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ABSTRACT: Reactions involving reductive aggregation of
MnO,” in methanol in the presence of Ce" and an excess of
carboxylic acid have led to the synthesis of structurally related Ce/
Mn clusters, [Ce;Mn;Og(OMe)(0O,CBu);3(MeOH)] (1) and
[Ce,Mn;05(0,CPh)o(MeOH);] (2), containing at least one
{Mn,Ce,0,} cubane unit. The cores of both clusters contain
Mn, units separated by three (1) or two (2) Ce'v ions. Fits of
variable-temperature, solid-state dc and ac magnetic susceptibility
data reveal dominant ferromagnetic interactions within 1 and 2,
resulting in the maximum S = '/, and S = § ground state spins,
respectively, and thus suggesting significant ferromagnetic (F)
interactions between the Mn, units that are >6 A apart and

Mn2 @

separated by four intervening bonds through diamagnetic Ce". Fits of magnetic susceptibility data also revealed unusual long-range
F interactions, and this finding was further supported by high-field EPR measurements and simulations. Density functional theory
calculations and a Wannier function analysis confirm long-range interactions and indicate a Mn—Ce—Mn superexchange pathway via

Mn-d/Ce-f orbital overlap/hybridization

B INTRODUCTION

It could not have been predicted when Ce/Mn oxo clusters
were first reported in 2003" just how greatly this field would
expand in subsequent years and how interesting it would
become. Since Ce—O?> chemistry is dominated by the very
oxophilic and diamagnetic Ce" oxidation state, the primary
stimulus of the original work was not just molecular magnetism
but some other areas as well. In particular, Ce/Mn composite
oxides are used in a variety of industrial and catalytic
applications such as, for example, environmental abatement
of wastewater pollution by catalytic wet oxidation (CWO) of
dissolved organic and inorganic pollutants™” and low temper-
ature oxidation of phenol.””> Once Ce/Mn clusters became
available,"® both new single-molecule magnets (SMMs) and
catalysts ensued, such as the identification of
[Ce™YMn",0,4(0,CMe),,(H,0),] with S = 16 as the first
Ce/Mn SMM?® and the use of [Ce!VMn"V(0,(0,CMe)y(NO,)-
(H,0),] for catalytic oxidation of benzyl alcohol to
benzaldehyde.”

Ce/Mn-oxo chemistry has now grown extensively and spans
clusters with a large variety of total metal nuclearities and Ce/
Mn ratios, from mainly Ce to mainly Mn, and everything in
between;* ' some of these also contain one or more Ce'
ions. [Ce,;¢MngO,4(0,C'Pr),s(H,0),]"" and
[CesMn,;0,;(OH),(0,CPh),,(NO;),]™ "> are the highest
nuclearity clusters to date. Several synthetic procedures were
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developed for the reported clusters spanning various Mn and
Ce reagents and reaction conditions.

In the present report, we describe application of a new
synthetic procedure to Ce/Mn oxo clusters. This is “reductive
aggregation,” which we originally developed in homometallic
Mn chemistry and which involves the methanolysis-driven
reduction and concomitant aggregation of MnO,” ions in
MeOH in the presence of excess carboxylic acid. This proved
to be a rich source of new Mn, (x usually is 12 or 16) clusters,
the first being [Mn,,0,,(OMe),(0,CPh),((H,0),]*," a
distinct structural variant of the prototypical SMM
[Mnleu(OzCMe)16(H20)4].14 Reductive aggregation em-
ploys a single high oxidation source of Mn, and the MeOH has
a multifunctional role as the solvent, the reducing agent, and a
source of alkoxide ligands. Depending on the carboxylic acid
employed, a number of new structural types of Mn;, and Mn,
clusters were obtained,** many of them new SMMs, including
an unusual and highly symmetrical “W-shaped”
[Mnlsom(OMe)s(OzCPh)12(N03)4(MGOH)2(H20)4:|-16
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We thus decided to apply for the first time the reductive
aggregation procedure to heterometallic chemistry and chose
Ce/Mn chemistry. This has led to the synthesis of Ce;Mn; and
Ce,Mn; products, which in addition also exhibit unusual
magnetic properties that are a main focus of this report. In
particular, they both display unusual ferromagnetic (F) long-
range interactions between their two component Mn, units
that are well separated by the diamagnetic Ce'" ions, and we
have therefore sought to identify the origin of this interaction.
Herein, we report the results of this study, which includes
magnetic, spectroscopic, and computational characterization of
[CesMn;O4(OMe)(0,CBu');;(MeOH)] (1) and
[Ce,Mn;04(0,CPh)y(MeOH);] (2).

B EXPERIMENTAL SECTION

Syntheses. All manipulations were carried out under aerobic
conditions using chemicals as received, unless otherwise stated.
N"Bu,MnQ, was prepared as described elsewhere."”

