dc and ac magnetic suscep-
tibility studies were carried out and indicate S = 0 and S = S ground states for 1 and
2, respectively. In order to rationalize the ground states of these and other higher-
nuclearity Fe'"/O clusters, a magnetostructural correlation (MSC) has been developed
specifically for polynuclear Fe''/O systems that predicts the exchange interaction
constant (],.j) between two Fe! atoms based on the Fe—O distances and Fe—O—Fe
angles at monoatomically bridging ligands. This correlation was refined using selected
tri- and tetranuclear complexes in the literature for which both crystal structures and
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reliable experimentally determined J;; values were available. The predictive capability of the MSC was evaluated by rationalizing the

ground-state spins of 1, 2, and other Fe;—Fe; clusters, simulating the dc magnetic susceptibility data of polynuclear Fe

I complexes,

and fitting experimental dc magnetic susceptibility vs T data. The latter fits were evaluated to identify and eliminate systematic
errors, and this allowed a protocol to be developed for application of this MSC to other polynuclear Fe'/oxo clusters.

B INTRODUCTION

The importance of iron(Ill)—oxo chemistry to diverse areas
such as bioinorganic chemistry and molecular magnetism has
led to a wealth of Fe"/oxo cluster chemistry being developed
over many years. In the former area, dinuclear compounds
have commonly been targeted as synthetic analogues of diiron
biomolecules such as hemery‘chrin,1 ribonucleotide reductase,”
methane monooxygenase,Zb’C’3 and others,* whereas higher-
nuclearity Fe''/oxo clusters have often been sought as potential
models of units forming during low Fe-loading levels in the
core of ferritin, the intracellular Fe storage protein that sequesters
and stores Fe'" as a polymeric oxo-hydroxide not dissimilar to
ferrihydrite, a hydrous Fe' oxyhydroxide mineral.” Each ferritin
protein can hold up to ~4500 Fe™ ions in this form.” The high
charge and Lewis acidity of Fe'" strongly favor formation of
oxide bridges from water molecules and thus foster formation of
higher-nuclearity clusters.” The latter also have an important
impact on the field of molecular magnetism: exchange inter-
actions between oxo-bridged high-spin Fe'™ (S = °/,) ions are
antiferromagnetic (AF), but they can still lead to significant
molecular ground state spin values arising from competing
exchange interactions (spin frustration) in clusters with high
enough nuclearity and the appropriate Fe, topology containing
triangular Fe, subunits.”"" Spin frustration is defined here in
its general sense, most useful to molecular chemists, as the
presence of competing exchange interactions of comparable
magnitude that prevent (frustrate) the preferred spin align-
ments,”"” thereby often leading to significant uncompensated spin
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in the ground state. If this ground-state spin value is large
enough, the complex can even function as a single-molecule
magnet (SMM). SMMs are molecules that below a certain
blocking temperature (Tg) exhibit slow magnetization relaxation
rates and thus can function as single-domain magnetic particles of
nanoscale dimensions."

There is a fundamental desire in Fe" —oxo chemistry, as
there is for other metals also, to be able to correlate the exchange
interactions between Fe' centers with the structural details and
thus be able to predict or rationalize the experimentally deter-
mined ground state, the spin energy ladder, and thus the variable-
temperature magnetic susceptibility and spectroscopic details.
For higher-nuclearity clusters, this would also help one to recog-
nize when spin frustration effects should be expected. For dinu-
clear compounds, such magnetostructural correlations (MSCs)
have been known for many years. The Hatfield and Hodgson
MSC for bis-OH -bridged Cu", complexes is now a classic,"*
correlating the exchange constant (],]) with the Cu—O—Cu
angles, and there have since been a number of related MSCs in
dinuclear Cu™,">® Ni'l'7 Cr™'® and others.'”*° This is also true
for oxo-bridged dinuclear Fe'" complexes, as will be discussed in
more detail later (vide infra).”"** There are also some useful
MSCs for tetranuclear complexes, such as Cu',,*’ and Ni,**
cubane clusters, for which reliable, experimentally obtained J;; are
available.
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However, as the nuclearity of a cluster increases, often with a
decrease in the molecular symmetry, the multiple J; exchange
couplings present become much more difficult to determine
experimentally, especially for high-spin metal ions such as Fe'™.
Unfortunately, we have found that the various MSCs developed
for dinuclear Fe'', compounds are of little or no use for higher-
nuclearity clusters. A MSC specially developed for the latter
would thus be of tremendous value and utility, either by itself or
to complement results of theoretical methods such as DFT,
which also become more demanding with increasing metal
nuclearity. Given the widespread importance of Fe/O clusters
and the resulting large number of such species being reported,
we have decided to target a reliable MSC for this area.

We will first describe the synthesis of two new Fe, (x = 6 and 8)
clusters as part of a long-standing interest in a family of N,O
chelates. These clusters were found to possess S=0and S = 5
ground states. In order to help rationalize these ground states,
as well as those of so many other Femx/ O clusters from our
group and others, we shall then describe our development of a
new MSC targeted at high-nuclearity Fe'/O clusters, for-
mulated using test clusters in the literature for which both high-
quality crystal structures and reliable experimental J; values
have been reported. We shall then show how the MSC can help
rationalize experimental ground-state S values and how it can
provide reliable starting input values for fits of experimental
xmT vs T data. Finally, we shall present a protocol for use of
this new MSC.

B RESULTS AND DISCUSSION

Syntheses. Our group has extensively explored the use of
2-(hydroxymethyl)pyridine (hmpH) in both Fe® and Mn®°
chemistry. We have also investigated the use of derivatives of
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hmpH with bulkier groups, R = Me or Ph, on the alcohol
arm and have characterized their effect on the nuclearity,
symmetry, and magnetic properties of the resulting products.”’
To complete this work, we have explored the use of hqnH
to restrict the flexibility of the arm within a second aromatic
ring. We have investigated reactions using a variety Fe'' start-
ing materials and conditions, and that between preformed
[Fe;0(0,CPh)4(H,0);](NO,), hgnH, and NEt; in a 1:1:4
ratio in MeOH yielded a gray precipitate that gave dark red
crystals of 1 on recrystallization from CH,Cl,/hexanes (eq 1).

8[Fe,0(0,CPh)(H,0),]* + 12hgnH + 6MeOH
— 3[Fey0,(OMe), (0,CPh),,(hgn),] + 18PhCO,H

+ 20H,0 + 8H* (1)

The IR spectra of the gray precipitate and dark red crystals
were identical. An alternative procedure giving a better yield of
1 of 26% was developed involving the reaction of Fe(NO;),
with hqnH, PhCO,H, and NEt; in a 2:1:4:6 ratio. Other ratios
were also explored but proved inferior in terms of yield and/or
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purity of 1. In particular, a Fe"/hqnH ratio of less than 2:1 was
found to produce significant amounts of monomeric Fe(hqn);.”*

Since 1 contains two bridging MeO™ groups, we explored
whether the use of H,O as solvent might yield analogs with
bridging OH™ groups and possibly higher nuclearities. The 1:1
reaction of [Fe;0(0,CPh)4(H,0);](NO;) with hqnH did
indeed yield a OH™-containing product, but it was the lower-
nuclearity complex 2 (eq 2).

