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ABSTRACT: The syntheses, structures, and magnetochem-
ical properties are reported for five new Mn clusters:
[MnIH3O(OZPPh2)3(mpko)3] (CIO,) (1), [MUHI3O(02Pth)3'
(ppko);](ClO,) (2) [Mn"40,(OMe),(O,PPh,),(mpko),]-
(C104), (3), [Mn'''sMn''O4(0,CMe);-
(O3PPh),(mpko);(H,0)] (4), and [Mn™,Mn"O(mpko);-
(H,0),(Cl0,),](ClO,) (5), where mpko™ (or ppko™) is the
anion of methyl (or phenyl) 2-pyridyl ketone oxime. 1 was
obtained by carboxylate substitution on [Mn'";0(0,CMe);-
(mpko);](ClO,) by treatment with diphenylphosphinic acid
(Ph,PO,H). The comproportionation reaction between Mn-
(ClO,), and NBu*,MnO, in the presence of Ph,PO,H and
ppkoH in EtOH, or mpkoH in MeOH, led to 2 and 3,

Mn6é

respectively. 4 was obtained as was 3, but with phenylphosphonic acid (PhPO;H,) instead of Ph,PO,H. 5 was obtained by aerial
oxidation of Mn(ClO,), in the presence of mpkoH. 1 and 2 contain a triangular Mn; core, 3 comprises the fusion of two Mn;
units of 1 by MeO™ bridges, and 4 has a cagelike structure. § is similar to 1 in possessing a triangular core. Variable-temperature,
solid-state direct-current (dc) and alternating-current (ac) magnetic data were collected on 1—S5: 1 and 2 exhibit ferromagnetic
Mn----Mn exchange interactions, S = 6 ground states, and are new single-molecule magnets (SMMs). 3—S5 possess S = 4, 5/, and
3/, ground states, respectively, from dominant antiferromagnetic interactions. Fits of dc magnetization data in the 1.8—10.0 K
and 10—70 kG ranges gave D and g values of: —0.29(2) cm™" and 1.94(1) for 1, —0.38(2) cm™" and 1.99(1) for 2, —0.29(2)
cm™! and 1.96(1) for 3, —1.26(4) cm™' and 1.99(2) for 4, —1.41(4) cm™' and 1.98(2) for 5, where D is the axial zero-field

splitting parameter.

B INTRODUCTION

Manganese-oxo cluster chemistry holds a special place in the
field of molecular magnetism and single-molecule magnets
(SMMs). The latter are molecular superparamagnets below a
blocking temperature, T, due to a combination of large
ground-state magnetic moment and Ising-type magneto-
anisotropy that results in a significant energy barrier (vs kT)
to reversal of the magnetization vector."”” Mn chemistry was the
area in which the latter new magnetic phenomenon was
discovered, and the subsequent flood of new (mainly) Mn,
clusters that were reported over the subsequent decade or so
led to a great “inflation” of the field and its establishment as a
deep-rooted new area of inorganic chemistry and molecular
nanomaterials.”* Its subsequent expansion into other d and/or
f metal chemistry has led to a dizzying array of high-nuclearity
compounds, new structural types, magnetic behaviors, and
theoretical understanding.”~"" The very recent report of an
SMM operating at 60 K is the true icing on the cake of the first
quarter-century of this field,'” and it presages an exciting age of
next-generation science from this area.
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One of the spin-offs from the SMM area has been the
development of many fascinating synthetic procedures to
metal-oxo clusters with a variety of ligand types, as well as
procedures for their modification. Coupled with the general
advantages of molecular chemistry, namely, monodispersity,
solubility, and crystallinity, this has also led to discovery of new
quantum physics for nanomagnetism, such as quantum
tunneling of the magnetization vector (QTM)," quantum
phase interference,'* exchange-biased QTM,IS’16 and others of
relevance to new technologies.'”"*

Developing methods for the synthesis and modification of
coordination-cluster SMMs has been one of our group’s
interests, including from comproportionation,'” reductive
alggregation,20 a.lcoholysis,21 and others. The work described
herein is relevant to previous investigations of the effect of
substituting the carboxylate ligands in Mn/O/RCO,~ clusters
with “pseudocarboxylates” (i.e, having an XO,™ unit that can
bridge like a carboxylate, e.g., in the common 7':;':u mode),
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either pre- or postsynthetically. A main objective is to assess the
effect of the different electronic (e.g, pK,) and/or steric
properties of the pseudocarboxylate or as a means to facilitate
some desired objective such as deposition of an SMM on a
surface.”> Pseudocarboxylates that have been used span various
types, namely, with X = N, P, As, S, and Se. In fact, we and
others have had little success in replacing all the carboxylates
without changing the core structure or nuclearity, except when
the number of carboxylates is small compared to the nuclearity
of the cluster.”> For example, partial substitution of
[Mnlelz(OZCR)16(H20)4:|4’24 SMMs can be accomplished
to give [Mn;01,(0,CR);6-,(L),(H,0),] by reactions with
HNO; (x = 4, y = 4), diphenylphosphinic acid (Ph,PO,H) (x =
8 or 9, y = 4),” diphenylphosphoric acid ((PhO),PO,H) (x =
4,y= 0),”° or benzenesulfonic acid (PhSO;H) (x = 8, y= 4)
but attempts to force all carboxylates to be substituted by these
1igands,27 or the use of benzeneseleninic acid (PhSeO,H)*® or
dimethylarsenic acid (Me,AsO,H),” causes rupture of the
Mn;, core and a different nuclearity product. This has thus
made difficult comparisons of carboxylate SMMs with their
pseudocarboxylate analogues.

X

.

o

HO/N O/P\R

OH

R =Me (mpkoH)
or Ph (ppkoH)

R = Ph (Ph,PO,H)
= OH (PhPO;H,)

We have recently been working with the [Mn;O-
(0,CR);(mpko);](ClO,) (mpkoH = methyl(Z-Eyridyl)ketone
oxime) SMM family with S = 6 ground states'®”*" discovered
by the Perlepes group.”’ We decided to investigate its
carboxylate-substitution reactions with Ph,PO,H as well as
with phenylphosphonic acid (PhPO;H,) for comparison. As a
further comparison, we also investigated the products obtained
from the reactions between these P-based reagents and other
Mn sources, including simple Mn" salts. We herein report the
results of this study, which include the first examples of Mn;/
mpko chemistry with such ligands, and the structural and
magnetic properties of the obtained products.