[Ce;Mn;04(OMe)(0,CBuU");5(MeOH)] (1). To a stirred orange
solution of (NH,),Ce(NOs)s (0.76g, 1.38 mmol) and pivalic acid
(2.09 g, 20.5 mmol) in MeOH (7.5 mL) was added solid N"Bu,MnO,
(0.50 g, 1.38 mmol) in small portions, causing a rapid color change to
dark brown. The solution was stirred for a further 10 min, filtered, and
the filtrate left undisturbed at ambient temperature for 1 week, during
which time brown microcrystals had formed. The latter were collected
by filtration, washed with MeOH, dissolved in CH,Cl,, and layered
with MeCN (10 mL) to slowly give X-ray quality brown plate-like
crystals of 1-x(solv) over 3 days. The sample for crystallography was
kept in mother liquor, otherwise the crystals were collected by
filtration, washed with MeCN, and dried under vacuum. The yield
was 22% based on Mn. Anal. caled (found) for 1 (solvent-free;
Ce;H124Ce3Mn054): C, 36.56 (36.55); H, 5.68 (5.71); N, 0.00
(0.00) %. Selected IR data (KBr, cm™): 3362 (w), 3160 (w), 2961
(s), 2929 (m), 2872 (w), 1546 (s), 1483 (s), 1459 (w), 1413 (s),
1377 (s), 1225 (s), 1090 (w), 1028 (m), 939 (w), 899 (m), 786 (m),
618 (s), 587 (m), 562 (m), 543 (m), 500 (m), 449 (m).

[Ce,Mn3045(0,CPh)g(MeOH)s] (2). To a stirred orange solution of
(NH,),[Ce(NO;)¢] (0.38 g, 0.69 mmol) and benzoic acid (1.25 g,
10.3 mmol) in MeOH/MeCN (15 mL, 1:1 v/v) was added solid
N"Bu,MnO, (0.25 g, 0.69 mmol) in small portions, causing a rapid
color change to dark brown. The solution was stirred for a further 20
min, filtered, and the filtrate left undisturbed at ambient temperature
for 4 days, during which time X-ray quality dark red plate-like crystals
of 2-xMeCN had formed. The sample for crystallography was
maintained in mother liquor, otherwise the crystals were collected by
filtration, washed with MeCN, and dried under a vacuum. The yield
was 54% based on Mn. Anal. calcd (found) for 2-1/2MeCN-2H,0
(CgHep.sCe3Mn,NosO,): C, 45.52 (45.49); H, 3.56 (3.12); N, 0.40
(0.55) %. Selected IR data (KBr, cm™): 3383 (wb), 3064 (w), 2836
(w), 2535 (w), 2291 (w), 1970 (w), 1823 (w), 1690 (m), 1599 (s),
1543 (s), 1492 (m), 1391 (sb), 1176 (m), 1070 (w), 1025 (m), 937
(w), 842 (w), 717 (s), 685 (m), 630 (s), 565 (m), 478 (m).

X-ray Crystallography. Data on 1-x(solv), and 2-xMeCN were
collected at 100 K on a Bruker DUO diffractometer using Mo Ka
radiation (4 = 0.71073 A) and an APEXII CCD area detector. Raw
data frames were read by the SAINT'® program and integrated using
3D profiling algorithms. The resulting data were reduced to produce
hkl reflections and their intensities and estimated standard deviations.
The data were corrected for Lorentz and polarization effects and
numerical absorption corrections were applied based on indexed and
measured faces. The structure was solved using SHELXTL2014 and
refined on F* using full-matrix least-squares cycles. The non-H atoms
were refined with anisotropic thermal parameters, and all the H atoms
were placed in calculated, idealized positions and refined as riding on
their parent atoms. R; is calculated to provide a reference to the
conventional R value but its function was not minimized.

For 1-x(solv), the asymmetric unit consists of the whole Ce;Mn;
cluster, a 30% occupancy CH,Cl, solvent molecule, and three H,O
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molecules with occupancies of 20%, 20%, and 30%. Ten of the 13
Bu'CO," ligands exhibit disorder in their Me positions; two of the 10
also show disorder in their tertiary C atom. Each disordered group
was refined in two parts with their site occupation factors fixed in the
final refinement cycles. The H atom attached to the MeOH oxygen
atom O9 was calculated in an idealized position. In the final
refinement cycle, 22 869 reflections, of which 12 517 are observed
with I > 26(I), were used to refine 996 parameters, and the resulting
R, wRy, and S (goodness of fit) were 5.71%, 11.66%, and 0.943,
respectively.

For 2-xMeCN, the asymmetric unit consists of the whole Ce,Mn;
cluster and 2.35 MeCN solvent molecules. There are two MeCN
molecules in general positions; the N1 molecule has its Me group
disordered in two parts, which were refined with site occupation
factors of 60:40%. The partial MeCN with 35% occupancy is coupled
with the minor component of the MeOH ligand disorder. The
methanol Me group and the OH proton were refined in two parts in a
65:35% ratio, and these were fixed in the final refinement cycles. The
OH protons of the other two MeOH ligands were obtained from a
difference Fourier map and refined freely. In the final cycle of
refinement, 16 7535 reflections, of which 15416 are observed with I >
20(I), were used to refine 951 parameters, and the resulting R, wR,,
and S were 3.67%, 8.32%, and 1.216, respectively. Crystal data and
structure refinement parameters are listed in Table 1.

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

1-x(solv) 2-xMeCN
formula” Ce7H,24CesMngO54 C¢sHs7Ce,Mn;0,4
fw, g/mol” 2200.77 1711.19
space gp Pl P1
a, A 14.7686(11) 13.5973(9)
b, A 15.6052(12) 13.7718(9)
¢ A 24.0557(18) 21.9362(14)
a, deg 94.2826(12) 101.1472(11)
B, deg 99.8132(11) 95.0794(11)
7, deg 112.6411(11) 113.0642(10)
v, A3 4981.6(7) 3646.2(4)
Z 2 2
T, K 100(2) 100(2)
2, AP 0.71073 0.71073
Peaedy g/cm’ 1.492 1.644
u, mm™! 2.042 1.810
R 0.057 0.0367
wR,® 0.1357 0.0832

“Excluding solvent molecules. bGraphite monochromator. I > 26(I).
9R, = 100Z(IF,l — IEM)/ZIF,). “wR, = 100[Z[w(F,> — F2)?*]/
E(w(F,H)1Y2 w = 1/[6*(F2) + [(ap)* + bp], where p = [max (F.%
0) + 2F2]/3.

