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/Abstract: Under hydrothermal conditions, replacement of
the water molecules in the [Mn",Mn",0,(H,0),** cluster of
mixed-valent Mng sandwiched silicotungstate [(B-a-Si-
W,405,),Mn",Mn",0,(H,0),1*~ (1a) with organic N ligands led
to the isolation of five organic-inorganic hybrid, Mng-substi-
tuted polyoxometalates (POMs) 2—6. They were all structural-
ly characterized by IR spectroscopy, elemental analysis, ther-
mogravimetric analysis, diffuse-reflectance spectroscopy, and
powder and single-crystal X-ray diffraction. Compounds 2-6
represent the first series of mixed-valent {Mn",Mn",0,-
(H,0)4_,(L),} sandwiched POMs covalently functionalized by
organic ligands. The preparation of 1-6 not only indicates

-

~

that the double-cubane {Mn",Mn",0,(H,0), ,(L),} clusters are
very stable fragments in both conventional aqueous solution
and hydrothermal systems and that organic functionalization
of the [Mn",Mn",0,(H,0),1*" cluster by substitution reactions
is feasible, but also demonstrates that hydrothermal environ-
ments can promote and facilitate the occurrence of this sub-
stitution reaction. This work confirms that hydrothermal syn-
thesis is effective for making novel mixed-valent POMs sub-
stituted with transition-metal (TM) clusters by combining la-
cunary Keggin precursors with TM cations and tunable or-
ganic ligands. Furthermore, magnetic measurements reveal
that 3 and 6 exhibit single-molecule magnet behavior.

Introduction

Polyoxometalates (POMs) are a class of discrete anionic clusters
with oxo bridges between early transition metal (TM) atoms in
high oxidation states (usually Mo", W", VY, NbY, or Ta").'* In
this field, TM-substituted POMs (TMSPs) have attracted exten-
sive interest due to their flexible and diverse structures, enor-
mous compositional and electronic tunability, and widespread
potential applications in catalysis, electronics, magnetism, and
analytical chemistry." Their particular structural characteristics
suggest that TMSP-based materials are good candidates for
the designed construction of electronically and magnetically
interesting materials. Since the discovery of a great variety of
lacunary Keggin-type [XW,,0,]"" (X=P"/As"/Si"/Ge") and
Dawson-type [a-X,W,304,]°” (X=P"/As") polyoxoanions (POAs),
the discovery and investigation of their TM-substituted lacuna-
ry derivatives have been an significant focus in POM chemis-
try,“9 because these lacunary POM precursors have high reac-
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tivity and can act as good donors to coordinate to electrophilic
TM cations.”® Moreover, the high capacity of lacunary POAs to
encapsulate magnetic TM clusters between nonmagnetic POM
matrices makes them especially valuable for analyzing magnet-
ic interactions.“e”

The interest in Mn complexes is particularly high due to
their remarkable magnetic properties, such as single-molecule
magnet (SMM) behavior. During the past two decades, some
SMMs have been made by supporting organic ligands such as
carboxylates, alkoxides, and amines.”) A pioneering work in
this area was the discovery of [Mn,,(CH;C00),¢(H,0),0,,] (Mn;,)
in 1980, the SMM behavior of which was proved by Gatteschi
et al. after 13 years.”®® Lacunary POMs can be considered to
be inorganic multidentate ligands for incorporating Mn ions
into their skeletons and constructing novel magnetic manga-
nese-substituted polyoxometalates (MSPs).”’ In the past
few years, some POM-based SMMs have been obtained,’®'”
and some mixed-valent MSP-based SMMs are {[Ge-
W405,1,IMn",Mn",0,(H,0),1}'* {[SiW403,],IMn",-Mn",0,-
(H,0), 112 [(a-P,W,505)Mn";Mn"Y0,(CH,CO0),1% ' [(a-
P,W,5056),Mn"cMn"O,(H,0)¢"*",*9  [(A-B-SiW,05,)Mn";Mn"O,-
(CH5C00);1°~,2¥ and {IMn",Mn"sMn",(113-0)¢(u-OH),(H,0),(CO5)q]
[B-B-SiWe046],}'® .29 Most of the reported MSP-based SMMs
contain mixed-valent MnO cubane units, which play an impor-
tant role in the design and preparation of new MSP aggregates
with SMM behavior. The above-mentioned SMMs were made
in conventional aqueous solution. On the contrary, the design
and synthesis of new MSP-based SMMs under hydrothermal
conditions remain largely unexplored, although the hydrother-
mal technique has been proven to be a particularly powerful
synthetic approach. By combining the synthetic strategy of la-
cunary POM precursors with the hydrothermal technique, we
have obtained a series of intriguing high-nuclearity
TMSPs. #2411 |nspired by these results, we decided to utilize
this strategy to make new Keggin-type MSP-based SMMs. First,
a mixed-valent [Mn",Mn",0,(H,0),1®" cluster sandwiched in sili-
cotungstate  (H,deta),[(B-a-SiW,0;,),Mn",Mn",0,(H,0),]-8 H,0
(1, deta = diethylenetriamine) was made, which consists of
a [Mn",Mn",0,(H,0),]®" cluster anchored to two trilacunary
Keggin [B-a-SiW,0,,]'°~ fragments. There are four coordinated
water molecules in the mixed-valent [Mn",Mn",0,(H,0),1®*
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cluster in 1. According to our research concept that coordinat-
ed water molecules in the Nigsubstituted POM [Nig(us-
OH);(H,0)¢L5(B-a-PW,03,)] [L=ethylenediamine (en), dap=1,2-
diaminopropane (dap)] can be substituted by N or O atoms
of organic ligands,"*%9 we assumed that the aqua ligands
of the [Mn",Mn",0,(H,0),]*" cluster in 1 could also provide
the possibility of forming organic-inorganic  hybrid
{Mn",Mn",0,(H,0),_,(L),} (L=organic ligands) clusters by re-
placing water molecules with organic ligands. Thus, we
tried to find suitable ligands to replace these water molecules
in the [Mn",Mn",0,(H,0),¥* (Mn",Mn",) cluster core of 1 to
prepare organic-inorganic hybrid mixed-valent, hexa-Mn
{Mn",Mn",0,(H,0), ,(L),} cluster-sandwiched silicotungstates
and investigate the influence of the substitution of organic li-
gands on their magnetic behavior. Five organic-inorganic
hybrid ~ {Mn",Mn",}  cluster-sandwiched silicotungstates
[H,en]s[(B-0-SiWy0s,),Mn",Mn",0,(H,0),(Hen),]-8 H,O (2),
[H,ppz],-[H,1,3-dap],[(B-a-SiWy0s,),Mn",Mn",0,(H,0),(pp2),]