2[Fe;0(0,CPh)s(H,0),]" + 2hgnH
— [Fes0,(OH),(0,CPh),o(hgn),] + 2PhCO,H
+ 4H,0 + 2H" )

Description of Structures. Complex 1 lies on an inversion
center and its structure (Figure 1 and Table 1) contains an
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Figure 1. A stereopair of complex 1 and its labeled core; primed and

unprimed atoms are related by an inversion center. Color code: Fe'™,

purple; O, red; N, blue; C, gray. H atoms have been omitted for clarity.

Table 1. Selected Interatomic Distances (A) and Angles
(deg) for 1

Fel---Fel’ 2.9261(9) Fe3—02 1.869(2)
Fel-02 1.940(2) Fe3—-01 1.945(2)
Fel—-02’ 1.974(2) Fe3-07 1.997(2)
Fel—04 2.012(2) Fe3—-05 2.044(2)
Fel-03 2.022(2) Fe3—012 2.059(2)
Fel—06 2.082(2) Fe3—015 2.187(2)
Fel-014 2.102(2) Fe4—O1 1.868(2)
Fe2—-01 1.844(2) Fe4—015 1.990(2)
Fe2—03’ 1.972(2) Fe4—09 1.995(2)
Fe2—08 2.035(2) Fe4—011 2.030(2)
Fe2—014 2.066(2) Fe4—013 2.055(2)
Fe2—010 2.095(2) Fe4—N2 2.128(3)
Fe2—N1 2.147(3)

Fe2—O1—Fe4 120.97(11) Fel—02—Fel’ 96.74(9)
Fe2—O1-Fe3 133.24(11) Fe2’'—03—Fel 102.88(9)
Fe4—O1—Fe3 105.07(10) Fe2'—014—Fel 97.07(9)
Fe3—02—Fel 119.56(10) Fe4—015—Fe3 92.74(9)
Fe3—02—Fel’ 131.50(11)

[Feg(43-0)4]'®" core comprising a central [Fe,0,] rhombus
whose oxide ions (02, O2') each connect to a triangular [Fe;O]
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unit. Additional monatomic bridges between [Fe,0,] and
[Fe;O] units on each side are provided by u-OMe™ groups
(03, 03’) and u-OR™ arms of hqn™ chelates (014, 015, 014/,
0O15’). The conformation of the two [Fe;O] units about the
bridging [Fe,0,] rhombus is anti, in accord with the inversion
center. The peripheral ligation is provided by the 4 chelating/
bridging hqn™ groups and 10 benzoates in their common syn,
syn 17" :u-bridging mode.

Complex 1 is similar but not identical to previously reported
[Fes0,4(O,CPh),;(hmp);] and [Fes0,(O,CPh),,(hmp),] ob-
tained from the use of hmpH instead of hqnH.>> The important
difference is that 1 contains bridging MeO™ groups in place
of some chelate and/or benzoate groups, with corresponding
changes to the core structural parameters. We conclude that the
use of hqn™ has caused small but distinct differences between 1
and the previous hmp~ clusters, in contrast to the greater
differences found when Me- and Ph-substituted hmp™ chelates
were employed.”’

Complex 2 also lies on an inversion center and its structure
(Figure 2 and Table 2) contains an [Fes(u3-O),(u,-OH),]"**
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Figure 2. A stereopair of complex 2 and its labeled core; primed and
unprimed atoms are related by an inversion center. Color code: Fe'™,
purple; O, red; N, blue; C, gray; H, white; other H atoms have been

omitted for clarity.

Table 2. Selected Interatomic Distances (A) and Angles
(deg) for 2

Fe2---Fe3’ 2.9779(5) Fe2—012 2.0405(16)
Fel-O1 1.8827(15) Fe2—03 2.0568(16)
Fel-02 1.9716(18) Fe2—N1 2.145(2)
Fel—06 2.0275(16) Fe3—02 1.9213(19)
Fel—04 2.0314(17) Fe3-01’ 1.9557(15)
Fel-010 2.0422(16) Fe3—011 2.0179(16)
Fel—08 2.0580(16) Fe3—-013 2.0199(16)
Fe2—O1 1.8957(15) Fe3—03' 2.0430(16)
Fe2—07 1.9837(16) Fe3—09 2.0632(16)
Fe2—05 2.0237(16)

Fel—Ol1—Fe2 118.16(8) Fe3—02—Fel 123.93(10)
Fel—Ol1—Fe3’ 136.45(8) Fe3'—03—Fe2 93.16(6)
Fe2—O1—Fe3’ 101.28(7)
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core consisting of two triangular [Fe;(45-O)] units, similar to
those in 1, joined together at two of their apexes by u-OH~
ions to give an almost planar Fey unit. The core of 2 can thus
reasonably be described as that of 1 without the central [Fe,0,]
and with some changes to the bridging ligands. Each [Fe(u-
OH™)Fe] linkage is additionally bridged by two synsyn
u-benzoates. Also as in 1, there is an additional monatomic
bridge (O3, O3’) in each Fe, triangle from the hqn™ groups
that chelate Fe2 and Fe2’ and bridge with their alkoxide arms
the Fe2Fe3 and Fe2'Fe3’ edges; these monatomic bridges are
trans. Peripheral ligation is completed by six additional 7':#;":u-
bridging benzoates.

There have been many reported Fes complexes with a
variety of Fe4 topologies. These have been referred to as (a)
planar, (b) twisted-boat, (c) chairlike, (d) parallel triangles,
(e) octahedral, (f) fused or extended butterflies, (g) cydlic,
and (h) linked—triangles.29 Such a structural variety has led to
many ground-state spin values being determined. Two of these
previous Feg complexes, [FecO,(OH),(O,CPh)y(hep),] and
[FesO,(OH),(0,CPh),o(hep),] (hep™ is the anion of 2-(2-
hydroxyethyl)pyridine), have a core related to 2 and have been
obtained with either cis or trans disposition of the monatomic oxo
bridges;” the core of the latter is trans and has an S = § spin ground
state, suggesting a possibly similar ground state for 2 (vide infra).