High-Field/Frequency EPR (HFEPR) Spectroscopy. HFEPR
measurements were performed on complex 1 at the Electron
Magnetic Resonance facility of the U.S. National High Magnetic
Field Laboratory on a polycrystalline powder sample over a range of
frequencies from 120 to 330 GHz and at temperatures in the 5—30 K
range. The polycrystalline sample was finely ground into powder and
tightly pressed into a Teflon cup that was then mounted within the
sample chamber of a broadband microwave transmission probe.'® The
HFEPR probe was subsequently inserted into a variable-flow *He
cryostat situated within the bore of a 15/17 T superconducting
solenoid. Microwaves were generated using a Virginia Diodes Inc.
source comprised of a tunable oscillator (13 + 1 GHz) followed by a
cascade of solid-state multipliers and amplifiers. Field-modulation was
employed together with a homodyne lock-in detection scheme using a
helium-cooled bolometer, yielding derivative-mode spectra (dI/dB,

https://dx.doi.org/10.1021/acs.inorgchem.0c00332
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where I is the absorption intensity and B the magnetic induction).
Spectral simulations were performed using the program EasySpin.”

DFT Methods. Calculations were carried out within the
framework of Kohn—Sham density functional theory (DFT)*" using
the spin-polarized Perdew—Burke—Ernzerhof (PBE) exchan%e
correlation functional”* and projector-augmented wave (PAW)™
pseudopotentials in conjunction with the plane-wave basis as
implemented in the Vienna Ab-initio Simulation Package
(VASP).>**® The plane-wave cutoff energy is 500 eV, and the energy
threshold for self-consistency is 107° eV. Owing to the strong
localization of the Ce f electrons, the GGA+U method was applied
with U = 2 eV*® for the Ce f orbitals. The downfolding procedure
refers to the construction of an effective Hamiltonian that uses basis
functions centered only on metal atoms/ions of interest (e.g, Mn)
and reproduces the original energy levels (or energy bands in solids)
in a given energy range, typically around the HOMO—LUMO gap (or
the Fermi energy in a solid). Matrix elements of the effective
Hamiltonian are calculated as (W,IHIW,), where H is the
Hamiltonian and IW) are spatially localized orbitals, or the so-called
Wannier functions generated from unitary transformation of Bloch
waves.””*®

Other Studies. Infrared spectra in the 400—4000 cm ™' range were
recorded on crushed polycrystalline samples as KBr pellets on a
Nicolet Nexus 670 FTIR spectrometer. Elemental analyses (C, H, and
N) were performed by Atlantic Microlabs, Inc. Variable-temperature
dc and ac magnetic susceptibility data were collected on vacuum-dried
solids using a Quantum Design MPMS-XL SQUID magnetometer
equipped with a 7 T magnet and operating in the 1.8—300 K range.
Samples were embedded in solid eicosane in a gel capsule to prevent
torqueing. Pascal’s constants were used to estimate the diamagnetic
corrections,” and contributions from the eicosane and gel capsule
were measured as a blank. These were subtracted from the
experimental susceptibility to give the molar paramagnetic suscept-
ibility (yy;). Magnetization vs field and temperature data were fit using
the program MAGNET, and D vs g fit error surfaces were generated
with the program GRID.?' Ac magnetic susceptibility measurements
were carried on microcrystalline vacuum-dried samples in the 1.8—
15.0 K range using a 3.5 G ac field with oscillation frequencies of 50—
1000 Hz.

B RESULTS AND DISCUSSION

Syntheses. The syntheses of 1 and 2 involve the reductive
aggregation of MnO,” in MeOH in the presence of
(NH,),Ce(NO;)s and an excess of carboxylic acid. The
alcohol is the reducing agent and a potential source of alkoxide
ligands, whereas the acid provides carboxylate ligands and
ensures an acidic environment that prevents formation of Mn
oxide/hydroxide precipitates. After preliminary screening of
MnO, /Ce* reagent ratios, the 1:1 ratio was found to give the
highest yields. Complexes 1 and 2 contain only Mn"™" and
Ce', ie, no Mn" or Ce'™t

The 1:1:15 N"Bu,MnO,/(NH,),Ce(NO;)s/ BuCO,H re-
action system in MeOH gave a dark brown solution and
subsequent isolation of 1-x(solv) containing 3Ce'’, 2Mn", and
3Mn" (eq 1; R = Bu). Since previous studies of reductive
aggregation of MnO,~ in homometallic chemistry had

SMnO,” + 3Ce** + 13RCO,H + 2MeOH + 17¢~
+ 10H" — [Ce;Mn O4(OMe)(O,CR),;(MeOH)]

+ 12H,0 (1)

shown the product often to be sensitive to the acid used,” we
also explored the reaction with benzoic acid, in MeOH/MeCN
to solubilize it, and obtained instead 2-xMeCN (eq 2; R = Ph)
containing 2Ce"™, Mn™, and 2Mn". Notwithstanding their
different nuclearities, 1 and 2 are overall
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Figure 1. (top) The complete structure of 1 as a stereopair with H
atoms omitted for clarity and (bottom) its labeled core. The Mn™
Jahn—Teller axes are indicated as blue bonds. Color code: Ce®,
yellow; Mn", blue; Mn'", green; O, red; C, gray.