‘6 H,0 (3), H,[H,ppzl,[(B-a-SiW,0;,),Mn" ,Mn",0,(H,0),-
(Hpp2),]-8H,0 (4), [H,ppzl;[H;detal, [(B-a-SiWy0;,),Mn",Mn",0,-
(pp2),J:12H,0  (5), and [H,ppzl,[H,en],  [(B-a-SiWs0,,),-
Mn",Mn",0,(Hppz),]-en-10H,0 (6) (ppz= piperazine, 1,3-dap=
1,3-diaminopropane) were prepared under hydrothermal con-
ditions. As expected, the hybrid skeletons of 2-6 feature two
trivacant [B-a-SiW,0,,]'° fragments sandwiching an interest-
ing  organic-inorganic  hybrid, mixed-valent, hexa-Mn
{Mn",Mn",0, (H,0), ,(L),} cluster, and are the first examples of
mixed-valent {Mn",Mn"}-substituted sandwich-type POMs
functionalized by organic ligands. The successful obtainment
of 2-6 also offers us the possibility of introducing bridging or-
ganic ligands to replace water molecules and construct mixed-
valent, Mn-cluster-encapsulating, organic-inorganic hybrid
magnetic frameworks. Moreover, the optical and thermogravi-
metric properties of 1-6 and magnetic properties of 3 and 6
were investigated.

Results and Discussion
Synthesis and spectroscopic characterization

In the past several decades, many MSPs have been obtained
by the conventional aqueous-solution reaction of lacunary
POM precursors with Mn?" ions at atmosphere pressure and
room temperature. Although the conventional solution strat-
egies for making TMSPs have been well developed, the use of
the hydrothermal technique to prepare MSP-based SMMs is
still in its infancy. In the past few years, the hydrothermal tech-
nique has proved to be an extraordinarily powerful synthetic
method for creating novel organic-inorganic hybrid materials
in the POM field. Because of the high pressure and tempera-
ture exerted by hydrothermal environments, the reaction
system can shift from the thermodynamic to the kinetic
regime to capture more complicated metastable phases, and
the solubility of different phases is increased, so that various
organic components can be easily introduced, and novel prod-
ucts that cannot be obtained in conventional aqueous solution
may result."? Therefore, we have developed synthetic strat-
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egies combining the hydrothermal technique with lacunary
POM precursors in the presence of various TM ions and differ-
ent organic ligands to construct high-nuclearity TMSPs since
2007, and a large number of intriguing organic-inorganic
hybrid, high-nuclearity TMSPs have been discovered.**'" Be-
sides these high-nuclearity Cu-/Ni-substituted POM hybrids, we
introduced Mn?* ions into our system and launched a system-
atic exploration of the reaction of trivacant POM precursors
with Mn?" ions in the presence of organic amine ligands
under hydrothermal conditions, because Mn*" ions are prone
to be oxidized to high- or mixed-valent Mn ions and can then
be encapsulated into POM matrixes with formation of multi-
Mn-substituted POMs having interesting physicochemical
properties. Moreover, they have relatively high spins and nega-
tive single-axis magnetic anisotropy, which help to construct
multifunctional magnetic materials.