Magnetic Susceptibility Studies. Solid-state, variable-
temperature dc magnetic susceptibility data in the 5.0—300.0 K
range in a 0.1 T (1 kG) field were collected on powdered
microcrystalline samples of 1-3H,0 and 2-4H,0 restrained in
eicosane to prevent torquing. For 1-3H,0, yT is 8.50 cm® K
mol™ at 300 K, much smaller than the 35.0 cm® K mol™! for
eight noninteracting Fe'' ions with g = 2.0 and indicating
antiferromagnetic (AF) exchange interactions, and decreases
with decreasing T to 0.60 cm® K mol™" at 5.0 K, suggesting an
S = 0 ground-state spin (Figure 3a). For 2-4H,0, yT slowly
increases from 11.2 cm® K mol™' at 300 K to a maximum
of 142 cm® K mol™ at 25 K and then slightly decreases to
13.7 ecm® K mol™ at 5.0 K (Figure 3a). The 300 K value is
lower than the 26.25 cm® K mol™ for six noninteracting Fe'
ions with ¢ = 2.0, again indicating the presence of AF
interactions, but in contrast to 1-3H,0, the low T data suggest
an S = § ground state: yyT is 10, 15, and 21 cm® K mol™ for
S =4, 5, and 6, respectively, with g = 2.0, as described below.

The S = 5 ground state of 2-4H,0 was confirmed two ways:
magnetization (M) data were collected at 1.8—10.0 K in a
0.10—7.0 T dc field (H) and the resulting data were plotted as
M/Nyug vs H/T (Figure 3b), where N is Avogadro’s number
and pyp is the Bohr magneton. The data were fit by diago-
nalization of the spin Hamiltonian matrix assuming that only
the ground state is populated, incorporating axial zero-field
splitting (DS.?) and Zeeman terms, and employing a full
powder average. The spin Hamiltonian is given by eq 3

A2 N
H=DS, + guyu,S-H (3)
where S, is the easy-axis spin operator and 4 is the vacuum
permeability; the last term is the Zeeman energy associated
with the applied dc field. The fit (solid lines in Figure 3b) gave
S =35,g=193(1), and D = 0.31(2) cm™". The excellent fit
using data up to 7 T indicates that the ground state is well-
isolated (vs kT) from the nearest excited states. A slightly
inferior fit was also obtained with S = 5, g = 1.91(1), and
D =-0.18(2) cm™ [Figure S1, Supporting Information (SI)].
It is common to obtain two acceptable D vs g fits of magnetization
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Figure 3. (a) yyT vs T plots for 1-3H,0 and 2-4H,0 in a 0.1 T dc
field. (b) Reduced magnetization vs H/T data for 2-4H,0. The solid
lines are the fit; see the text for the fit parameters.

data for a given S value, with D > 0 and D < 0, since magne-
tization fits are not very sensitive to the sign of D. More-sensitive
techniques such as EPR are required for a more reliable deter-
mination of D.

Ac magnetic susceptibility measurements were performed in
the 1.8—15 K range using a 3.5 G ac field oscillating at 997 Hz
(Figure S2, SI).*” For 1-3H,0, the in-phase y'yT decreases
from 0.98 cm® K mol™ at 15 K to 0.53 cm® K mol ™" at 1.8 K,
confirming an S = 0 ground state. For 2-4H,0, y'\T remains
essentially constant down to 7.0 K at ~14.9 cm® K mol™,
consistent with an S = 5 ground state, and then slightly decreases
to 13.9 cm® K mol ™ at 1.8 K, assignable to some very weak inter-
molecular AF interactions. As expected, neither complex exhib-
ited an out-of-phase "y signal (Figure S2, SI).

Magnetostructural Correlation (MSC) for Polynuclear
Fe' Clusters. The magnetic properties of polynuclear Fe''/O
clusters depend on the exchange interactions, J;, between Fe
atoms, which are dictated by the chemical identity of the bridg-
ing ligands and the bridging geometry.”*” Exchange inter-
actions can be determined by a variety of means, such as fitting
experimental y; vs T data for low-nuclearity complexes to the
appropriate Van Vleck expression with fit parameters J and an
isotropic g°”'** utilization of computational methods such
as ZILSH”** or DFT™ for higher-nuclearity complexes, or
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simulating or fitting their dc yy vs T data using one of the
several software packages available that employ matrix diago-
nalization approaches.”*® All these methods, however, become
more difficult or near-impossible to employ, or employ reliably,
with increasing metal nuclearity. High-nuclearity Fe', (x > 6)
complexes become increasingly demanding computationally
and/or can lead to many local error minima in simulations or
fits of experimental data due to a large number of J; exchange
interactions and often no reliable starting values for them.
Therefore, a MSC that relates key structural parameters, such as
metal—ligand bond distances and angles, with the sign and
magnitude of the pairwise exchange interactions would be
extremely useful for rationalizing observed magnetic properties
of high-nuclearity complexes with multiple J;. Further, the
predictive capability of such a correlation could greatly aid in
providing a reliable starting point for simulations or fits to
ensure that conclusions reflecting “reality” are obtained and
could even assist in the rational incorporation of favorable
structural features to yield desirable magnetic properties.

For such reasons, several groups have reported MSC’s in
Fe"—O chemistry, primarily for dinuclear Fe™ compounds.”
Gorun and Lippard (GL) investigated dinuclear Fe™ complexes
bridged by a p-oxo (0*7, OH™, RO™) and at least one other
bridging ligand, plus a very few tri- and tetranuclear ones, and
reported an exponential relationship between ] and the
parameter P (half the shortest superexchange pathway between
two Fe'l atoms, typically the average Fe—O distance).”"
The Fe—O—Fe angle was concluded to have only a minor effect
on J and was excluded from the model. The authors specifically
state that their MSC does not apply to Fe,(u-O) centers
unsupported by other bridging ligands. Weihe and Giidel
(WG) also considered singly, doubly, and triply bridged dinu-
clear Fe™ complexes, but with specifically just one u-oxide
(O*") monatomic bridge, and developed an equation for
J derived from the angular overlap model (AOM) that depends
on both the Fe—O—Fe angle (¢) and the Fe—O distance (r)

(eq 4).2%°
Jooda = (4/25)[€',,2(1 + cos” @) + (', — €, (—cos )
+ Ze/pﬁelp]‘[(Sin d’)zlfz (n) f2 () 4)

The radial function employed was that in eq S, where b is a
coeflicient.

f(ae™” (s)

Equation 4 was refined using experimental data for 32 dinuclear
complexes to obtain best-fit parameters for each of the AOM
ligand field parameters (e’P,,, ¢ e’pﬂ) and the b parameter.
The final equation simplified to that in eq 6, where A = 1.337 X
10° em™, B = 3.536, C = 2.488, and D = —7.909 A™".