3MnO,” + 2Ce** 4+ 9RCO,H + 3MeOH + 10e” + SH*
— [Ce,Mn,0;(0,CR),(MeOH),] + 7H,0 @)

similar in that they contain both Ce and Mn with the former
always Ce" and the latter at comparable oxidation state
averages of +3.60 (1) and +3.67 (2). In addition, 1 and 2
contain similar subunits, although overall they are structurally
different (vide infra).

Description of Structures. Selected metric parameters for
1 and 2 are listed in Tables S1 and S3, respectively, in the
Supporting Information. Ce and Mn oxidation states and O
protonation levels were confirmed by bond valence sum (BVS)
calculations (Tables S2 and S4 of the Supporting Informa-
tion).32

Complex 1 contains a [Ce;Mng(p3-0)4(p4-0),(s3-
OMe)]"** core (Figure 1) comprising a central CeIV3 triangle
bridged by four O*” ions (O1-3 and O6) to which are
attached a triangular {Mn;0,(y;-OMe)} unit at one end and a
{Mn,0,} unit at the other. Alternatively, the core can be
described as a {CeV,Mn'V,0,} cubane attached to a
{Ce™Mn"V,Mn™0,(OMe)} deformed cubane opened up at
one face by insertion of an additional O*~ ion (O1 or O3).
The Jahn—Teller (JT) elongation axes of the two Mn'" atoms
Mnl and Mn3 meet at the MeO~ oxygen atom O10.
Peripheral ligation is completed by 13 pivalate groups, 11 in
the common syn,syn ':17":u bridging mode, one in the 7":17%:u,
mode, and one in a chelating (*) mode which is also

https://dx.doi.org/10.1021/acs.inorgchem.0c00332
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R

Figure 2. (top) The structure of 2 as a stereopair with H atoms
omitted for clarity and (bottom) its labeled core. Color code: Ce",
yellow; Mn", blue; Mn™, green; O, red; C, gray.

hydrogen-bonded to a terminal MeOH on Mn3 (09--012 =
2.769(8) A). There are no significant contacts between
neighboring molecules of 1. The core of 1 is similar to that
in [Ce;Mn 0,(0,CBu'),,(NO;)(C,H,0)],> but the latter is
at a different oxidation level of Mn'V,Mn"™ and has a y-O*~ at
the p;-MeO™ position.

Complex 2 contains a [Ce,Mn,(p;-0);)]°* core (Figure 2)
comprising a {CeV,Mn",(;-0),} cubane with a Mn™
bridged to the Ce" atoms by an additional O*~ ion, O3.
Peripheral ligation is completed by three terminal MeOH
ligands on Cel, Ce2, and Mn3 and nine 7":7':u, bridging
benzoate groups. The molecule has virtual C,, symmetry,
ignoring the orientation of benzoate Ph rings and alcohol Me
groups. The expected Mn"™ JT distortion at Mn3 is of the rarer
axial compression type rather than the common axial
elongation: (i) the Mn—O”" bond (Mn3—03 = 1.803(5) A)
is 0.05—0.10 A shorter than typical Mn"'—(u;-O*>") bonds
(e.g, Mn1—04 = 1.882(8) A and Mn3—-0S = 1.891(8) A in
1), and (ii) the Mn™—O(carb) bonds (2.043(3)—2.090(3) A)
are slightly longer than those in 1 (1.915(3) and 1.940(3) A).
Both observations are consistent with a JT compression axis.
Unlike 1, 2 also has intermolecular contacts involving the
benzoate rings, the most significant being 7—7 stacking (3.49
A) involving Ph rings of benzoates bridging CelMn3 pairs on
adjacent molecules (Figure S3 of Supporting Information). 2
has been previously obtained from a different synthetic
procedure involving oxidation of Mn(O,CPh), with
(NH,),Ce(NO,)s in MeOH/MeCN.**

A comparison of the cores of 1 and 2 shows that the latter is
a fragment of the former (the {Ce,Mn,0,} cubane plus atoms
Ol and Mn3), and this provides some qualitative insight into
how the identity of the employed carboxylate is affecting the
synthetic pathway involving aggregation of the complete core
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Figure 3. (a) yyT vs T for complex 1 in a 1.0 kG dc field. The lower
and upper dashed lines are spin-only values for, respectively, (i) five
noninteracting Mn" 3Mnm2 ions and (ii) noninteracting Mn", (S =
3) and MnYMn'™, (S = ''/,) units. The solid line is the fit to the
exchange-coupling model in the inset (Mn', green; MnY, blue). See
the text for the fit parameters. (b) M/Nug vs H/T plot for data in the
1.8—10.0 K range at the indicated applied fields. The solid line is the
fit; see the text for the fitting model and the fit parameters.

45
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Figure 4. Ac in-phase yy'T vs T for complex 1 in a 3.5 G ac field at
1000 Hz. The solid line is the fit using the Van Vleck equation to the
two-spin model in the inset. See the text for the fit parameters.
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Figure 5. (a) yT vs T for 2 in a 1.0 kG dc field. The lower and upper
dashed lines are spin-only values for, respectively, (i) three
noninteracting MnV,Mn™ ions and (ii) noninteracting Mn%, (S =
3) and Mn™ (S = 2) units. The solid line is the fit to the Van Vleck
model in the inset (Mn", green; Mn", blue); see the text for the fit
parameters. (b) M/Nug vs H/T plot for 2 in the 1.8—10.0 K range at
the indicated applied fields. The solid line is the fit; see the text for the
fitting model and the fit parameters.

of 1, ie, the benzoate groups appear to be stabilizing the
smaller [Ce,Mn;0;] core and preventing its further growth.