In a specific hydrothermal system, multiple factors such as
the concentration and type of reactants, pH, temperature, re-
action time, and additives can affect the reaction, crystalliza-
tion, and the resulting products. We obtained a series of novel
organic-inorganic  hybrid, mixed-valent, {Mn",Mn".}-sand-
wiched POMs by hydrothermal synthesis with tunable control
of Mn?™ ions, organic amine ligands, pH, and temperature. Ini-
tially, unexpected sandwich-type dimeric silicotungstate 1 con-
taining an {Mn",Mn",} core in the central belt was prepared by
treating [A-a-SiWy0,,]'°" with Mn(NO,),-4H,0 at 60°C in the
presence of deta and 4,4'-bipyridine (4,4-bpy). An excess of
Mn(NO;),-4H,0 was used to enhance its ability to react with
[A-0-SiW405,]'°" and shift the reaction in the direction of the
desired products. Under similar conditions, en/ppz was utilized
to replace deta in the anticipation of obtaining similar species
to 1; however, this failed. By increasing the temperature to
80°C and simultaneously introducing N-(3-aminopropyl)mor-
pholine (apm) into the system, the reaction of [A-a-SiWy05,]"""
with Mn(NO,),*4H,0 in the presence of en and apm led to the
isolation of 2. Interestingly, the skeleton of 2 is analogous to
the [(B-a-SiW,05,),Mn",Mn",0,(H,0),]'>~ unit in 1 except that
two water ligands in 1 were replaced by two end-on en mole-
cules. It is noteworthy that 2 can not be obtained under the
same conditions without apm, which indicates that apm plays
an important synergistic role in the formation of 2, although it
is not found in the final structure of 2. For the preparation of
3, 1,3-dap and ppz were employed as organic amine ligands
instead of en and apm in 2, Mn(NO,),-4H,0 was replaced by
MnSO,-2H,0, and the reaction temperature was elevated to
90°C. Compound 3 with a similar skeleton to 2 was obtained
by the substitution of en by ppz. When deta replaced 1,3-dap
and Mn(NO,),-4H,0 was still used as the starting material
under similar conditions to the synthesis of 3, compound 4
was isolated. Its structure closely resembles that of 3, and the
main distinction between them lies in the surrounding coun-
tercations. Moreover, to further explore the influence of other
amines on the architectures in the system, deta was replaced
by 1,6-hexanediamine or 4,4'-bpy under the same conditions;
however, only amorphous precipitates were obtained. It can
be speculated that the size of the organic molecules may have
an important effect on the formation of the target products. In
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the structures of 1-4, two out of four water ligands in the
[Mn",Mn",0,(H,0),1*" cluster core have been substituted by en
or ppz ligands, so we wondered whether all four active sites
could be replaced by organic ligands. Hence, we further in-
creased the reaction temperature and the concentration of
ppz. After systematic exploration, 5 was obtained, in which the
four water ligands are completely replaced by ppz ligands. To
further investigate the assembly mechanism and structural di-
versity that can be tuned by different organic ligands, we ex-
tended our studies from deta to en and isolated another tetra-
ppz-substituted hexa-Mn-sandwiched silicotungstate, namely,
6. Unfortunately, a similar structure to 2 in which the other
two water ligands were also replaced by en ligands could not
be isolated to date. It can be concluded that the type (size and
shape) of organic amines contributes to the construction of di-
verse structures. Currently, studies on using [A-0-PW,0,,]°~ or
[A-0-GeWy05,]"°" instead of [A-0-SiWy05,]'°" are in progress.

From the viewpoint of synthetic conditions, besides the
above-mentioned factors, other factors were also taken into
consideration. On the one hand, the pH value of the reaction
system significantly influences the final products. The initial pH
values of 1-2 were restricted to a relatively narrow range of
7.5-8, whereas the starting pH values of 3-6 were in a relatively
wide range of 8.5-10, from which we infer that the basicity of
ligands contributes to the formation of 1-6 to a large extent.
On the other hand, a series of systematic studies showed that
2-6 can not be prepared in conventional aqueous solution
from the same starting materials. In conclusion, the vacant
sites of the A-a-SiW, segment as structure-directing agent ef-
fectively induce the formation of Mn clusters and stabilize the
final structure, while the organic ligands containing N-donor
sites that function as structure-stabilizing agents are excellent
candidates for reaction with electrophilic Mn cations to gener-
ate Mn complexes and concurrently enhance the stability of
the product. In other words, the mechanism of the reaction is
still not thoroughly understood up to now.