B EXPERIMENTAL SECTION

Synthesis. All preparations were performed under aerobic
conditions using chemicals and solvents as received. N"Bu,MnQ,,**
mpkoH,** ppkoH,** and [Mn;0(0,CMe)4(py);](ClO,)> were
prepared as described elsewhere. ppkoH = phenyl(2-pyridyl)ketone
oxime. Caution! Although no such behavior was observed, perchlorate
salts and N"Bu,MnO, are potentially explosive and should always be used
in small quantities and with extreme care.

[Mn;0(0,PPh,);(mpko);1(CIO,) (1). Method A. Ph,PO,H (0.60
mmol, 0.13 g) was added to a stirred solution of [Mn;O-
(0,CMe);(mpko);](ClO,) (0.20 mmol, 0.17 g) in CH,Cl,/MeCN
(20 mL, 1:2 v/v). The resulting dark brown solution was stirred for 3
h, and then the solvent was removed under vacuum using a rotary
evaporator. In a step repeated twice, toluene (20 mL) was added, the
mixture was stirred for 15 min, and the solvent was removed under
vacuum. The resulting black residue was dissolved in CH,Cl, (25 mL)
and filtered, and the filtrate was layered with hexane (25 mL). Dark

brown X-ray quality crystals of 1-SCH,Cl, formed within S d, and they
were collected by filtration, washed copiously with CH,Cl, and
hexane, and dried under vacuum. The yield was 88% based on Mn.
Calcd (Found) for 1-H,0 (Cs;Hg;CIN4O;sP;Mn;): C, 50.52 (50.15);
H, 394 (3.53); N, 620 (5.87)%. Selected IR data (KBr, cm™):
3441(br), 3054(w), 2068(w), 1601(s), 1521 (s), 1476(s), 1437(s),
1384(s), 1264(m), 1190(m), 1119(m), 1034(m), 1010(m), 992(m),
728(s0, 697(s), 657(m), 622(s), 555(m), 529(m), 470(m), 419(w).

Method B. Solid mpkoH (0.60 mmol, 0.08 g) was added to a stirred
brown solution of [Mn;0(0,CMe)(py);](ClO,) (0.2 mmol, 0.18 g)
in MeOH/MeCN (15 mL, 1:2 v/v), and the resulting dark brown
solution was stirred for a further 30 min. Ph,PO,H (0.60 mmol, 0.13
g) dissolved in CH,Cl, (5 mL) was added to the solution and stirred
for a further 4 h. The solvents were then removed using a rotary
evaporator. In a step repeated three times, toluene (20 mL) was added,
stirred for 15 min, and then removed under vacuum. The resulting
black residue was then treated as in Method A to give dark brown X-
ray quality crystals in 62% yield based on Mn. The IR spectrum and
magnetic data confirmed the product to be the same as from Method
A.

Method C. NaOEt (0.73 mmol, 0.050 g) and Mn(ClO,),-6H,0
(0.60 mmol, 0.22 g) were added to a stirred solution of solid mpkoH
(0.60 mmol, 0.08 g) and Ph,PO,H (0.6 mmol, 0.13 g) in EtOH (25
mL). Solid N"Bu,MnO, (0.30 mmol, 0.12 g) was added in small
portions to the resulting yellow solution, which rapidly darkened and
formed a brown precipitate. The slurry was stirred for another 15 min
and filtered, and the residue was washed copiously with EtOH. It was
then dissolved in hot MeCN and then allowed to cool and concentrate
by slow evaporation to give dark brown crystals over 4 d. They were
collected by filtration, washed with EtOH and hexane, and dried in
vacuum. The yield was 56% based on Mn. The IR spectrum and
magnetic data confirmed the product to be the same as from Method
A

[Mn;0(O,PPh,);(ppko);1(ClO,) (2). Mn(ClO,),6H,0 (0.60
mmol, 0.22 g) was added to a stirred solution of solid ppkoH (0.60
mmol, 0.12 g) and Ph,PO,H (0.60 mmol, 0.13 g) in CH,Cl,/MeOH
(25 mL, 4:1 v/v). N"Bu,MnO, (0.15 mmol, 0.06 g) was added in
small portions to the resulting yellow solution, which rapidly turned
deep brown. The solution was stirred for a further 15 min and filtered,
and the filtrate was allowed to stand undisturbed at ambient
temperature. Dark brown X-ray quality crystals grew over 3 d. They
were collected via filtration, washed copiously with CH,Cl,, and dried
in vacuum. The yield was 63% based on Mn. Calcd (Found) for 2
2H,0 (C,,Hg CINGO4P;Mn;): C, 55.45 (55.43); H, 3.94 (3.76); N,
5.39 (4.99)%. Selected IR data (KBr, cm™): 3441(br), 3054(w),
2068(w), 1596(s), 1482 (s), 1462(s), 1437(s), 1384(s), 1223(m),
1131(m), 1122(m), 1033(m), 1010(m), 992(m), 781(m), 754(m),
728(s), 707(s), 657(s), 636(m), 622(s), 555(m), 529(m), 470(m),
441(w).