J=A(B + C cos ¢ + cos” ) exp(Dr) (6)

The authors found, at least for the limited range of average
Fe—O?* distances (1.77—1.82 A) in such complexes, that the
magnitude of ] decreases when the Fe—O® distance increases
at a fixed Fe—O—Fe angle or when the Fe—O—Fe angle
increases at a fixed Fe—O”" distance; the Fe—O—Fe angle
dependence was significant. Werner et al. then evaluated the
two reported correlations for an extensive group of dinuclear
Fe'" complexes with OH™, RO™, and/or phenoxide bridges
(i.e., instead of O*7).”'° They concluded that the WG equation
was inappropriate, i.e., that the angular dependence is insignificant
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Table 3. Complexes Used in the Development of the MSC

compound” Ji ]epr (em™)
[Fe;0(0,C'Bu),(N3);(dmem), ] Ji —3.6
Js —3.6
T3 —45.9
[Fe;O(Etsao) (benz)s(MeOH),] Ti3 —38
Js —38
Tia -293
[Fe3(02CMe)3(L1)3] Jia —10.4
T3 —94
I3 —8.6
[Fe,(N;)(hmp);] Ji -92
Jur 125
[Fe4(OMe)2(02CMe)2(L2)4] Jio —10.2
Ji2 =92
[Fe,0,(0,CPh),(phen),]* Tub —38.8
[Fe,0,(0,C'Bu)g(bpm)] Jub —-36.1

“dmem = 2-([2-(dimethylamino)ethyl]-methylamino)ethanol; Etsao
2-ethanolamine; hmp = anion of 2-(hydroxymethyl)pyridine; L*

Fe—0 (av) (r, A) Fe—O—Fe (¢, deg) Jored” (em™) ref
2.004 96.77 -S54 47
2.004 96.07 —=S5.1
1.868 162.82 —44.3
1.887 120.65 —-34.9 48
1.906 116.44 —-27.6
1.905 122.65 -30.3
2.003 120.2 —12.2 49
2.017 116.1 —10.1
1.984 124.7 —15.2
2.031 102.6 —6.0 27a
1.993 105.2 —94
1.984 126.49 —-15.4 49
2.020 100.75 —6.0
1.87 129.18 —43.8 S0
1.89 122.90 —34.8 S1

2-hydroxy-propiophenone oxime; L' = fully deprotonated salicylidene-
fully deprotonated derivative of salicylidene-2-ethanolamine; phen =

1,10-phenanthroline; bpm = 2,2-bipyrimidine. bExperimental J values have been converted to the H = —2]3;:91 convention, if necessary. “Predicted
J values are in the H = —2JS;-S; convention and have an error of +3%.

and that a modified GL correlation was the best. Finally, other
correlations on Fe(OR),Fe complexes have shown that J has
a linear dependence on the Fe—O—Fe bridging angle.”” The
contrasting results from these studies show that even for just
dinuclear complexes, no coherent MSC emerges that is applicable to
multiple types of bridging oxo ligands. Of course, in most cases
the J value can be reliably determined experimentally for such
simple systems, and the correlation is primarily to rationalize
the observed ], except perhaps in poorly characterized
biological Fe'™, sites, where it can be used to deduce structural
information.

Higher-Nuclearity Complexes. In our own work, we are
primarily interested in higher-nuclearity Felll compounds, and
we have found the previous correlations developed for
dinuclear complexes to be of little use for these (vide infra).
Thus, when a few years ago we were studying some Feq
clusters, we obtained estimates of the constituent | values
from ZILSH theoretical calculations, adjusted somewhat by fits
to the experimental yT vs T data using a genetic algorithm
approach, and then used them to derive a MSC appropriate for
these Feg clusters by adjusting the coefficients in the WG eq 6.”
The new coefficients (A =2 X 10 cm™, B = 0.2, C = —1, and
D = -7 A™") differed markedly, particularly A and B, which
were an order of magnitude different from the WG coefficients
and pointed out to us a much different radial dependence than
in dinuclear compounds. However, this correlation was focused
specifically on this Feg cluster type, and while it provided us
with an improvement over the dinuclear correlations, it was not
clear how reliable the ZILSH ] values were on which it was
based, to what extent therefore the adjusted A, B, C, D and
resulting J values corresponded to the true ones (ie., reality),
and to what extent the derived correlation was applicable to
other high-nuclearity structural types. Thus, prompted by
several new Fe' clusters we have recently prepared, the
ground states of which we could not rationalize, we decided to
explore the development of a reliable MSC generally applicable
to high-nuclearity Fe'"/oxo clusters.

Semiempirical Magnetostructural Correlation for Fe'',
Clusters. We used the WG format of eq 6, because of its sound
grounding in the AOM, but refined its coefficients using
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literature oxo-bridged Fe', (n > 3) complexes to target a MSC
tailored for higher-nuclearity complexes. We chose complexes
for which (i) high-quality crystal structures were available;
(ii) reliable J; values had been experimentally determined,
specifically by fits of data collected down to S K in dc fields
below 0.5 T; and (iii) the structures spanned various Fe,
topologies in order to avoid overwhelming the model with one
structural type. We found only a surprisingly limited number of
complexes that satisfied all our criteria, and these are listed in
Table 3. For the [Fe,0,]% butterfly complexes, the body—body
(Jup) interaction was excluded because of the well-documented
spin frustration that occurs along this pathway, making it
difficult to experimentally determine a reliable J value.'** As for
the previous correlations, we assumed that couplings were
dominated by the pathways involving monatomic oxo bridges
and that contributions through multiatomic bridges (e.g., carbo-
xylates) were minor.

With suitable test complexes selected, a nonlinear regression
was run on eq 6 using for each Fe---Fe pair the average Fe—O
distance (r) and Fe—O—Fe angle (¢) as the independent
variables and the experimentally determined J; (converted to
the H = —2JS;:S; convention, if necessary) as the dependent
variable, to determine new parameters (A, B, C, and D) that
best fit the data. The obtained values are shown, and thus eq 7
is the new MSC.

A=123x10cm™' B=-012 C=157
D= —-899 A

J = (123 X 10°)(=0.12 + 1.57 cos ¢ + cos® ¢)

exp(—8.99r) (7)

We checked it initially with the independent variables of
average Fe—O distance and Fe—O—Fe angle to back-calculate
the predicted J value (Joeq; H = —2]§i-§j convention) for
each Fe, exchange coupling in the test complexes. The very
good agreement between ], and experimental (J,y,) values
(Table 3) is also reflected in the J .4 Vs Jo, scatter plot in
Figure 4, which has a satisfying R*=0.93. During these checks,
we found that if an Fe, pair had more than one monatomic oxo
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Figure 4. Scatter plot of MSC J;oq Vs Jo, with R* = 0.93. The dashed
line is the Jyreq = Jexp. line.

bridge, the Fe—O—Fe pathway with the longer average Fe—O
distance yielded the closer agreement with J,,. An alternative
depiction of the MSC of eq 7 is as a 3D surface of J,.q vs the
average Fe—O distance and Fe—O—Fe angle (Figure Sa),
where the ], values for the test complexes are included as blue
points. This 3D surface allows the relative importance of the
Fe—O radial and Fe—O—Fe angular dependence of J,..q to be
evaluated, and there is clearly a significant angular dependence,
even though the radial dependence is dominant. This is better
seen in the 2D contour plot (Figure Sb), where iso-] lines (lines
of constant ] value) are far from parallel to the x-axis (Fe—O—Fe);
ie, there is a significant angular dependence, except at larger
angles, where ] approaches being angle-independent. In general,
the exchange coupling becomes more strongly AF with decreasing
Fe—O distance and increasing Fe—O—Fe angle, consistent with
greater net overlap between Fe d-orbitals through the p-orbitals of
the bridging O atom. Thus, ] is weakest at the longest Fe—O
distances and smaller Fe—O—Fe angles. Since a major difference
between dinuclear and polynuclear clusters is that one or more
U3-O” ions will usually be present in the latter, we did consider if
an additional parameter might be important to the MSC, such as
the distance (d) of the y5-O*~ above its Fe, plane, but including
this as an additional term in eq 7 led to no significant improve-
ment in the J,.4 Vs Jo, agreements of Table 3 and Figure 4.
Therefore, for simplicity, we did not consider d any further.