The IR spectra of 1-6, recorded on KBr pellets in the range
of 4000-400 cm™' (Figure S1 in the Supporting Information),
display the characteristic v,(Si—0O,), terminal v,(W—0,), corner-
sharing v, (W-0,), and edge-sharing v,(W—-0O,) vibrational
bands of the trivacant Keggin-type silicotungstate frame-
work.™ Groups of vibrational bands at 942-940, 981-985,
887-874, 780-774, and 704-708 cm™' are attributed to the
v(Si—0,), v(W-0,), v(W-0,), v(W-0,), and v(W—0O,) modes, re-
spectively. Compared with the trivacant Keggin-type precursor
Nao[a-SiW,05,]:18 H,0, the v(W—-0,,) vibrational bands of 1-6
have different shifts, which are related to incorporation of the
{Mn",Mn"} cluster core into the vacancies of the [0-SiW,0,,]'""
fragments. The bands appearing at 3246-3224 and 3120-
3008 cm™' are assigned to the v(NH,) and v(CH,) stretching vi-
brations, whereas the those at 1622-1507 and 1496-1310 cm™'
correspond to the &(NH,) and 6(CH,) bending vibrations, re-
spectively. The occurrence of these characteristic bands con-
firms the presence of organic groups in 1-6. In addition, the vi-
brational bands centered at 3434-3414 cm™' are indicative of
the presence of lattice water molecules or coordinated water
molecules.
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To evaluate the optical properties of 1-6, the diffuse-reflec-
tance spectra for powdered crystal samples were measured to
obtain their bandgaps E,. The bandgap was determined as the
intersection point between the energy axis and the line ex-
trapolated from the linear portion of the absorption edge in
a plot of the Kubelka-Munk function against the energy E.""!
As shown in Figure S2 in the Supporting Information, the
bandgaps of 1-6 are 3.30, 2.45, 2.17, 2.36, 2.48, and 2.64 eV, re-
spectively, which suggest semiconductor characteristics. These
bandgaps are relevant to the energy-level differences between
the oxygen mt-type HOMO and the tungsten m-type LUMO.[
Similar behaviors have been previously encountered in several
reported organic-inorganic hybrid TMSPs, such as [{Nig(}s-
OH)s(en),(H,0)g}(B-a-PW05,)-7H,0 (E,=2.89 eV),*" [Co,(bpy)s-
(We010))] (E;=2.20 eV),"*! and [Ag,(3atrz),],[HPMo";M0",0,]
(E,=2.15 eV, 3atrz=3-amino-1,2,4-triazole)."* Comparison of
the optical bandgaps of 1-6 reveals that the E; values appear
to be dependent on the structures of the POM-based cluster
hybrids. That is, the band gaps change slightly for compounds
with similar structures (2-4 and 5-6) while the bandgaps vary
greatly when their structures (1 and 2-6) are somewhat differ-
ent. Besides, the E; values decrease with increasing dimension-
ality or complexity of the structures, as pointed out by Kanatzi-
dis et al." and Papavassiliou."”

Description of the structures

The experimental powder (P) XRD patterns of 1-6 are in good
accordance with the simulated XRD patterns obtained from
the single-crystal X-ray diffraction data, and suggest high
phase purity of the samples (Figure S3 in the Supporting Infor-
mation). The intensity differences between experimental and
simulated XRD patterns may be ascribed to the variation in
preferred orientation of the powder samples during collection
of the experimental PXRD patterns. In addition, bond valence
sum calculations” indicate that the oxidation states of W and
Mn atoms in 1-6 are +6 and +2/+ 3, respectively. Consider-
ing the charge balance of 1-6, some protons were added to
their formulas. Additionally, in the description of crystal struc-
tures, the long Mn—O bonds are considered because of the
evident Jahn-Teller distortion of Mn" ions in the crystal field
leading to the elongation of the Mn—O distances.”” Single-
crystal X-ray diffraction showed that 1, 2, 3, 4, and 6 crystallize
in the triclinic space group P1, whereas 5 belongs to the mon-
oclinic space group P2,/c. The molecular structure of 1 consists
of mixed-valent, Mng-cluster-encapsulating, dimeric POA
[(B-0-SiW405,),Mn",Mn",0,(H,0),1'*~ (1a), in which four active
coordinated  water molecules in the mixed-valent
[Mn",Mn",0,(H,0),1*" cluster can be effectively replaced by
two or four organic ligands to create a series of organic—inor-
ganic hybrid species [(B-0-SiW,0;,),Mn",Mn",0,(H,0), ,(L),1'*
(2-6). In other words, the POA skeletons of 1-6 all are com-
posed of two trivacant Keggin [B-a-SiW,0,,]1'" fragments and
a mixed-valent, hexa-Mn {Mn",Mn",0,(H,0), ,(L),} cluster.
Therefore, only the structure description of 1 is discussed
herein in detail.
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The fundamental structural unit of 1 comprises a dimeric
sandwich-type POA [(B-a-SiW,0,,),Mn",Mn",0,(H,0),]'"*" (1a),
four discrete triprotonated [H;deta]®" cations, and eight lattice
water molecules. The 1a moiety(Figure 1a) is constructed from
two trivacant [B-a-SiWy0,,]'" fragments accommodating
a mixed-valent hexa-Mn [Mn",Mn",0,(H,0),1" cluster, in which
two head-to-head [B-a-SiW,0,,]'°" fragments in the staggered
fashion are linked by four Mn" and two Mn" ions through
twelve p,-O atoms from lacunae of two [B-a-SiW,0,,]'°" frag-
ments, two ,-O atoms from two SiO, groups, two extraneous
15-O atoms, and two extraneous p,-O atoms, with formation of
a sandwich-type structure. In each [B-a-SiW,0,,]'" fragment,
the Si¥ center has a tetracoordinate distorted tetrahedral ge-
ometry defined by three p,-O atoms from three W;0,; triads
and a fourth p,-O atom linking to the central
[Mn",Mn",0,(H,0),I?" cluster core with Si—O distances of
1.594(14)-1.654(12) A. The hexanuclear [Mn",Mn",0,(H,0),1®*
cluster in 1a has a C-symmetric, face-sharing, double-cubane
geometry (Figure 1b, c), and each cubane consists of three
Mn" and one Mn" centers with two of the Mn" centers shared
by the other cubane. There are three crystallographically
unique Mn ions in 1a, which all exhibit a distorted hexacoordi-
nate octahedral geometry with different coordination environ-
ments. The octahedral Mn1" ion is coordinated by two p,-O
atoms from the lacunary sites of one [B-a-SiWy0,,]'°" fragment
(Mn"—p,-O 1.881(14)-1.940(13) A), one extraneous p,-O atom
(Mn"—u;-O 1.892(12) A) and one extraneous p,-O atom (Mn"-—
u,-O 1.877(14) A) constituting the equatorial plane, and one ,-
O atom from a SiO, group (Mn"—p,-O 2.323(11) A and one
water O atom (Mn"—0,, 2.342(14) A) at two polar positions.
The Mn2" ion has an octahedral geometry in which the equa-
torial plane is built by two p,-O atoms from a (B-a-SiWy05,)'°"
fragment (Mn"—u,-O 1.916 (12)-2.155(13) A) and two extrane-
ous p,-O atoms (Mn"—p,-0 1.912(12)-2.413(12) A), and the two
polar positions are occupied by one p,-O atom from an SiO,