[Mn¢O,(OMe),(0,PPh,),(mpko),I(ClO,), (3). NaOMe (0.93
mmol, 0.050 g) and Mn(ClO,),-6H,0 (0.60 mmol, 0.22 g) were
added to a stirred solution of mpkoH (0.60 mmol, 0.080 g) and
Ph,PO,H (0.60 mmol, 0.13 g) in MeOH (25 mL). Solid N"Bu,MnO,
(0.30 mmol, 0.12 g) was then added in small portions to give a dark
brown solution, which was stirred for a further 15 min and filtered, and
the filtrate was allowed to stand undisturbed at ambient temperature.
Dark brown X-ray quality crystals formed over 3 d, and they were
collected via filtration, washed copiously with MeOH, and dried in
vacuum. The yield was 64% based on Mn. Calcd (Found) for 3-2H,0
(CgoHg4NgO,4P,CLLMny): C, 45.11 (45.21); H, 3.97 (3.66); N, 5.26
(4.89)%. Selected IR data (KBr, cm™"): 3436(br), 3056(w), 2935(w),
2871(w), 2067(w), 1604(s), 1555(w), 1477(m), 1384(s), 1298(w),
1277(m), 1247(w), 1156(w), 1130(w), 1107(w), 1037(m), 1016(m),
982(m), 926(s), 827(w), 784(w), 757(s), 726(s), 700(m), 657(s),
623(s), S61(w), 457(w).

[Mng04(0,CMe),(O5PPh),(mpko);(H,0)] (4). PhPO,H, (0.50
mmol, 0.080 g) was added to a stirred solution of Mn(0O,CMe),-4H,0
(1.2 mmol, 0.29 g) and mpkoH (1.2 mmol, 0.16 g) in MeCN/MeOH
(21 mL, 1:2 v/v). Solid N"Bu,MnO, (0.30 mmol, 0.12 g) was then
added in small portions to give a dark brown solution, which was
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Table 1. Crystallographic Data for Complexes 1, 3, 4, and §

1-5CH,Cl, 3-2MeOH 4-10MeCN S
formula® Ce2Hg Cly i Mn3NgO Py CyoHgsCLMngNGOP, Ce7HgaMngN,4050P, Cy1Hy9ClMn;NOy
FW, g/mol” 1761.85 2103.97 2149.90 956.67
crystal syst rhombohedral triclinic monoclinic monoclinic
space group R3 P1 P2,/n Pn
a, A 15.8065(8) 15.8655(7) 16.4261(7) 16.4817(13)
b, A 15.8065(8) 17.0134(7) 29.5809(13) 10.4222(8)
¢ A 25.7416(13) 17.3700(8) 17.5671(8) 20.3038(15)
a, deg 90 87.724(1) 90 90
P, deg 90 86.814(1) 98.551(6) 91.919(2)
7, deg 120 85.585(1) 90 90
volume, A® 5569.8(5) 4664.5(4) 8440.9(6) 3485.7(5)

z 3 2 4 4

T, K 100(2) 100(2) 100(2) 100(2)
AP A 0.71073 0.71073 0.71073 0.71073
Peay g/cm® 1.576 1.498 1.692 1.823
#, mm™! 1.027 0.991 1.427 1.391
R157 0.0302 0.0776 0.0926 0.0856
wR2® 0.0795 0.1631 0.1602 0.1251

“Including solvent molecules. Graphite monochromator. I > 26(I). “R1 = 100X (IIF,| — IFll)/YIF,l. “wR2 = 100[Y.[w(F,*> — F2)*]/
Sw(E)2 YA w = 1/[6*(Fy?) + [(ap)? + bp), where p = [max (F2 0) + 2F.2]/3.

stirred for a further 1 h and filtered, and the filtrate was layered with
acetone/hexane (1:1 v/v). Well-formed, X-ray quality dark brown
crystals were obtained over 4 d, and they were collected via filtration,
washed copiously with hexane and acetone, and dried in vacuum. The
yield was 23% based on Mn. Calcd (Found) for 4
(C4Hg4N4O4P,Mny): C, 32.24 (32.60); H, 3.33 (2.91); N, 4.70
(4.90)%. Selected IR data (KBr, cm™"): 3393(br), 3123(br), 1605(w),
1557 (s), 1403(s), 1345(s), 1263(s), 1153(s), 1136(s), 1106(s),
1042(s), 980(s), 957(s), 826(m), 781(s), 712(m), 677(s), 646(s),
612(m), 556(s), 502(m), 469(m).

[Mn3;0(mpko);(H,0)4(Cl0,4),1(Cl0,) (5). To a stirred solution of
Mn(ClO,),-6H,0 (6.0 mmol, 2.2 g) in MeCN/MeOH (44 mlL, 10:1
v/v) was added NEt; (6.0 mmol, 0.84 mL). The resulting light brown
slurry was vigorously stirred for 1S min, and then mpkoH (6.0 mmol,
0.80 g) was added to give a dark brown slurry. After it was stirred for a
further 2 h, the solvent was removed with a rotary evaporator, the
brown residue was dissolved in CH,Cl,/MeCN (55 mL, 10:1 v/v) and
filtered, and the filtrate was left undisturbed at ambient temperature.
Dark brown, X-ray quality crystals grew over 4 d, and they were
collected by filtration, washed with CH,Cl,, and dried under vacuum.
The yield was 17% based on Mn. Calcd (Found) for §
(CyyHyoNO5ClMn,): C, 2636 (25.96); H, 3.06 (2.72); N, 8.78
(8.45)%. Selected IR data (KBr, cm™): 3436(br), 2070(w), 1604(s),
1479(m), 1384(s), 1108(w), 1040(w), 780 (s), 713(s), 624(s).

X-ray Crystallography. Data 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 program
SAINT*® and integrated using three-dimensional (3D) profiling
algorithms. The data were corrected for Lorentz and polarization
effects, and numerical absorption corrections were applied based on
indexed and measured faces. The structures were solved using
SHELXTLG6.1, or SHELXTL2014 for 4.10MeCN, and refined on F*
using full-matrix least-squares cycles. The non-H atoms were refined
with anisotropic thermal parameters; all H atoms were placed at
calculated, idealized positions and refined as riding on their parent
atoms. Unit cell and refinement parameters are listed in Table 1.