Magnetochemistry: DC Magnetic Susceptibility Stud-
ies. Variable-temperature dc magnetic susceptibility (r) data
were collected on crushed vacuum-dried microcrystalline
samples in the 5.0—300 K range in a 0.1 T (1 kG) applied
dc field and plotted as yyT vs T.

For 1, yT steadily increases from 14.27 cm® K mol™" at 300
K to 34.79 cm® K mol™" at 5.0 K (Figure 3a). The 300 K value
is higher than the spin-only (g = 2.0) yT = 11.63 cm® K
mol™! for a noninteracting Mn";Mn", system, indicating
dominant ferromagnetic (F) interactions in 1. However, F
Mn™Mn" and Mn'", units with S 1/, and S = 3,
respectively, that are well-separated and essentially non-
interacting would give a maximum spin-only yyT of 23.88
cm® K mol™" at low T (with a likely decrease at even lower T as
any very weak interunit antiferromagnetic (AF) interactions
became evident). Instead, a much higher T of 34.79 cm® K
mol ™" at 5.0 K is obtained, suggesting the presence of long-
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Figure 6. Variable-temperature powder HFEPR spectra (black lines)
recorded at a frequency of 144 GHz, along with spectral simulations
(red lines) generated using eq 6 along with the parameters given in
the main text. See also Figure S6 in the Supporting Information for
frequency dependent measurements and simulations.

range F interactions of significant magnitude between the two
units. This predicts an S = '/, ground state, the maximum
possible (spin-only yuT = 40.38 cm® K mol™), which is
consistent with the still-increasing value at 5.0 K.
Confirmation of the ground state of 1 came from
magnetization (M) vs field (H) and T data in the 0.1-7.0 T
and 1.8—10.0 K ranges, respectively. The data, as reduced
magnetization (M/Nug) vs H/T (Figure 3b), where N is
Avogadro’s number and yiy is the Bohr magneton, were fit by
diagonalization of the spin Hamiltonian matrix using the
program MAGNET,”® which assumes that only the ground
state is occupied, includes the axial zero-field splitting (DS,?)
and the Zeeman interaction, and incorporates a full powder
average. The corresponding spin Hamiltonian is eq 3

H= DSZ2 + guph,S-H (3)
where SZ is the z-axis spin operator, g is the Landé g factor, and
U is the vacuum permeability. An excellent fit (solid lines in
Figure 3b) employing all data was obtained with S = '7/,, g =
1.95(3), and D = —0.14(1) cm™. The D vs g error surface
(Figure S1 of Supporting Information) revealed a best-fit
minimum rather soft in g giving the quoted uncertainties in the
fit parameters. Also, as is usually the case, a second fit with
positive D was also observed, but of poorer overall quality.
To avoid any possible complications from the dc field, ac in-
phase susceptibility (yy') data were collected. The y,,/T vs T
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Figure 7. Projected density of states (PDOS) of (a) the Mn-d and (b)
the Ce-f orbitals of complex 1 and (c) an expansion of the small Ce
contribution at ~—0.2 eV.

plot (Figure S2) increases steadily with decreasing T from
29.20 cm® K mol ™ at 15.0 K to a plateau of 38.8 cm® K mol ™
at 2.4 K, providing further confirmation of an S = '/, ground
state with g ~ 1.96. Below 2.4 K, there is a barely discernible
decrease at 1000 Hz assigned to slow relaxation of the
magnetization vector, confirmed by a very weak and frequency-
dependent out-of-phase (") signal (Figure S2) showing that
1 is a new SMM but a very poor one.

The dc yT data for 1 (Figure 3a) were fit using the
program PHI*® to determine the various exchange couplings
(Jj using the —2J;S:-S; convention) as defined in Figure 3
(inset). To minimize overparameterization, virtual symmetry
was applied: J; = J(Mn™Mn"), ], = J(Mn"™Mn™) in the
triangular unit, J; (Mn'YMn") in the Mn" pair, and J, =
JMn"™Mn") and J; = J(Mn"Mn'") for the long-range
interactions. An excellent fit (solid line in Figure 3a) was
obtained with J; = +11.36(2) ecm™, J, = —2.02(7) cm™, J; =
+26.2(14) em™, J, = +0.26(1) ecm™, and J; = +0.026(12)
cm™!, with g and temperature-independent paramagnetism
(TIP) held constant at 2.0 and 800 X 107¢ cm® mol™,
respectively. The strongest interactions, J; and J3, are thus both
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F and can be rationalized as resulting from the acute Mn—O—
Mn angles of average 97.3° and 95.5° between the Mn"'Mn'"
and Mn""Mn"" pairs, respectively. This is also consistent with
previous observations of F interactions between Mn" Mn"
pairs in cubane-like units with bridging Mn—O—Mn angles of
~97° or less.”® The F J; gives an S = 3 ground state for the
Mn""Mn'"" pair, whereas within the triangular Mnj unit there is
spin frustration involving F J; and AF J,. The stronger ], clearly
dominates, leading to an S = ''/, ground state for this unit.
The ground state of the whole cluster is then determined by
the long-range J, and J, mainly the stronger former, which are
both F and thus rationalize the experimental S = '7/, ground
state.