Figure 1. a) Polyhedral/ball-and-stick representation of 1a. b) The face-shar-
ing double-cubane core in 1a. ¢) The connection motif of the [Mn",Mn",
0,(H,0),1*" cluster core in 1a. d) 3D supramolecular framework of 1 along
the a axis. Mn" large dark, Mn" large light, O small gray, H,0 small dark. All
isolated H,O molecules are omitted for clarity.
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group (Mn"—u,-O 2.011(13) A) and one extraneous ;-0 atom
(Mn"—p,-0 1.855(13) A). The octahedral coordination sphere of
the Mn3" ion is constituted by two p,-O atoms from a (B-a-
SiW,0,,)'° fragment (Mn"—,-O 2.061(15)-2.117(12) A), one ex-
traneous py-O atom (Mn"—u;-O 2.246(12) A) and one extrane-
ous ;-0 atom (Mn"—p,-O 2.155(14) A) in the equatorial plane,
and one p,-O atom from a SiO, group (Mn"—p,-O 2.260(11) A)
and one water O atom (Mn"—0,, 2.110(15) A) in the two polar
positions. This structure is somewhat akin to that of{[X-
W305,1,IMn", Mn",0,(H,0),1''* (X=Si", Ge") previously com-
municated by Cronin et al.®” There has been increasing inter-
est in creating high-nuclearity Mn-substituted POMs containing
polynuclear Mn" ions, because these species can offer the es-
sential ingredients of SMMs such as a large axial anisotropy
arising from the existence of Jahn-Teller-distorted Mn" ions."®
To date, some progress has been made in the preparation of
large MSPs including Mn" ions from dinuclear to multinuclear
aggregates by overcoming the obstacles that Mn" ions are un-
stable in aqueous solution and tend to transform into Mn" and
Mn" jons.”'? For example, in 2007, Wang etal. isolated
a mixed-valent, hexa-Mn, double-sandwich-type MSP based on
two different lacunary POM building blocks, namely,
[{Mn"(H,0)},Mn",(SiW,0,¢) (SiW,0,,),1'°", by a simple aqueous
method." In 2011, Cronin and co-workers isolated another
mixed-valent Mng-substituted trimeric MSP with three distinct
lacunary POM building units, namely, [Mn",Mn",(u;-0),(H,0),(B-
B-SiW303,)(B-B-SiW03,) (y-SiW;4056)18 "% In 2009, Wang et al.
reported  tetradeca-Mn-substituted ~ MSP  [(Mn",;Mn"O,,-
(PO,),(PW405,),1*"~, which is composed of two [Mn,O,(B-a-
PW,0,,)]* 7~ fragments and two [Mn;O,(B-0-PW405,)]°" frag-
ments connected by four PO,*" linkers into a tetramer." In
2011, Fang and collaborators discovered two giant multi-Mn-
substituted species, namely, the Mn,,-based isopolytungstate
[{Mn'"3Mn'V4O4(OH)2(OH2)}2(W6022)(H2W8032)2 (H4W13O46)2]267 con-
taining three types of iso-POM building blocks™ and the
core-shell  cluster aggregate  [(PgW,50;g,){(P,W,;,Mn,O0)-
(P,W,sMn;0sp),01"*  constructed from 16  corner-sharing
Dawson-type units." Nevertheless, only four examples of
POM-based complexes with mixed-valent Mn clusters
Mn",Mn"}, {Mn";Mn™}, {(Mn"sMn"}, and {Mn",Mn"sMn",}) ex-
hibiting SMM behavior have been reported hitherto.”*® In
2008, Cronin etal. reported the first Mn""-based SMM
{IXW305,],IMn",Mn",0,(H,0).1}'* (X=Si", Ge"), made up of
two [XW40,,]'" segments sandwiching a mixed-valent, hexa-
nuclear [Mn",Mn",0,(H,0),1*" cluster.® Later, Fang et al. ob-
tained two organic-inorganic hybrid, tetra-Mn-substituted
monomers with  SMM behavior, namely, [(0-P,W;505¢)-
Mn";Mn"O,(CH,COO),]* ® and  [(A-B-SiW,O5)Mn";Mn"O,-
(CH,C00),1°~,¥ by grafting a distorted cubane [Mn,0,(n:u,-
CH,COO0),)** cluster to the lacunary site of [a-P,W,s0s]'*" and
[A-B-SiW,0,,]'> POAs, and hepta-Mn-inserted SMM [(a-
P,W,5056),Mn"sMn"O4(H,0)]"* .9 Recently, Wang et al. made
a new cluster exhibiting three different oxidation states,
namely,  {IMn",  Mn".Mn",(u;-0)¢(-OH),(H,0),(CO5)¢][B-B-
SiWs0,¢1,}'®", which has the highest known Mn nuclearity in
the POM-based SMM family.”” These previous achievements
not only demonstrate the great potential for constructing
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SMMs of mixed-valent MSPs, but also attract and motivate
more chemists to develop and investigate this domain of
POM-based SMM materials.