For 1-5CH,Cl,, the asymmetric unit consists of '/; of the Mn,
cluster and ClO,” anion, one CH,Cl, in a general position, and two
!/5 CH,CI, on threefold axes. Each solvent molecule is disordered and
refined in two positions. In the final refinement cycle, 47496
reflections (of which 5653 were observed with I > 2¢6(I)) were used to
refine 324 parameters, and the resulting R,, wR,, and S (goodness of
fit) were 2.98%, 7.93%, and 1.061, respectively.
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For 3-2MeOH, the asymmetric unit consists of two !/, Mng clusters
(A and B), two ClO,” anions, and two MeOH molecules. In both
clusters, the mpko™ ligands show some disorder, as do both ClO,~
anions, which were each refined at two sites. The MeOH molecules
were badly disordered and could not be modeled properly; thus,
program SQUEEZE,”” a part of the PLATON®® package of
crystallographic software, was used to calculate the solvent disorder
area and remove its contribution to the overall intensity data. In the
final cycle of refinement, 21359 reflections (of which 16 673 were
observed with I > 26(I)) were used to refine 1130 parameters, and the
resulting R, wR,, and S were 6.09%, 15.49%, and 1.030, respectively.

For 4-10MeCN, the asymmetric unit consists of the Mny cluster and
10 MeCN molecules. The latter were disordered and could not be
modeled properly; thus, program SQUEEZE was again used. The
bound H,0 protons were obtained from a difference Fourier map and
refined as riding on their parent O atoms. In the final cycle of
refinement, 19 294 reflections (of which 13 623 are observed with I >
20(I)) were used to refine 857 parameters, and the resulting R;, wR,,
and S were 6.16%, 15.06%, and 1.025, respectively.

For 5, the asymmetric unit consists of two Mn; clusters (A and B)
and two ClO,~ anions. In Mn; cluster B, the ClO,” bound to Mn1B is
disordered and was refined in two parts. One ClO,” anion (CI3B) was
also disordered and refined in two parts. All bound H,O protons were
located in difference Fourier maps and were refined riding on their
parent O atoms. Owing to the number of cations and anions in the
asymmetric unit, a search for higher symmetry (P2,/n) was performed,
but none was found. A closer look at the asymmetric unit revealed the
absence of inversion symmetry, thus confirming the correct space
group as Pn. In the final cycle of refinement, 15769 reflections (of
which 11 210 were observed with I > 26(I)) were used to refine 956
parameters, and the resulting R;, wR,, and S were 5.54%, 11.73%, and
0.961, respectively.

Other Studies. Elemental analyses (C, H, N) were performed by
the in-house facilities of the University of Florida Chemistry
Department or Complete Analysis Laboratories, Inc. Infrared spectra
in the 400—4000 cm™' range were recorded on KBr pellets using a
Nicolet Nexus 670 FTIR spectrometer. Variable-temperature direct-
current (dc) and alternating-current (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. Microcrystalline samples were
restrained in solid eicosane to prevent torqueing. Magnetization versus
field and temperature data were fit using the program MAGNET.*
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Pascal’s constants*” were used to estimate the diamagnetic corrections,
which were subtracted from the measured susceptibilities to give the
molar paramagnetic susceptibility (yy,).

B RESULTS AND DISCUSSION

Syntheses. [Mn;0(O,PPh,);(mpko);](ClO,) (1; 3Mn™)
was obtained in 88% yield from the reaction of Ph,PO,H with
[Mn;0(0,CMe);(mpko);](ClO,) (6) in a 3:1 molar ratio in
CH,Cl,/MeCN (eq 1); the CH,Cl, helps dissolve the
Ph,PO,H. The low pK, (2.32) of Ph,PO,H

[Mn,0(0,CMe), (mpko),]" + 3Ph,PO,H
— [Mn,O(O,PPh,);(mpko);]* + 3MeCO,H? (1)

drives the displacement of MeCO,H (4.76), but to ensure
complete reaction the latter was removed as its toluene
azeotrope under reduced pressure.*’ 1 could also be obtained
more conveniently, but in lower yields of 55—65%, from the
reaction of [Mn;O(0,CMe)s(py);](ClO,)** with mpkoH/
Ph,PO,H (Method B) or in one step from a comproportio-
nation reaction in EtOH using simple Mn(ClO,),/mpkoH/
Ph,PO,H/NaOEt/MnO," reagents (Method C).

[Mn;0(0,PPh,);(ppko);](ClO,) (2; 3Mn™) was also
synthesized from a comproportionation reaction, in this case
Mn(ClO,),/ppkoH/Ph,PO,H/MnO," in CH,Cl,/MeOH. We
wondered whether the bulkier ppkoH might give a different
type of product, and although we could not obtain crystals
suitable for X-ray crystallography, the elemental analysis, IR
spectrum, and magnetic data established 2 to be isostructural
with 1. Small changes in the amount of ppkoH or Ph,PO,H
employed also gave 2 in comparable yield. In contrast, when
Method C to 1 was instead performed with NaOMe and
MeOH, the higher nuclearity [MnsO,(OMe),(O,PPh,),-
(mpko),](ClO,), (3; 6Mn™) was obtained, corresponding
approximately to a “dimerization” of 1 by formation of MeO™
bridges (vide infra).

We also investigated the use of PhPO;H, instead of
Ph,PO,H. Both the carboxylate substitution reaction with
[Mn;0(0,CMe);(mpko);](ClO,) and the Mn(ClO,),/
MnO,” /mpkoH/PhPO;H, comproportionation reaction gave
the same insoluble material we assume is polymeric. However,
after some additional experimentation, the Mn(O,CMe),/
MnO,”/mpkoH/PhPO;H, reaction in a 12:3:12:5 molar ratio
led to [MnyO4(0,CMe),(O;PPh),(mpko);(H,0)] (4; Mn",
8Mn'") in 23% yield. The same product was obtained with
Mn'" acetate instead of Mn(O,CMe),.

Finally, as a control we omitted both Ph,PO,H and
PhPO;H,, and the Mn(ClO,),/mpkoH/NEt; reaction in
MeCN/MeOH in a 1:1:1 molar ratio gave the unusual
triangular [Mn;O(mpko),(H,0),(Cl0,),](ClO,) (5; Mn",
2Mn™) in 17% yield. Various attempts to raise the yield by
changing the reagent ratios proved unsuccessful. The synthesis
is summarized in eq 2.