Having developed the MSC for higher-nuclearity complexes,
we also checked how well it might apply to u-O* -bridged
dinuclear com%)ounds, specifically the 32 used to develop the
WG equation.”'” As expected, we obtained a very poor corre-
lation between J,,.q and J.,, (R* = 0.21), which is consistent
with our previous conclusion that the GL and WG correlations
are of little use for higher-nuclearity clusters.

Application of the New MSC: Rationalization of Spin
Ground States. The MSC was now applied to the new
complexes 1 (Feg) and 2 (Feg) from this work and previously
reported [Fe;O,(OH)(0,CMe);(hmbp),](ClO,), (3),” to
assess its ability to predict the constituent exchange couplings
and rationalize the experimentally determined ground states of
S =0, S, and */,, respectively, by identifying the relative spin
alignments at the metal ions and any spin-frustrated pathways.
The results are shown in Figure 6. For 1 (Figure 6a, Table 4),
the obtained J,,..q separate into two groups, strong (l]Predl >27 cm™)
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Figure S. (a) 3D surface defined by the MSC showing the dependence
of J,eq On average Fe—O distance and Fe—O—Fe angle. Light blue
dots represent the J,, for the test complexes. (b) 2D contour plot of
the 3D surface emphasizing the relative dependence of ],.q on average
Fe—O distance and Fe—O—Fe angle. Solid lines represent iso-J lines
(lines of constant J).

and weak (IJ,eql < 10 em™), corresponding to Fe, pairs with
one and two monatomic oxo bridges, respectively. As a result,
each triangular Fe; subunit within 1 has two strong and one
weak J,..q- An AF M; triangle is the textbook example of a spin-
frustrated system, but with one weak and two strong competing
AF interactions, the weak ones will be completely frustrated
(J1» J34 and J;;- shown in red) and the spin alignments will be
determined by the strong couplings, giving a classical “spin up,
spin down” pattern corresponding to mg = +°/, z-components
of spin. The predicted alignments are thus as shown in Figure 6a,
with spins coupled by the weak J,,..4 forced parallel by the strong
couplings, giving a total spin of § = 10—10 = 0, in agreement
with the experimental data. Of course, because the ground state is
a singlet, the local z-components of spin at each metal are
actually zero because the wave function is a linear combination of
a number of equally weighted pairs of components with reversed
z-components of spin. The primary components of the wave
function in this case will be the one shown in Figure 6a and
the one with all spin alignments reversed. We also include for

DOI: 10.1021/acs.inorgchem.6b00769
Inorg. Chem. 2016, 55, 6597—6608


http://dx.doi.org/10.1021/acs.inorgchem.6b00769

Inorganic Chemistry

PSR M) Fel——
/Fe3 278 el "\‘ojz-j-__ Fe2'
o}
(b) (c N T LAz F£1'
/72_5’/_ Fe:3 \OH/ ':\\\\\63,0
Fe%/\_o/ 2-28‘9 2891 O\\FeZ‘T
| 1]o2s
733.0\\\5 ' /'/
U
(c) O\FT
Pt 821\\0
99 g :I\\\ o\ -84
troae o],
Fe1” 374 ~147
10T l )
N S
-36.7°N, |6 8’;35\3-6

Figure 6. Core of complexes 1 (a), 2 (b), and 3 (c) showing MSC J,,..q
values (cm™") calculated using the MSC (eq 7), and the predicted spin
alignments rationalizing the S 0, 5, and °/, ground states,
respectively; frustrated interactions are shown in red.

Table 4. Predicted J; Values” for 1 from various MSC’s

Ji Ji Jwe - Jod
v -18.7 —46.5 —18.6 -82
T —9.1 -280 —-127 2.7
Tis —293 —489 -237 —293
Tns -336 —48.0 -25.5 -36.0
Toa —54.6 712 -33.1 —464
Tz -237 -390 -21.1 -27.8
Jas —288 -56.0 -23.5 -17
“In cm™; converted to the H = —2]3'1--31- convention, if necessary

YReference 21a. “Reference 21b. “Reference 21c. “New MSC of eq 7.

comparison in Table 4 the values calculated using the previous
MSC’s developed for dinuclear complexes: Their J,..q are of
more comparable magnitudes and would thus predict several
intermediate spin alignments; even if they then predicted the
correct ground state, it would be fortuitous. It is particularly
interesting that one of the weaknesses of the previous MSC'’s is
their inability to correctly identify weak couplings arising from
bis-oxo-bridged Fe, pairs (J11, Jip J4), these being correctly
predicted by the new MSC (and confirmed by DFT calculations
of such pairs in, for example, Fe,>* and Fe,™ clusters).

We can similarly rationalize the ground states of 2 and 3. For
2, the calculated J,,.q from the MSC (Figure 6b) are again rela-
tively strong (l]Predl > 20 cm™!) and weak (]Pred =-25cm™)
due to one and two oxo bridges, respectively (Table $).
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This should lead to complete frustration of the weak inter-
actions and the resulting alignments shown in Figure 6b, giving
an § = 10—5 = § ground state. For 3, relatively strong (ljpredl >
35 cm™') and weak (IJ,.dl < 10 cm™) interactions are calcu-
lated (Figure 6¢c, Table 6), the former all within the butterfly
unit (Fel, Fe3, Fe4, FeS). These four spins will therefore
be aligned antiparallel to their neighbors on the outside
(“body—wingtip”) edges of the butterfly, frustrating the inner
(“body—body”) J,s interaction and giving an S, = 0 ground
state for the butterfly unit. The S = 5/2 ground state for the
whole molecule can then be rationalized as simply arising from
the spin of apical Fe2. We show it aligned vertically on the basis
of the J values to the other Fe atoms, but it is best to think of
the S = */, ground state as arising from the spin of Fe2 plus a
diamagnetic Fe, butterfly unit. In fact, this description was what
was originally hypothesized for 3°” on the basis of the known
S = 0 ground states of Fe', butterfly clusters, and it is now
supported by the more quantitative considerations of the
present work.