The design and construction of metal-containing supra-
molecular networks have attracted increasing attention in the
fields of crystal engineering and supramolecular chemistry,
since they can provide neoteric topologies and functional ma-
terials.”” Moreover, POM-based supramolecular architectures
are among the most promising materials in the fields of chemi-
cobiology, materials chemistry, and so on.”?” In this respect, 3D
supramolecular structures also exist in 1-6. In the structure of
1, the N atoms of deta ligands functioning as proton donors
participate in the formation of N—H--O interactions with the
surface O atoms of [B-a-SiWy05,]'°" fragments serving as
proton acceptors. Specifically, adjacent 1a units are intercon-
nected by N—H---O interactions with amino groups of free deta
ligands to form a 1D supramolecular chain along the a axis
(Figure S4 in the Supporting Information). Furthermore, neigh-
boring chains are connected with each other to give a 3D
supramolecular framework (Figure 1d), in which each 1a unit
acts as a ten-connected node. Topological analysis of this net
was performed with a Schlifli symbol of {4%6'°8'7-10% by
using TOPOS 4.0 (Figure 2a).

Compound 2 consists of a dimeric [(B-0-SiWy05,),Mn",-
Mn",0,(H,0),(Hen),]'° (2a) unit (Figure 3 a), five discrete dipro-
tonated [H,en]*" cations, and eight water molecules of crystal-
lization. The structure of 2a can be viewed as a derivative of
1a with two coordinated water molecules replaced by
two en ligands (Mn—N: 2.283(9) A; Figure 3 ¢c). Although similar
hexa-Mn-substituted, trivacant Keggin POMs {{{XW,0,,],-
[Mn",Mn",0,(H,0),]'*~ (X=Si", Ge") (A and B)®" were report-
ed, to the best of our knowledge, organic-inorganic hybrid,
hexa-Mn-sandwiched, trivacant Keggin-type POMs 2-6 are ad-
dressed here for the first time. In comparison with 2, three ob-
vious distinctions can be summarized: 1) 2 was made by the
synergetic reaction of trivacant precursor [A-0-SiWy05,]'"" with
the Mn?" cation in the presence of apm and en, whereas A
and B were prepared by using divacant Keggin precursors,
which transformed into trivacant POM units in the reaction
procedure; 2) from the viewpoint of synthetic technique, 2
was hydrothermally made at 90°C, whereas A and B were ob-
tained at 50°C in conventional aqueous solution, which also
indicates that the hydrothermal method is an effective strategy
for producing novel organic-inorganic hybrid POMs; 3) en li-
gands were introduced into the central {Mn",Mn",0,(H,0),}

Figure 2. a—f) The 3D supramolecular topology along the b, g, a, b, a, and
b axes of 1-6, respectively. Black: [(SiWy05,),Mn",Mn",0,] nodes; gray: or-
ganic amine nodes.
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Figure 3. a-b) Polyhedral/ball-and-stick representation of 2a and 3a. c),

d) Connection motifs of the {Mn",Mn",0,(H,0),(Hen),} and
{Mn",Mn",0,(H,0),(ppz),} clusters in 2a and 3a. e) 3D supramolecular frame-
work of 2 and 3 along the a axis. Mn" large dark, Mn" large light, O small
gray, H,O small dark, N dark, C gray. All isolated H,O molecules are omitted
for clarity.

cluster core through the coordination of N atoms with Mn"

centers in 2, but not in A and B.