However, we worried that since the strong J;—J; dominate
the spin state energy manifold and resulting Boltzmann
populations, the obtained J, value (and J) was very unreliable.
We therefore determined independently the interaction
between the two Mn units by fitting the ac yy/T vs T data
below 15 K to the Van Vleck equation for a two-spin system, S;
="/, and S, = 3, interacting with exchange constant J (Figure
4, inset). This model assumes both units are in their local
ground states, which is reasonable given the low T and the
strength of J; and J;, and the use of ac yy/T vs T data also
avoids possible complications from the use of an applied dc
field given how weak the interactions of interest are. Using data
down only to 2.4 K (to avoid the effect of slow relaxation
below this), a satisfactory fit was obtained (solid line in Figure
4) with J = +0.26(1) cm™" and g = 1.98(1). Thus, J from this
independent approach is (coincidentally) identical to J, from
the fit of dc data, supporting the magnitude of the long-range
interaction.

For 2, yyT steadily increases from 8.00 cm® K mol™" at 300
K to 12.37 cm® K mol™ at 10.0 K and then decreases slightly
to 12.09 cm® K mol ™" at 5.0 K (Figure S). The 300.0 K value is
higher than the spin-only 6.75 cm® K mol™" for noninteracting
Mn",Mn"™ ions, indicating F interactions between the two
Mn'’s. As for 1, the maximum at 10.0 K is higher than the
9.00 cm® K mol ™" spin-only value for noninteracting Mn", (S
= 3) and Mn™ (S = 2) units, indicating the presence again of
long-range F interactions between the two units and thus an §
= 5 ground state for 2 (spin-only yyT = 15.0 cm® K mol™).
However, we expected the yT to peak closer to this value and
thus suspected and found 7—7 interactions involving benzoate
Ph rings 3.49 A apart on adjacent molecules (Figure S3); i.e.,
the yyT stops increasing as very weak AF intermolecular
interactions through the 7—s contacts become evident.

The data were fit to the yy,T vs T Van Vleck equation®” for
an isosceles triangle (Figure Sa inset) with the spin
Hamiltonian of eq 4, where J; J(Mn™Mn"), 7],
JMn"Mn"), S, =2, and S, = S; = 3/,. Use of the Kambe
vector coupling scheme® with S, = S, + Sy and Sy = S, + §,,
where St is the total spin of the molecule

H= _2]1[§1'§2 + §1'§3] - 2]2§2'§3 4)
E(Sy, Sy) = —J[(Sp(Sp + 1) = S (S + 1)]
— LSS + 1) (5)

leads to the energies of the resultant spin states, E(Sy, S,),
given by the eigenvalue expression of eq S. The fit (solid line in
Figure Sa) gave ], = +1.0(1) ecm™, J, = +20.8(4) cm™}, and g =
1.99(3). This fit indicates an S = S ground state, the IS1,S,) =
IS,3) state, with a 14,3) first excited state at 10.1 cm™"' higher
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Figure 8. Wannier functions projected onto Mn-d,, orbitals for complex 1. The first Wannier orbital has the largest spread of 6.96 A% The iso-

surface value is 1.5/4/V, where V is the unit cell volume.

5

5

Figure 9. Cross-sectional contour plot, in units of 0.00827 A7 ofa

plane through the Mn2, Mn4, and MnS5 ions in the Wannier function
of Figure 8a for 1.

energy. The data were also fit using the program PHI to the
same isosceles triangle model to give an essentially identical fit,
with J; = +0.95(24) ecm™, J, = +19.4(6) cm™, and a fixed g =
2.0 (Figure S4). A good fit of M/Nug vs H/T data collected in
fields up to 7 T was also obtained (Figure Sb), with S=5, D =
—0.40(3) cm™’, and g = 1.82(2). The low value of g is an
artifact assigned to the effect of the intermolecular interaction,
and the D value should also be considered very approximate,
but otherwise the fit confirms the long-range F coupling to give
an overall S = 5 ground state. The D vs g fit error surface is
shown in Figure S5. Thus, both 1 and 2 exhibit significant
long-range F interactions between the two Mn-containing units
separated by four bonds via diamagnetic Ce'" ions, rather than
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0.00025

Figure 10. (a—e) Cross-sectional contour plots of the charge density
of the five highest occupied KS states for 1, in units of Bohr. The
maximum and minimum (0.00025 and 0) of the scale are set to match
the maximum and minimum values of the states. Energies are from
high to low, within 1 eV of each other. (f) For comparison a plot is
shown of one of the Wannier orbitals.

the very weak AF ones that would usually be predicted in such
cases.

High-Frequency/Field EPR (HFEPR) Studies. Figure 6
shows the experimental variable-temperature HFEPR spectra
of 1 recorded at a frequency of 144 GHz, while variable-
frequency measurements are presented in Figure S6 of the
Supporting Information; also included in both figures are the
best simulations generated according to the multispin
Hamiltonian given by eq 6,”°”*" where the

Z ~2s

i>i

N
Hys = X3 4dis + Y mB g4 +
i=1 i (6)
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first summation describes the local zero-field-splitting (ZFS) at
each spin site i in the molecule, N is the total number of spins
(N =S for 1), 5; is the associated total spin operator, and d; is
the corresponding traceless symmetric second-rank ZFS tensor
(eq 7), with d; and ¢; representing the second-order axial and
rhombic ZFS parameters, respectively. Lower-case symbols are
used here to differentiate local operators/parameters associated
with the individual Mn spins from the macro-spin operators/
parameters associated with the coupled molecule.