Analysis of the Feg; Single-Molecule Magnet with
S = 10. One of the first and most-well-studied SMMs is the
[FegO,(OH) ,(tacn)4]®" (4; Figure 7) cation, which possesses
an S = 10 ground state due to spin frustration from competing
interactions. The exchange interactions have previously been
investigated both experimentally and theoretically, allowing for
a useful comparison of previous results with the J, .4 from the
new MSC. These data are collected in Table 7. There is very
good agreement between the ], .4 values and those from the
ZILSH calculation,” both of which employ the crystallographic
C, symmetry. The biggest disagreements are for the strongly
AF interactions within subgroup ], which all the studies
conclude are the strongest in the complex. The DFT calcu-
lations using the PBE and B3LYP functionals® give overall
good agreement with the MSC J,.q (particularly B3LYP), but
the ferromagnetic (F) values for the Ji5 (Ji,) interaction are
unrealistic for oxo-bridged high-spin Fe'™, as discussed in detail
elsewhere.”” The experimental Jexp Values, obtained from
simulations of experimental yuT vs T data,*' are in fair
agreement with the DFT/ZILSH and MSC .4 for the J, and
Jp interactions, but they give ] values that are far too strong by
a factor of 2; values of =70 cm™" are simply unrealistic for an
Fe, pair in a cluster bridged by a yt3-O*” ion and would be more
consistent with the shorter Fe—O bonds in a dinuclear Fe'',
complex bridged by a single y-O®” ion, as seen in the GL and
WG studies.

All the studies in Table 7 predict an S = 10 ground state for
4, because they all conclude that the eight strong AF Jz and ]
interactions dominate and determine the spin alignments, as
shown in Figure 7 with the new J, .4 values. As observed for
1 and 2, each Fe; triangle within 4 has two strong and one weak
AF interactions, the latter are completely frustrated, and the
spin alignments are thus again in a classical spin-up/spin-down
pattern to give an S = 15—5 = 10 ground state. Nevertheless, we
feel that the new MSC has yielded the most reliable values to
date across all four sets of exchange interactions in 4, with no
unreasonable values in terms of magnitude or sign.

Fitting of Magnetic Susceptibility Data. As stated earlier,
an important application of a reliable MSC is to obtain reasonable
approximations of the J values of higher-nuclearity clusters for use
as starting points in fits of magnetic data, with the hope that this
will lead to the true ] values for the compound instead of those at
a local fit minimum. We have therefore employed the predictive
capability of the MSC to assist fits of VT magnetic susceptibility
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Table S. J; Values” for 2 from Fits Using Different Initial Jij Values

]i/b Jored Fitysc” Fitysc(C1)?
T -33.0 —282 -27.1
Jis —289 -28.5 -313
Ty -2 -32 -31
Ty -212 -17.7 -19.1
Ty —29.6
Ty —25.9
Ty -3.3
T3 —-16.4
TP 600 600
Z]g —0.005 —0.005

Fit(g)° Fit_,)° Fit(_y)° Fit(_3)°
+19.4 -32.6 -26.9 —28.7
=712 —13.8 -36.8 —34.6
—58.5 =21 -1.6 -1.6

—6.8 -27.6 —12.8 —11.5
600 600 600 600

—0.005 —0.005 —0.005 —0.00S

“In cm™" ] and J' are related by the crystallographic inversion center. “Fit values using the MSC Jprea as input Jj; values. Fit values using the MSC

Jprea as input, and all J; independent. “Fit(,) data are fit values using input J; of n cm™

£Mean-field correction.

! /Temperature-independent paramagnetism, X10~¢ cm® mol ™.

Table 6. J; Values” for 3 from Fits Using Different Initial J; Values

Ji Jored Fitysc” Fitysc(Cy,)©
I —9.5 —116 —-73
Ins -84 -2.1 -73
Tia —374 -36.6 -306
Tis -36.7 -36.6 -30.6
Tos -103 -138 80
Tos —14.7 +5.0 —-80
T 358 —244 -306
Tss 363 -357 -306
Jas —-68 122 9.6
TIP® 500 500
2 —0.021 —0.021

“In cm™ ?

Fit(o)(C2v)d Fit(—lo)(cz‘;)d Fit(—zo)(CZv)d Fit(—so)(cz‘z)d
—30.1 +172.2 —36.7 -33.7
—30.1 +172.2 —36.7 —33.7
—22.1 -39.5 —10.1 —-11.3
—=22.1 —39.5 —10.1 —-11.3
=52.5 —46.3 —13.4 —-16.0
=52.5 —46.3 —-134 —16.0
—22.1 -39.5 —10.1 —-11.3
—22.1 -39.5 —10.1 —-11.3
+37.0 —38.3 -32.6 —33.1
500 500 500 500

—0.021 —0.021 —0.021 —0.021

Fit values using the MSC J,q as input J; values. “Fit values using the MSC J,.q as input J; values and imposing virtual C,, symmetry.

dFit(ﬂ) data are fit values using input J; of n cm™". “Temperature-independent paramagnetism, X10™® cm? mol ™', ’Mean-field correction.

Figure 7. Core of complex 4 showing MSC J,,..4 values (em™) and the
predicted spin alignments rationalizing the S = 10 ground state;
frustrated pathways are shown in red.

data using the program PHL"* We chose 2 and 3 as two reason-

ably complicated test clusters for this investigation.
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Table 7. Comparison of Exchange Interactions (cm™")
Otained for 4 from Theoretical Calculations, Experimental
Data, and the MSC

b

pathway” Jese Joarve Jziwsu Jexp e
Tob Tis +14.5 +2.6 —47 -12.5 —6.8
Ja Ji2 —4.6 -52 -8.8 -9.0 -63

yn 9.7 —6.4
Jss -84 _54
Jos —9.0 —83
Js Tor -72 -17.1 -16.6 -20.5 -15.6
J4 —-182 —182
Js -17.0 -172
Js7 —-153 —14.1
Je T -279 -33.3 —44.5 —70.0 -309
Ji3 —474 -31.7
J3s —43.9 —282
Js —44.2 —294

“Adapted from the table reported by O’Brien and O’Callaghan.
The subgroups Ji, Ja Jp, and Jc result from imposing the virtual D,
symmetry of the molecule. “From a simulation of the experimental
amT vs T data; converted to the H = —2]§i~§j convention.*” “From the
new MSC of eq 7.