In addition, neighboring 2a units are linked to coordinated
water molecules by O—H---O interactions (O--O 2.728(10) A, Fig-
ure S5 in the Supporting Information) to form a 1D supra-
molecular chain along the c¢ axis. Moreover, the 1D supra-
molecular chains are further connected together through N—
H---O interactions between free diprotonated [H,en]*" cations
and 2a units to form a 3D supramolecular framework (Fig-
ure 2e), in which each 2a unit acts as a eight-connected node,
with a Schlafli symbol of {4%6'%8%10°} (Figure 2b).

The molecular structure of 3 is composed of an organic—in-
organic hybrid [(B-a-SiW403,),Mn",Mn",0,(H,0),(ppz),I"*~ (3a)
dimeric unit (Figure 3b), four diprotonated [H,ppz]*" cations,
two diprotonated [H,1,3-dap]*" cations, and six lattice water
molecules. The {Mn",Mn",0,(H,0),} unit is associated with two
attached ppz ligands through N atoms (Figure 3d) to give
a hybrid that can be regarded as the result of two ppz ligands
substituting for two en ligands in 2a. In addition, 4a is the
same as 3a, and hence it is not described here. Moreover, dis-
crete 3a units are regularly distributed (Figure 3 f). Figure S6 in
the Supporting Information shows that neighboring 3a units
are closely aligned in an orderly arrangement, and thus it can
be conjectured that the ppz ligands grafted onto two sides of
the {Mn",Mn",0,} unit can to some degree decrease the steric
hindrance and favor the closest packing of 3a units. For each
ppz ligand, only one N atom is involved in the N—H--O interac-
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tions with the O atoms of both 3a and lattice water molecules.
As a result, the combination of proton donors from free and
coordinated ppz ligands with proton acceptors from O atoms
of [B-0-SiW,0,,]'"" fragments, lattice water molecules (N—H---O
2.85(5)-3.18(3) A, O—H--0 2.77(1) A) results in a 3D supra-
molecular structure (Figure 3f) in which each 3a unit acts as
an eight-connected node with a Schlifli symbol of {4%6'%-10%
(Figure 2¢).

Single-crystal X-ray diffraction revealed that 5 crystallizes in
the monoclinic space group P2,/c, and 6 in the triclinic
space group P1. In contrast to 1-4, the POA skeletons of
both 5 and 6 consist of a Mng-substituted units (Figure 4a):
[(B-0-SiW405,),Mn",Mn",0,(pp2),]'>~ (5a) and  [(B-0-Si-
W,05,),Mn",Mn",0,(Hppz),1°~ (6a). The four aqua ligands in
the {Mn",Mn",0,(H,0),} unit are totally replaced by ppz ligands
in 5a and 6a, which is the biggest difference between 5a/6a
and 1a-4a (Figure S7 in the Supporting Information). The sub-
stitution of aqua ligands by en groups has been observed in
Nig systems,"">? but not in Mny systems. Furthermore, 5 also
exhibits a 3D supramolecular structure due to H-bonding inter-
actions among 5a units and organic ligands. A remarkable
structural feature of 5 is the existence of three kinds of hydro-
gen bonds. One involves the coordinated ppz groups of
[Mn",Mn", O,(ppz),1®" clusters as donors and the O atoms of
[B-a-SiW,0,,]'~ fragments as acceptors with an N--O distance
of 2.792(8) A (Figure S8 in the Supporting Information). Anoth-
er involves the free ppz groups with a distance of 3.068(9) A.
These two kinds of hydrogen bonds contribute to the forma-
tion of a 2D supramolecular layer in 5 (Figure S9 in the Sup-
porting Information). The third type exists between 5a units
and free [Hsdetal®™ cations, and results in the construction of
the 3D supramolecular structure (Figure 4c) with a Schlafli
symbol of {3%4%5%.6'%10}, in which each 5a unit acts as an
eight-connected node. Compound 6 exhibits a novel 3D supra-
molecular framework with a Schlafli symbol of {4%6'%-10% (Fig-
ure 2f), in which each {Mn¢Si,W,g} unit acts as an eight-con-
nected node. In contrast to 2—-4, the introduction of more ppz

Figure 4. a) Polyhedral/ball-and-stick representation of 5a and 6a. b) The
connection motif of the {Mn",Mn",0,(ppz),} cluster in 5a. c) 3D supramolec-

ular framework of 5 along the b axis. Mn" large dark, Mn" large light, O

small gray, H,O small dark, N dark, C gray. All isolated H,O molecules are
omitted for clarity.
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ligands is propitious to the stabilization of the 3-D supramolec-
ular frameworks.