3Mn** 4 3mpkoH + 2CIO,” + 0.50, + 4H,0
— [Mn,0(mpko),(H,0),(ClO,),]" + 3H" )

Description of Structures. The cation of 1 and its core are
shown in Figure 1; selected distances and angles are listed in
Table S1. The complex crystallizes in space group R3 and
contains an equilateral Mn"; triangle bridged by a central -
O’ that is 0.298 A out of the Mn; plane. Each Mn; edge is
bridged by both a Ph,PO,” and an mpko~, the latter in its

> P1"

Figure 1. (a) Complete structure of the cation of 1 and (b) a partially
labeled structure of the core. Primed and unprimed atoms are related
by crystallographic C; symmetry, and the Mn™ JT elongation axes are
along the thick dark green bonds. Color code: Mn™ green, P violet, N
blue, O red, C gray. H atoms were omitted for clarity.

chelating/bridging mode. The Mn are six-coordinate with
distorted, axially elongated octahedral geometry characteristic
of the Jahn—Teller (JT) distortion of high-spin Mn" (green
axes in Figure 1). The Mn' oxidation states were confirmed by
bond valence sum (BVS) calculations (Table S2).
Comparisons between 1 and [Mn;O0(O,CR);(mpko);]-
(Clo,) (R = Me (6), Et (7), and Ph (8))" reveal that the
bulkier Ph,PO,~ versus RCO,” ligands caused only minor
structural distortions (Table 2). As for 6—8, the Ph,PO,” and
mpko™~ ligands are on opposite sides of the Mn; plane. 1 has
slightly longer average Mn--Mn separations than 6—8 (which,
unlike 1, do not lie on crystallographic C; axes and thus exhibit
their intrinsic isosceles nature) and larger Mn—N—O-Mn
torsion angles (). However, the distance of the yu3-O*” in 1
out of the Mn; (0.298 A) plane is almost the same as in 6—8
(0.286—0.294 A). The resulting conclusion that the bulkier
Ph,PO,” with its two Ph rings caused little structural distortion
versus RCO,™ is evident in the space-filling representation of 1
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Table 2. Comparison of Structural and Magnetic Data in Triangular Mn; Oximates

parameter 1 2 5¢ 6 7 8
Mn--Mn" 3.250° 3.163/3.187° 3.1914 3.1974 32124
3.250 3.394/3.374 3.193 3.207 3.200
3.250 3.443/3.407 3.203 3.210 3.219
average 3.250 3.333/3.323 3.196 3.205 3.210
e 16.1 11.6/12.6 10.1 9.6 154
16.1 3.7/1.3 12.5 10.1 14.2
16.1 9.1/10.9 10.9 12.2 9.6
average 16.1 8.1/8.3 11.2 10.6 13.1
d 0.298 0.098/0.041 0.294 0.293 0.286
spin S 6 6 3/ 6 6 6
g factor 1.94 1.93 1.99 1.92 1.93 1.99
Ds —-0.29 —0.38 —1.41 —0.34 —-0.34 -0.35

“Two independent molecules. bAngstroms. “esd = 0.001 A. “esd = 0.002 A. *Mn—N—O—Mn torsion angle (deg); listed in the same order as the
corresponding Mn---Mn distance. "Distance (A) of oxide O atom from the Mn, plane. $Axial zfs parameter; +0.02 cm™" except for 5 (+0.04 cm™).

(Figure S1) that shows that the two Ph groups are well-
accommodated without noticeable steric hindrance.

The cation of 3 and its core are shown in Figure 2; selected
distances and angles are listed in Table S3. The complex

Figure 2. (top) A stereopair of the complete cation of 3. (bottom) Its
labeled core with Mn™ JT elongation axes shown as dark green bonds.
Primed and unprimed atoms are related by the inversion center. Color
code: Mn'™ green; P violet; O red; N blue; C gray. H atoms were
omitted for clarity.

crystallizes in space group P1, with the asymmetric unit
containing two Mng cations (A and B) lying on inversion
centers; only one will be described here. All Mn are Mn", as
confirmed by BVS calculations (Table S1), and exhibit JT
elongation axes (thicker green bonds in Figure 2). The core is
an [Mng(pt5-0),(p;-OMe ), (1,-OMe), ]'** unit comprising four
edge-fused oxo-capped Mnj; triangles in a row. The four
remaining Mn, edges are each bridged by one Ph,PO,” and
one mpko~ group in the same bridging modes as in 1. In fact, 3
can be described as the linkage of two cations of 1 by removing

the Ph,PO,” and mpko™ ligands from one edge of each and
then joining the edges together with four p, or p; MeO~
groups to give the complete
[Mns0,(OMe),(O,PPh,),(mpko),]*.

4 and its core are shown in Figure 3; selected distances and
angles are listed in Table S4. The cluster crystallizes in space
group P2,/n with no crystallographic symmetry. The Mny unit
comprises three Mns/Mn;/Mn layers giving a distorted
pyramidal topology, with the Mn" at the apex, held together
by six 3-O*” ions. The Mn oxidation states were confirmed by
BVS calculations (Table S2). The two PhPO;*~ groups bridge
on side faces of the pyramid in different 5 modes (Figure 3,
bottom), giving a {Mn,O4(O;PPh),} cagelike core. The
remaining ligation is provided by seven MeCO,”, three
mpko™, and one H,O molecule. Six MeCO,~ bind in their
usual 7':n':u, mode, and the seventh is bound terminally to
Mn3. The three mpko™ are in the usual chelating/bridging
modes, while the lone H,O ligand is bound terminally to Mn8.
Mn3 and Mn7 are five-coordinate with square-pyramidal
geometry (7 = 0.23 and 0.01, respectively), while the rest are
six-coordinate and JT-distorted (thick green bonds in Figure 3,
middle). All JT axes involve a phosphonate and a carboxylate O
atom. Examination of the packing shows that the unbound O
atom (0O19) of the terminal MeCO,~ of one Mn, is hydrogen-
bonded to the H,O ligand (O30) of a neighboring molecule
(030—H--019 = 2.714(6) A) to give a one-dimensional (1D)
chain (Figure S2).