-+ 0 0
- d
d;, = 0 ———¢ 0
24,
0 o =
7)

The second summation in eq 6 represents the Zeeman
interaction at each site in terms of the individual Landée

tensors, g, and the applied magnetic field, E\, with pg denoting
the Bohr magneton. Last, the final double summation in eq 6
describes the isotropic Heisenberg exchange coupling between
spin sites i and j within the molecule, parametrized by the
scalar coupling constant J;; (using the —2J; 5;5; convention).

A full treatment considering all five independent Mn spins
within 1 involves far too many adjustable parameters and is
both computationally demanding and time-consuming when
performing orientational averaging for simulations of powder
HFEPR spectra. Therefore, we adopted the same model
considered in the analysis of the magnetic data to greatly
simplify our treatment of the HFEPR measurements and to
allow direct comparisons between the various methods
employed in this investigation. In this model, the two Mn™
ions (Mn1 and Mn3, see Figure 1) at one end of the molecule
are considered to be coupled ferromagnetically to the
neighboring Mn" ion (Mn2), giving rise to an effective total
spin s; = '/, (= 2 + 2 + 3/,) at the lowest temperatures.
Meanwhile, we assume that the remaining Mn" ions (Mn4
and MnS) at the other end of the molecule also couple
ferromagnetically, giving rise to a second effective spin s, = 3
(= %/, + 3/,). Within this model, we assume that any
anisotropy associated with the Mn'Y jons is weak in
comparison to the JT-active Mn" ions.*" Hence, we assume
that the d; tensor dominates the ZFS; i.e., we adjust d; and e,
to reproduce the larger splittings observed in the experimental
spectra. Meanwhile, we assume a small axial d, tensor, with e, =
0 and d, (< d,) adjusted to improve some of the finer details
near the center of the spectra. A final simplification involves
assuming the two g tensors to be isotropic, with g = g = g1
= g,1 = 2.00. Although Landé factors slightly less than 2.00 are
known for Mn™ and Mn' (literature values span a
considerable range, yet high-resolution EPR studies for
Mn"'/Mn" generally obtain values between 1.98 and
2.00),* the error introduced by this approximation in terms
of estimating the coupling and ZFS parameters is insignificant
in comparison to the overall validity of the model. In this way,
we are left with just four adjustable parameters, d}, e;, d,, and
J1» (equivalent to J in the inset to Figure 4).

The simulations presented in Figures 6 and S6 (see
Supporting Information) represent best attempts at describing
the complete HFEPR data set. We focus primarily on the
lowest temperature measurements, as our simple model can be
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expected to break down at elevated temperatures, i.e., when the
treatment of the two halves of the molecule as effective giant
spins starts to fail.*** The following parameters are deduced
from this analysis: ], = +0.20(2) cm™, d; = —0.40(2) cm™}, ¢,
= +0.063(5) cm™, and d, = 0.016(4) cm™". The first point to
note is the F coupling constant, J,, which is in good agreement
with the value of ] = +0.26(1) cm™ obtained from the analysis
of ac susceptibility data using the same model. Given the
degree of approximation employed here, and the obvious fact
that the variable-temperature susceptibility analysis ignores the
appreciable ZFS within the molecule, one should not expect
perfect agreement. Nevertheless, the combined experimental
investigations paint a unified picture of the weak F coupling
through the diamagnetic Ce' centers. We note that the
HFEPR simulations are quite sensitive to both the magnitude
and sign of Jj, in this weak coupling regime (Jj, < d).»
Hence, we have good confidence in the value reported here. It
is also important to rule out a simple through-space dipolar
interaction as the source of this coupling. A very simple
estimate treating the two halves of the molecule as point
dipoles s, = '/, and s, = 3, separated by 6 A, yields a coupling
strength that is a factor of ~25 smaller than the experimentally
obtained one. Thus, even though this represents a rather crude
estimate, it gives us confidence that the observed F interaction
is indeed due to exchange through the diamagnetic Ce' ions.

Meanwhile, one can make a crude estimate of the axial D
parameter associated with the S = '7/, ferromagnetically
coupled ground state of the complete Mn;Ce; cluster based on
the assumption that the dominant contribution comes from
the Mn'" jons, i.e., d1.46 Upon doing so, we obtain a value of D
= —0.16(2) cm™" for the S = '/, ground state of 1, again in
good agreement with the value of D = —0.14(2) cm™" deduced
from reduced magnetization measurements, given the approx-
imations employed in both analyses.

DFT Calculations. In previous work with a Ce;Mng cluster
with a very different structural topology, analysis of the
magnetic properties led us to suspect that a Ce' ion was
contributing to the exchange coupling between Mn™'-Mn™
pairs bridged by O~ and/or RCO,™ groups.”” Thus, the above
results for 1 and 2 now made us wonder whether a similar
effect was operative in these clusters with more separated Mn,,
units not directly bridged by any ligands. If so, then this would
be a much clearer indication of the ability of diamagnetic Ce'
to contribute to Mn"™"-Mn™ exchange couplings.

Calculations were therefore carried out to elucidate the
possible involvement of empty Ce' f orbitals in the long-range
exchange coupling. We began with total energy calculations of
the 16 spin configurations at the five Mn atoms with a
reasonable U = 4.4 eV and found the all-parallel (uuuuu) state
(u = up) with S = '/, to be the ground state (Table SS), in
agreement with the experimental magnetic susceptibility and
HFEPR conclusions. The first excited state at just a few
millielectronvolts was found to be the (ddduu) state with S =
3/,, corresponding to the spins of the Mn, and Mn, units being
antiparallel and thus supporting the long-distance interaction
between Mn, units to be the weakest in the molecule.
However, the excited state energies were found to be very
sensitive to the calculational parameters such as U, precluding
subsequent reliable calculation of the various J; parameters for
comparison with those from the experimental magnetic
susceptibility fits and HFEPR simulation.