The first step was to assess how closely the VT dc y T vs T
plots for 2 and 3, calculated by PHI using the MSC ], values,
compare with the experimental data. The obtained plots
[Figure 8, purple (2) and green (3) lines] are overall satis-
fyingly similar to the experimental data, in both profile and
predicted ground state, for such complicated molecules with
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Figure 8. Experimental yT vs T data for 2-4H,0 (@) and 3 (V),
simulated yT vs T using the MSC J,,.q for 2-4H,0 (purple line) and
3 (green line), and fits of experimental y T vs T data using Jored inputs
for 2:4H,0 (blue line), 3 (red line), and 3 with imposed C,, symmetry
(dashed blue line).

multiple independent interactions. To improve the agreement
further, the data were fit using the J,..q4 as inputs (starting values);
PHI requires input values for each J; parameter. For centro-
symmetric 2, four J,.q were input and an excellent fit was
obtained (Figure 8, blue line) with J;; (Fitysc) values only slightly
different from the J,.q inputs (Table S). If symmetry-related
Jj (J and J' in Table 5) are allowed to vary independently, the
fit using J,.q inputs, Fitysc(C;), gives values similar to Fitysc,
with the most different pairs (Ji; vs J'y:3 and Jy3 vs J'y3) giving
averages essentially identical to the Fityc values. For 3, the
crystallographic C, symmetry required nine input J,..4 and the
obtained fit (Fitysc) was excellent (Figure 8, red lines, but the fit
values (Table 6, Fityisc) were in some cases either ferromagnetic
(J25) and/or unreasonably different for J; pairs related by virtual
symmetry [and thus with similar Fe—O and Fe—O—Fe structural
parameters (e.g, Ji»/),; and J34/J55) and resulting J,.q]. In
this case, it was clear that the virtual C,, symmetry should
be imposed, both to prevent overparameterization and to
ensure that structurally equivalent Fe, pairs have the same J;.
The resulting fit was excellent (Figure 8, dashed blue line) and
gave values reasonably similar to J 4.

Of course, it could be argued that PHI could have given
excellent fits directly, with J; values similar to those in Tables 5
and 6, without the extra step of first calculating MSC J,..q
as inputs. We thus explored fits with arbitrary J; inputs of
0, —10, —20, and —30 cm™. For both 2 and 3 (C,,), the fits
were all excellent except for Fit(_,q) for 3 (Figure 9), but the fit
J; values varied remarkably with input in both magnitude and
sign (Tables S and 6). For Fit_q for 3, the program repro-
ducibly followed paths that led to poorer local minima; no
doubt we could have adjusted something to also get excellent
fits with these inputs, but for consistency and since our primary
interest was in comparing the fits under identical conditions,
we did not explore this. If the centrosymmetry is removed, the
results for 3 are even worse (Table S3, SI).

The conclusion we reach from these studies is that excellent
fits can be obtained for both 2 and 3, the J;; parameters of which
are nevertheless grossly unacceptable, with little resemblance to
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Figure 9. Experimental T vs T for 2-4H,0 (®) and 3 (V) and the
four fits with the indicated input values (cm™) for all Jii

expected reality in both sign and/or magnitude; ferromagnetic
Jip for example, are simply unreasonable for oxo-bridged
high-spin Fe'". Even with only four Jij parameters in each case,
there are clearly many local error minima and the obtained
fit values are thus very sensitive to inputs. The latter is a well-
recognized problem in multiparameter fits, of course, but we
were nevertheless surprised at the dramatic variations we en-
countered. Indeed, this supports the validity and importance
of one of our main objectives, to develop a MSC giving reliable
Jorea SO that subsequent fits can, with some confidence, be
taken as reasonably reflecting the “true” J;; for higher-nuclearity
clusters.

Temperature-independent paramagnetism (TIP) and inter-
molecular interactions (z]) will also contribute to the experi-
mental data and were included in our study. These are given in
Tables 5 and 6, and their values were decided upon in the
following manner. For TIP, we determined that a value of
100 X 1076 per Fe ion yielded the best results after investigating
the fits with added TIP of 0, 100, and 200 (x107¢) cm® mol™!
per Fe (Tables S4 and SS, SI). In fact, as long as some TIP was
included, the fits were not particularly sensitive to the exact
amount. The zJ term will be most important at the lowest
T and was determined by manually adjusting its value to best fit
these lowest T data.

Protocol for Application of the MSC. From the above
results, we can formulate a protocol for applying the new MSC
to high-nuclearity Fe/oxo clusters:

(a) Using the averaged Fe—O bond distance and Fe—O—Fe
angle, determine the ], for each Fe, pair in the molecule
using eq 7. If there are two monatomic Fe—O—Fe pathways for
a given Fe, pair, the longer average Fe—O distance should be
employed; this yields the best results vis-a-vis experimental
data, since these pathways will have weak interactions.

(b) For most clusters, the relative magnitudes of the obtained
MSC Jieq will be sufficient to rationalize the experimental
ground state S from the predicted spin alignments at each Fe',
even when there are competing J,..q interactions within triangular
Fe; subunits.

(c) If desired, the MSC J,,q can be used to simulate the
dc yuT vs T plots, using a program such as PHI or a similar
one, for comparison with the experimental plots.
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(d) The MSC J,.q can then be refined by fitting the
experimental dc yT vs T data using the J,..q as input values.
The virtual symmetry of the molecule should be imposed to
avoid overparameterization.

B CONCLUSIONS

The use of hqnH and benzoic acid in Fe™ chemistry has
yielded two polynuclear clusters 1 and 2 that show some
structural differences with those previously obtained with
hmpH, assignable to the less flexible nature of hqn™. 1 and 2
possess S = 0 and S = S ground states, respectively, which can
be qualitatively assigned to the presence of spin frustration
within the triangular Fe; subunits with all-AF interactions.

In order to more quantitatively rationalize the experimentally
observed ground states of 1 and 2, and other Fe'",/O (x > 4)
clusters, we have derived a semiempirical MSC for Fe/O
clusters using reliable crystal structure and experimental mag-
netic susceptibility data in the literature. The new MSC uses
only the observed Fe—O bond lengths and Fe—O—Fe angles
and has yielded .4 values that have proven satisfyingly
successful in explaining the experimentally derived ground
states of several Fe, clusters. Further, we have found that
the J,..q values represent excellent starting points for fits of dc
xmT vs T data, giving physically reasonable fit parameters that
can be taken with some confidence as reflecting the true
exchange parameters (i.e., reality), as long as some straightfor-
ward measures are taken to avoid certain problems identified
during our control studies. The obtained results have been
amalgamated into a protocol that is described for the use of the
new MSC. Although the new MSC is specifically for Fe'/O
clusters, these are extremely common in the literature due to
the importance of this chemistry in a number of disparate fields.
In addition, it covers all types of monatomic bridging oxo
groups, i.e, O*7, OH™, OR", etc,, and thus is distinctly different
from the dinuclear MSCs available to date.
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B EXPERIMENTAL SECTION

All manipulations were performed under aerobic conditions using
chemicals and solvents as received, unless otherwise stated. [Fe;O-
(0,CPh)s(H,0);](NO;) was prepared as reported previously.” hqnH
is 8-hydroxyquinoline.