The cation of § and its core are shown in Figure 4; selected
distances and angles are listed in Table SS. The complex
crystallizes in space group Pn, with two molecules (A and B) in
the asymmetric unit, and contains a triangular Mn"Mn'", core
(Table S2) bridged by a central u3-O*7, which is almost
coplanar (0.098 and 0.041 A for A and B, respectively, out of
the Mn; plane).

Each Mn, edge is has a chelating/bridging mpko™, and
ligation is completed by four terminal H,O and two terminal
ClO, ™. Two H,O0 ligands are trans on the Mn" (Mn3), and the
Mn" each have a trans H,0/ClO,” pair. The Mn™ JT axes
(dark green bonds in Figure 4) are essentially parallel. As
expected, there is extensive HOH---OH, and HOH:-OCIO;~
hydrogen bonding either directly between the cations or
between a cation and a CIO,” anion, giving a 3D network.
Fortunately, none are Mn"™—H,0---H,0—Mn", so intercation
exchange interactions should be very weak (vide infra). The
large number of weak H,O and CIO,” ligands in 5 somewhat

DOI: 10.1021/acs.inorgchem.7b01793
Inorg. Chem. 2017, 56, 11352—11364


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01793/suppl_file/ic7b01793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01793/suppl_file/ic7b01793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01793/suppl_file/ic7b01793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01793/suppl_file/ic7b01793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01793/suppl_file/ic7b01793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01793/suppl_file/ic7b01793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01793/suppl_file/ic7b01793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01793/suppl_file/ic7b01793_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b01793

Inorganic Chemistry

030

Mn3

Mn4

Figure 3. (top) A stereopair of the complete structure of 4. (middle)
Its labeled core with Mn™ JT elongation axes shown as dark green
bonds. (bottom) The two ps-PhPO,*~ groups showing the difference
in their binding modes. Color code: Mn'! green; Mn" brown; P violet;
O red; N blue; C gray. H atoms were omitted for clarity.

rationalizes the low yield of what is undoubtedly a very reactive
molecule; in fact, it is probably due to the stabilizing influence
of the extensive hydrogen bonding in the solid state that any §
could be isolated.

Magnetochemistry. Direct-Current Magnetic Suscept-
ibility Studies. Solid-state, dc magnetic susceptibility (ry)
data were collected on powdered microcrystalline samples of 1-
H,0, 2:2H,0, 3-:2H,0, 4, and §, restrained in eicosane to
prevent torquing, in the 5.0—300 K range in a 0.1 T field.

For 1-H,O and 2-2H,0, the data are shown in Figure S. y\T
for 1-H,O increases steadily from 13.91 cm® mol™" K at 300 K
to a plateau of 19.44 cm® K mol™' below 35 K and then
decreases very slightly below 10 K to 19.14 cm® K mol™" at 5.0
K. The increasing yyT with decreasing T indicates intra-
molecular ferromagnetic (F) interactions. 2-2H,0 exhibits a
similar profile, increasing from 15.63 cm® mol™" K at 300 K to
the same plateau of 19.44 cm® K mol™' below 35 K. The
plateaus and their values indicate a well-isolated S = 6 ground

Figure 4. (top) A stereopair of the complete structure of molecule A

of 5 and (bottom) its labeled core with Mn'™ JT elongation axes

shown as dark green bonds. Color code: Mn™ green; P violet; O red;
N blue; C gray. H atoms were omitted for clarity.

25

20 A

0 T T T T T T
0 50 100 150 200 250 300

Temperature (K)

Figure S. y T vs T plots for 1-H,0 (black @) and 2-2H,0 (red @).
Solid lines are fits of the experimental data; see the text for the fit
parameters.

state for both complexes, with g < 2 slightly as expected for
Mn™

To obtain the Mn--Mn exchange parameters (J), the yT
versus T data were fit to the Van Vleck™” expression for a Mn'";
equilateral triangle.” The 1-J isotropic Heisenberg—Dirac—Van
Vleck (HDVV) spin Hamiltonian is given by eq 3, whose
eigenvalues are given by eq 4, where

H=-2J(5-8; + $,-8; + §;:5,) (3)
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E(Sp) = —J[S¢(Sp + 1)] 4)

St is the total spin. Only data greater than 10 K were employed
to avoid the lower-T effects from zero-field splitting (zfs),
intermolecular interactions, etc. Good fits (solid lines in Figure
5) were obtained with J = 16.0(1) cm™ and g = 1.94(1) for 1-
H,0, and J = 16.4(1) cm™" and g = 1.92(1) for 2-2H,0, with
temperature-independent paramagnetism (TIP) kept constant
at 600 X 107 cm® mol ™. The obtained J values indicate the S =
5 first excited state to be 192(1) and 197(1) cm™, respectively,
above the S = 6 ground state.

The successful fits above to an equilateral model contrast
with those for the carboxylate analogues 6—8, for which only a
2-] isosceles triangle model gave good fits, consistent with their
isosceles structures.” 1 has crystallographic Cy symmetry (6—8
do not), so even though the crystallographic symmetry could
be masking lower symmetry at each molecule, we suspected
that 1 might nevertheless be closer to a true equilateral triangle
than 6—8. Fitting the data in Figure 5 to an isosceles model’’
gave J, = 15.3(4.6) cm™', J, = 17.4(10.0) cm™', and g = 1.94(1),
where J, refers to the unique edge. The average of the three
values is ] = 16.0 cm™", identical to the 1-J fit. The similar J, and
Ji, for 1 can be compared with J, = 12.1-18.6 cm™" and J, =
1.5—6.7 cm™ for 6—8, consistent with their degree of
distortion from equilateral, and suggesting 1 may indeed be
structurally very close to equilateral. The very “soft” fits, that is,
high uncertainties in ], and J,, are also assigned to this, namely,
a wide range of J,/J, will give a good fit as long as their average
is 160 cm™'. We speculate that the larger organic groups
surrounding the core in 1 and 2 help buffer the cores from
packing forces, etc, and minimize distortion. Note that, for
these ferromagnetic Mn""; systems with a singly degenerate S =
6 ground state, distortions arising from spin frustration and
magnetic Jahn—Teller effects, as arise from the electronic
structure of antiferromagnetic equilateral triangles, are inoper-
ative.”