Next, the projected density of states (PDOS) of Mn-d and
Ce-f orbitals for 1 (Figures 7a,b) show that the Mn-d,, orbitals
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have the largest contribution below the Fermi energy while the
contribution from the Ce-f orbitals is mainly above but close to
the Fermi energy. This is consistent with the Mn-d orbitals
obviously dominating the exchange coupling in the molecule.
However, small features for Ce-f orbitals are also seen below
the Fermi energy at the positions of Mn-d orbitals, indicating
d/f orbital hybridization, with the largest Ce contribution
being in the highest energy Mn-d band at ~—0.2 eV (Figure
7c). To further probe this d/f hybridization, the maximally
localized Wannier function method”® was employed to assess
the spread of the hybridization and its contribution to long-
range magnetic interaction pathways.47 With Wannier
functions projected onto the five Mn-d,, orbitals, five Wannier
functions were obtained for 1 (Figure 8). The huge spread of
6.96 A* for the first Wannier orbital (Figure 8a) shows that it is
delocalized over the whole molecule, providing a pathway for
the long-range interaction between the distant Mn ions in 1.
This is better visualized in the slice through this Wannier
orbital shown in Figure 9, which emphasizes that it
encompasses both distant Mn ions as well as Ce ions.

The same conclusion results from looking at the five highest
occupied Kohn—Sham (KS) orbitals, y; (i = 1—5). From the
DOS analysis, their major composition is Mn-d orbitals with
slight Ce-f hybridization. The partial density (defined as ly;*)
cross-sectional areas are depicted in Figure 10a—e. It can be
seen that some of these orbitals are quite diffuse, supporting a
significant exchange interaction between distant Mn atoms.
For comparison, we also plot one of the Wannier orbitals
(Figure 10f). This long-distance interaction is consistent with
the effective Hamiltonian approach. The purpose of construct-
ing Wannier orbitals is to reduce the Hilbert space to a few
states near the highest occupied molecular state. These states
are more important than those of lower energy for super-
exchange processes. Upon completion of the Wannier
transformation, an effective tight-binding Hamiltonian is
produced whose off-diagonal elements are related to the
hopping process from one site to another. Here, a site is
chosen to be a Mn atom. The influence of other atoms such as
O and Ce are all included implicitly through this exercise.
Unlike total energy calculations, the effective Hamiltonian does
not provide the sign of the exchange couplings, but it shows
the relative strength of various spin coupling pathways. Our
analysis indicates that distant Mn atoms couple together more
weakly than neighboring ones, but still within the same order
of magnitude (~9:1).

Similar results were obtained for complex 2, with the
generated PDOS plots (Figure S7) showing that now the Mn-
d_ orbitals have the largest contributions below the Fermi
energy. In addition, small features for Ce-f orbitals are again
seen below the Fermi energy at the positions of Mn-d orbitals,
indicating d/f orbital hybridization. Wannier functions
projected onto the three Mn-d; orbitals gave the three
Wannier functions for 2 in Figure S8, with the one with the
largest spread of 4.37 A” being delocalized over the whole
molecule and providing a pathway for the long-range
interaction between Mn, as visualized in the slice through
this Wannier orbital in Figure S9.

B CONCLUSIONS

The reductive aggregation of MnO,~ in heterometallic cluster
chemistry for the first time has yielded a new Ce;Mny cluster
(1) and a lower nuclearity Ce,Mnj; cluster (2), both exhibiting
long-range exchange coupling between Mn ions. These
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interactions between well-separated Mn units, indicated by
both fits of magnetic susceptibility and HFEPR data, are
surprising in both their F nature and their significant
magnitude (albeit still weak), given that in both complexes
the shortest interunit Mn--Mn separations are ~6 A and a
standard superexchange pathway would involve four bonds
through the intervening diamagnetic O*~ and Ce*" ions. We
would have instead predicted very weak AF interactions akin to
commonly observed intermolecular interactions between
adjacent magnetic molecules in a solid. The possibility that
the F interactions instead are due to involvement of empty
Ce" f orbitals is supported by the DFT calculations revealing
d/f orbital mixing. In effect, the data indicate that the long-
range coupling is mediated by MnCe"Mn superexchange
pathways involving empty Ce'" 4f orbitals. It is not clear at the
present time why this leads to F rather than AF coupling in 1
and 2, and this point will need to be addressed both
experimentally and theoretically in future work. In fact, we
also see no reason why in some compounds it might not be
found to be AF, in which case depending on the topology it
might not be so easy to distinguish it from weak AF
interactions through normal superexchange pathways involving
just oxo and/or other O-based ligands. Related work is in
progress.

Since the d/f orbital hybridization is a consequence of the
Ce-f orbitals being relatively low-lying to the Fermi energy, it is
therefore a direct consequence of the high Ce' oxidation state.
We see no reason therefore why similar effects would not be
seen in other 3d/Ce!V clusters or solid-state materials that have
an appropriate topology so that this effect is not masked by
stronger couplings—the advantage of the present complexes 1
and 2 was that their component Mn, units are essentially on
opposite sides of the central Ce, units and thus not directly
bridged and coupled with a significant magnitude.
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