Synthesis of [Feg0,(OMe),(0,CPh),o(hqn),] (1). Method A. To
a stirred solution of PhCO,H (0.24 g, 4.0 mmol) were added hqnH
(0.076 g, 1.0 mmol) and NEt; (042 mL, 6.0 mmol), followed by
Fe(NO,);-9H,0 (0.40 g, 2.0 mmol), which caused the solution to turn
essentially black and begin depositing a gray precipitate. The slurry was
stirred a further 30 min and then filtered, and the gray precipitate was
washed with MeOH and allowed to dry. The powder was dissolved in
CH,Cl,, layered with hexanes, and left undisturbed for 4 days at
room temperature, during which time black plates of 1-4CH,CI,
slowly formed. Crystals for X-ray crystallographic studies were
maintained in mother liquor; otherwise, they were collected by
filtration, washed with hexanes, and dried under vacuum for other
studies. The yield was 26% based on Fe. Anal. Calcd (Found) for 1-3H,0
(CosHssFesN,O53): C, 53.72 (53.83); H, 3.59 (3.34); N, 2.32 (2.13).
Selected IR data (KBr disk, cm™): 3446 (mb), 3062 (w), 2918 (w),
2807 (w), 1599 (s), 1556 (s), 1497 (s), 1467 (s), 1411 (s), 1321 (m),
1275 (w), 1175 (w), 1110 (m), 1067 (w), 1026 (w), 824 (w), 786 (w),
717 (s), 674 (m), 642 (w), 617 (w), 592 (m), 521 (m), 473 (m).

Method B. To a stirred solution of [Fe;O(O,CPh)s(H,0);](NO;)
(025 g, 0.25 mmol) in MeOH (20 mL) was added hqnH (0.036 g,
0.25 mmol), which caused the solution to change from bright orange
to black. NEt; (0.14 mL, 1.0 mmol) was added and the solution stirred
for a further 30 min, during which time a gray precipitate formed.
The solution was filtered and the precipitate was washed with MeOH
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and allowed to dry. The powder was then recrystallized as in method A.
The yield was 11% based on Fe. The identity of the product was
confirmed by IR spectral and unit cell comparisons with material from
method A.

[FecO,(0OH),(0,CPh),o(hgn),] (2). To a stirred orange suspension
of [Fe;0(0,CPh)4(H,0);](NO;) (025 g 025 mmol) in H,0
(20 mL) was added hqnH (0.036 g, 0.25 mmol). The solids slowly
dissolved, and the solution was stirred for ~3 h, during which time it
slowly darkened and deposited a gray precipitate. The gray powder
was collected by filtration, washed copiously with H,0, and allowed to
dry. It was then dissolved in CH,Cl,, layered with hexanes, and left
undisturbed for 4 days at room temperature, during which time black
plates of 2-CH,Cl, slowly formed. Crystals for X-ray crystallographic
studies were maintained in mother liquor; otherwise, they were
collected by filtration, washed with hexanes, and dried under vacuum
for other studies. The yield was 30% based on Fe. Anal. Calcd (Found)
for 2-4H,0 (CesH,,FecN,05): C, 53.58 (53.73); H, 3.68 (3.81);
N, 1.42 (1.72). Selected IR data (KBr disk, cm™): 3440 (b), 3061 (w),
1600 (m), 1539 (s), 1498 (s), 1469 (s), 1410 (s), 1322 (m), 1175 (w),
1112 (w), 1103 (w), 1026 (w), 825 (w), 786 (w), 716 (s), 689 (w),
677 (w), 472 (m).

X-ray Crystallography. Data were collected for 1-4CH,Cl, and 2-
CH,CI, at 100 K on a Bruker DUO diffractometer using Mo Ka
radiation (4 = 0.71073 A) and an APEXII CCD area detector
(see Table 8). The structure was solved and refined in SHELXTL6.1*

Table 8. Crystal Data and Structure Refinement Parameters
for 1 and 2

1-4CH,Cl, 2-2CH,Cl,
formula“” C,1,HgsClgFegN,O5 CyoHg,Cl,FegN, 056 1
fw, g mol™ 2700.26 2068.73
space group P2,/n Pbca
a, A 18.2729(11) 21.6936(13)
b, A 16.5506(10) 17.4045(10)
¢ A 19.4689(12) 23.6770(14)
a, deg 90 90
B, deg 110.037(1) 90
7, deg 90 90
v, A3 5531.5(6) 8939.6(9)
z 2 4
T, K 100(2) 100(2)
2, AP 0.71073 0.71073
Peo g CM 1.621 1.537
4, mm™* 1.292 1.146
R 0.0441 0.0336
wR,® 0.1120 0.0685

“Including solvent molecules. bGraphite monochromator. I > 26(I).
4R, = 100X (|IF,l — IEJ)/JIEL “wR, = 100[ ¥ [w(F,} — F2)*]/
T(EY, w o= 1/[XXF?) + [(ap)* + bpl, where p
[max(F,%0) + 2F2]/3.

for 1-4CH,Cl, and SHELXTL2014** for 2-CH,Cl,, using full-matrix
least-squares refinement on F2 The non-H atoms were refined with aniso-
tropic thermal parameters and all C-bound H atoms were placed in calcu-
lated, idealized positions and refined as riding on their parent C atoms.

For 1-4CH,Cl,, the asymmetric unit consists of a half-Feg cluster
and two CH,CI, solvent molecules. Both of the latter are disordered:
one was refined at two positions, while the other was refined at
three positions. The disorders were modeled using the SADI
command to keep all C—Cl distances similar during the least-squares
refinement. In the final cycle of refinement, 12 718 reflections [of
which 8655 were observed with I > 26(I)] were used to refine
773 parameters, and the resulting R;, wR,, and GOF (goodness of fit)
were 4.41%, 11.20%, and 1.022, respectively.

For 2-CH,Cl,, the asymmetric unit consists of a half-Fe, cluster and
one disordered CH,Cl, molecule. The H atom (H2) on O2 was
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obtained from a difference Fourier map and refined freely. Only one of
the Cl atoms of the CH,Cl, was disordered, and it was refined at
two positions with the site occupation factors dependently refined.
In the final cycle of refinement, 10 282 reflections [of which 6611 were
observed with I > 26(I)] were used to refine 595 parameters, and
the resulting R;, wR,, and GOF were 3.36%, 6.85%, and 0.890,
respectively.

Physical Measurements. Infrared spectra were recorded in the
solid state (KBr pellets) on a Nicolet Nexus 670 FTIR spectrometer
in the 400—4000 cm ™' range. Elemental analyses (C, H, and N) were
performed by the in-house facilities of the University of Florida,
Chemistry Department, for 1 and at Complete Analysis Laboratories,
Inc. for 2. Variable-temperature direct current (dc) and alternating
current (ac) magnetic susceptibility data were collected on a Quantum
Design MPMS-XL SQUID magnetometer equipped with a 7 T
magnet operating in the 1.8 to 300 K range. Samples were embedded
in solid eicosane to prevent torquing. Magnetization vs field and
temperature data were fit using the program MAGNET." Pascal’s
constants*® were used to estimate the diamagnetic corrections, which
were subtracted from the experimental susceptibilities to give the
molar paramagnetic susceptibility (yy).
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