To determine the axial zfs parameter (D) for 1-H,O and 2-
2H,0, magnetization (M) data were collected in the 0.1-7.0 T
and 1.8—10.0 K ranges, and they are plotted in Figure 6 as M/
Nug versus H/T, where N is Avogadro’s number, yp is the Bohr
magneton, and H is the applied field. The data were fit, using
program MAGNET,” by diagonalization of the spin Hamil-
tonian matrix assuming only the ground state is populated,
incorporating axial anisotropy (DS,?) and Zeeman terms, and
employing a full powder average. The spin Hamiltonian is given
by eq S, where p, is the vacuum permeability. Excellent fits
(solid lines in Figure 6) were obtained with S = 6, g = 1.94(1),

A2 A
H =DS, + guyu,S-H (5)

and D = —0.29(2) cm ™' for 1-H,0, and S = 6, g = 1.99(1), and
D = —0.38(2) cm™! for 2:2H,0. All data up to 7 T were used,
consistent with a well-isolated ground state, which precludes
problems in high fields from low-lying excited states.
Comparison of the D values for 1 and 2 with those for 6—8
(Table 2) shows that they are very similar, within uncertainties.
Therefore, the similar core structures of 1/2 and 6—8 lead in
both cases to F coupling, S = 6 ground states, and very similar
D values. Thus, small differences to metric parameters and
molecular symmetry notwithstanding, the Ph,PO,” groups
proved good replacements for RCO,™ groups, despite their
greater bulk and different electronic properties.

For 3-2H,0, yyT decreases slowly with decreasing T from
17.98 cm® K mol ™" at 300 K and then more steeply below 100
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Figure 6. Reduced magnetization (M/Nu;) vs H/T plots for (top) 1-
H,0 and (bottom) 2-2H,0 at the indicated dc fields. The solid lines
are the fit of the data; see the text for the fit parameters.

K, reaching 8.68 cm® K mol™" at 5.0 K (Figure 7, top). This
profile indicates dominant antiferromagnetic (AF) interactions
that are weak, and the yT at 5.0 K suggests an S = 4 ground
state with g < 2; the spin-only (g = 2) y\T for S =3, 4, and S
are 6.0, 10.0, and 15.0 cm® K mol™!, respectively. The slow
decrease in y\T indicates weak couplings, which together with
the complexity and low symmetry of 3 makes it very
challenging to determine the various pairwise J couplings. We
thus concentrated on determining the ground-state properties.

No satisfactory fit of M/Nyuy versus H/T data in the 0.1-7.0
T and 1.8—10.0 K ranges could be obtained. Given the weak
AF couplings, we suspected field-induced problems from low-
lying excited states with S greater than the ground state. To
avoid these, we progressively removed data at high fields, and a
good fit was obtained with § = 4, g = 1.96(1), and D =
—0.29(2) cm™! using data collected at less than or equal to 3 T
(solid lines in Figure 7, bottom). When even just the 4 T data
were included, the fit became poor (Figure S4), as low-lying
excited states with S > 4 get populated (as their energy is
lowered by the applied field), increasing M.

Several Mn"¢ clusters with S = 4 ground states are known
among the family of formula [MnO,(X-s20)¢(O,CR),(solv),]
(H-saoH, = salicylaldoxime; X = H, Me, Et; R = alkyl or ary];
and solv = H,0, MeOH, or EtOH; n = 4—6).44 Their ground-
state spin ranges from S = 4—12, depending on R and the
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Figure 7. (top) yuT vs T plot for 3-2H,0 and (bottom) reduced
magnetization (M/Nuz) vs H/T plots at the indicated dc fields, with
the fit shown as solid lines; see the text for the fit parameters.
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Figure 8. (top) ymT vs T plot for 4, and (bottom) reduced
magnetization (M/Nuz) vs H/T plots at the indicated dc fields, with
the fit shown as solid lines; see the text for the fit parameters.

oximate torsion angles. 3 is related to this family in that its core
is the linkage of two triangular Mn;O units. The Mn—O—N-—
Mn torsion angles in 3-2H,0 (14.95° and 5.82°) are well-below
the value of 31° empirically determined to be needed in this
Mng family to switch from dominant AF to F interactions and a
resulting S = 12 ground state.***

For 4, y T decreases steadily from 19.73 cm® K mol™" at 300
K to 4.25 cm® K mol™" at 5.0 K (Figure 8) indicating dominant
AF interactions. The yyT at 5.0 K suggests an S = °/, ground
state; the spin-only yy,T for S =3/,,°/,, and 7/, are 1.9, 4.4, and
7.9 ecm® K mol ™, respectively. Given the complexity of 4, we
again concentrated on characterizing its ground state. Using all
M data collected in the 0.1-7.0 T and 1.8—10.0 K ranges gave
no satisfactory fit, but using only data at less than or equal to 3
T gave a good fit (solid lines in Figure 8) with S = %/, g =
1.99(2), and D = —1.26(4) cm™. As for 3, including even just
the 4 T data gave a poor fit (Figure S4).

To assess the precision of the large value of D, the root-
mean-square error surface for the D versus g fit was calculated
using the program GRID" and is shown as a two-dimensional
(2D) contour plot in Figure SS. The fit is only somewhat soft
with respect to both g and D, expressed as the resulting
precision uncertainties in these parameters above, and we
conclude that 4 does have a large D, which is consistent with a
combination of small S and the near-parallel orientation of

several JT axes to give a large molecular D value 4 joins a
growing list of 3d metal phosphonate clusters*® and is the third
at the Mny nuclearity.”” One of the previous examples,
[MnoNa(u3-0),4(p4-0),(0O3PPh),(0,CBu’),-
(HZO)Z(HZO)OW(py)O&] , has a Mn, subunit similar to that of
4, but otherwise is very different in that it is heterometallic, all-
Mn'", contains no oximates or other chelates, and has an S = 8
ground state.

For 5, y\T decreases steadily from 10.63 cm® K mol™" at 300
K to 426 cm® K mol™ at 5.0 K (Figure 9, top) indicating
dominant AF interactions and an S = */, ground state. The data
were fit to the Van Vleck expression for a Mn"Mn'"; isosceles
triangle.”’ The 2-] HDVV spin Hamiltonian is given by eq 6,
whose eigenvalues are given by eq 7, where §4=8,+8,and §;
=S+ 83 Ja

H= _2]3(§1'§3 + §z’§3) - 2]b§1’§2 (6)
E(St, Sy) = _]a[ST(ST + 1) = Sy(Sy + 1)]
- ]b[SA(SA +1)] (7)

and J, are defined in the inset to Figure 9, top, S; = S, = 2, and
Sy ="/,. E(Sy, S,) is the energy of state Sy arising from S,. The
fit (solid line in Figure 9) gave J, = —0.67(2), J, = —4.30(6),
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Figure 9. (top) yuT vs T plot for S. The solid line is the fit to the 2-]
isosceles model defined in the inset. (bottom) Reduced magnetization
(M/Npg) vs H/T plots at the indicated dc fields, with the fit shown as
solid lines. See the text for both sets of fit parameters.

and g = 1.98(1), with TIP = 450 X 107 cm® mol™". The ground
state is S = %/,, the ISy, S,) = I°/,, 0) state. With I],/],| = 6.4, the
two Mn'" spins are paired by J, at low T (i.e., Sy = 0), and the
ground state is given by the Mn" spin. An S = 3/, ground state
for a Mn"Mn", isosceles triangle with each Mn--Mn edge
bridged by identical ligands is unprecedented. In previous
examples, such mixed-valence Mnj; clusters have possessed S =
!/, or */, ground states, as expected for spin-frustrated systems
where the J, and J, are more comparable in magnitude;** as
stated, it is the large I],/],] = 6.4 that leads to the S = */, ground
state for S.

Fits of M/Nujg versus H/T data were acceptable only if data
at less than or equal to 4 T were employed (solid lines in Figure
9, bottom) indicating low-lying excited states with S > 3/,. The
fit parameters were S = /,, g = 1.98(2), and D = —1.41(4)
cm™". Inclusion of data at S T gives a poor fit (Figure S6). The
large D value is consistent with the structure: (i) the weak
nature of the ligands (H,O and ClO,”) on the Mn™ JT axes
leads to particularly long JT elongations (Mn—O = 2.202(5)—
2.514(5) A) that will lead to significant single-ion anisotropy;
(ii) although 5 only has two Mn'", their JT axes are almost
parallel, which is expected to give a significant molecular D; and
(iii) the spin is small, which should favor a larger D value. The
D versus g error surface (Figure S7) supports the large D value

11360

and provides the fit uncertainties. The data for S are also
consistent with the even larger D values (ca. —2.3 cm™')
reported for some similarly near-planar Mn™; triangles with
sa0”” (saoH, = salicylaldoxime) chelates, three near-parallel JT
axes, AF couplings, and S = 2 ground states.*

Alternating Current Magnetic Susceptibility Studies.
The ac susceptibility data were collected on vacuum-dried
samples in the 1.8—15 K range in a 3.5 G ac field at oscillation
frequencies up to 1000 Hz.

For 1-H,0, 2-2H,0, and §, the in-phase y'\T versus T data
provide independent confirmation of the ground states deduced
from the dc studies, with near-plateau values of ~20, ~20, and
~4 cm® K mol ™!, respectively, consistent with S = 6, 6, and °/,
ground states with g < 2 (Figure 10). Below ~4 K, 1-H,O and
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Figure 10. In-phase ac '\ T vs T at the indicated frequencies for (top)
1-2H,0, (middle) 2-H,0, and (bottom) 5. The solid lines are guides
for the eye.
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2-2H,0 show the frequency-dependent decreases due to the
slow magnetization relaxation of SMMs, and out-of-phase ;"
are observed (Figure 11). y'yT for 3-2H,0 and 4 are ~9 and
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Figure 11. Out-of-phase ac y”\; vs T at the indicated frequencies for
(top) 1-2H,0 and (bottom) 2-H,O. The solid lines are guides for the

eye.

~4 cm® K mol™, respectively, consistent with S = 4, and °/,
ground states with g < 2 (Figure 12). No (or essentially no)
X" u signals were observed down to 1.8 K for 3-2H,0, 4, or §
(Figure S8).
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Figure 12. In-phase ac y'yT vs T at the indicated frequencies for 3-
2H,0 (red @) and 4 (black @).
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B CONCLUSIONS

Complete substitution with Ph,PO,” of all carboxylates in
[Mn;0(0,CMe);(mpko);]* has been accomplished with
essentially no structural change to the cluster. On the basis of
the similar elemental analysis and magnetic data, the same is
also true for the bulkier ppko™ analogue. Small changes to
Mn--Mn separations and Mn—N—O—Mn torsion angles do
occur, and there is some reason to believe the structure is more
equilateral than the carboxylate analogues. Such small changes
notwithstanding, the properties of the carboxylate versus
phosphinate clusters are very similar, both types being F with
S = 6 ground states, and consequently the new phosphinate
clusters are also new members of the family of Mn-containing
SMMs. We suspect the mpko™ and ppko™ ancillary ligands help
to prevent any structural/nuclearity change on carboxylate
substitution by stabilizing the triangular Mn; structure through
their chelating/bridging binding modes. In contrast, PhPO;*~
appears to cause rupture of the Mn; structure, giving an
insoluble (likely polymeric) product that unfortunately we were
not able to characterize. However, an interesting and soluble
Mny cluster with PhPO,*~ was obtained from a reaction with
simple Mn reagents. Finally, 5 contains no carboxylates or
phosphonates, and its triangular structure with three mpko™
groups supports the belief stated above about the importance of
these groups in the robustness of the Mn; triangle during
carboxylate substitution. One general conclusion from this
work is that carboxylate substitution with Ph,PO,~, notwith-
standing its greater bulk, may be of greater utility as a means of
modifying the ligation environment of SMMs without structural
change than previously thought, even for clusters with
moderate levels of carboxylate content.
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