Magnetic properties

SMMs, that is, compounds exhibiting slow relaxation of mag-
netization below a blocking temperature, have witnessed great
development in recent years due to their unique properties
and potential applications in high-density magnetic informa-
tion storage and computation devices,”” since the discovery of
SMM behavior in TM coordination clusters two decades ago.””
Lacunary POMs, as a kind of highly charged inorganic anionic
ligands with confined ligation environments and rich redox
properties, are good candidates for incorporating unusual TM
magnetic clusters into their skeletons through p-oxo/hydroxo
groups to create novel POM-based SMMs. Moreover, nonmag-
netic POM frameworks insure effective magnetic isolation of
TM clusters generated in situ from each other, so that intermo-
lecular interactions are usually negligible. This offers a good
opportunity for probing magnetic exchange interactions and
electron delocalization in highly symmetrical clusters. Studies
on SMMs are mainly focused on polynuclear metal clusters,
largely owing to their intrinsic magnetic characteristics, such as
high-spin ground state and magnetocrystalline anisotropy,
which lead to a spin-reversal barrier for slow relaxation of mag-
netization. Despite a continuous stream of SMMs featuring di-
verse metal ions and nuclearities, the exploration of MSP-
based SMMs is still in its infancy.>®?! The d* Mn" ion has an
°E, ground state in a hexacoordinate octahedral environment,
and splitting of the °E, ground state into °A,, and °B,, can be
induced by the Jahn-Teller effect, corresponding to an elon-
gated axis with the zero-field splitting parameter D <0 in most
instances, or a compressed axis along with D>0 in rare
cases,” which make Mn" ions particularly popular for con-
structing SMMs, as is confirmed by the fact that nearly all
SMMs in POM chemistry and even coordination chemistry con-
tain Mn" ions.”” Therefore, research on novel Mn" SMMs re-
mains a long-standing challenge.

As 1-6 contain the similar {Mn",Mn",} cores, only the mag-
netic properties of 3 and 6 are discussed here. The plots of y
and y,T versus T of 3 and 6 in a constant field of 1000 Oe in
the temperature range of 1.8-300K are illustrated in Fig-
ure S10a of the Supporting Information and Figure 5a. The y,
value shows a moderate increase from 0.061 emuKmol™' at
300K to 0.847 emuKmol™" for 3 and 0.803 emuKmol™' for 6
at 20 K and then exponentially reaches maxima of 13.43 emuK
mol™" for 3 and 12.42 emuKmol™' for 6 at 1.8 K. Correspond-
ingly, the yuT values of 18.23 emuKmol™" at 300K for 3 and
18.15 emuKmol™" at 300 K for 6 are slightly smaller than the
excepted value (20.75 emuKmol™', g=2) for four noninteract-
ing Mn" (S=2) and two noninteracting Mn" (S=5/2) ions. On
cooling, the yuT value diminishes gradually from 18.23 emuK
mol~" at 300 K to a minimum of 13.38 emuKmol™' at 70K for
3 and from 18.15emuKmol™ at 300K to a minimum of
13.11 emuKmol™' at 85K for 6. Below 70 K for 3 and 85K for
6, the yyT value increases rapidly and reaches a maximum of
24.39 emuKmol ' at 4K for 3 and 22.47 emuKmol ' at 3K for
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6 and then decreases sharply to 24.17 emuKmol™" for 3 and
2234 emuKmol™' for 6 at 1.8 K. Such behavior indicates the
coexistence of both antiferromagnetic Mn"-Mn" coupling and
ferromagnetic Mn"-Mn" coupling. The final decrease can be
attributed to the zero-field splitting of the Mn" centers and
the Zeeman effect of the applied field. The magnetic data be-
tween 127 and 300 K for 3 and between 120 and 300K for 6
conforms to the Curie-Weiss law, with a Curie constant of C=
23.17 emuKmol™' and Weiss constant of 6=-86.72K for 3
(Figure S11 in the Supporting Information) and C=24.08 emuK
mol™" and 6=—-104.03 K for 6 (Figure S12 in the Supporting
Information), which indicate dominant antiferromagnetic ex-
change interactions. In comparison with the magnetic proper-
ties of (C,H,,NO),,{[SiW,0;,],IMn",Mn",0,(H,0),1}-15H,0 report-
ed in Ref.[9a], although there are some differences in the
magnetic data for 3 and 6, their magnetic behaviors are still
similar and they all show dominant antiferromagnetic coupling
interactions. Clearly, the gradual replacement of the coordinat-
ed water molecules in the [Mn",Mn",0,(H,0),*" cluster by or-
ganic groups results in changes of the Mn—O distances and
Mn-O-Mn angles, and further gives rise to the small changes of
their magnetic data.

To confirm the magnitude of the spin ground state, variable-
field magnetization data were collected for 3 and 6 in the
range of 0-7 T at 2 K, and the plots of reduced magnetization
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M/NS versus H are shown in Figure S10b of the Supporting In-
formation and Figure 5b. The magnetization increases abruptly
to reach approximately 7.7 N for 3 and 7.9 N§ for 6 at 0.8 T
and continues increasing in a linear fashion to reach 10.3 NS
for 3 and 9.9 Nf for 6 at 7 T with the appearance of the satura-
tion value. The magnetizations of 10.3 Nf for 3 and 9.9 Nj3 for
6 at 7 T suggests a ground spin state of S=5, from which it
can be deduced that the spins of two Mn" atoms and two Mn"
atoms are parallel and the spins of two Mn" atoms are antipar-
allel.

In addition, comparing bond lengths and bond angles re-
veals that the distances between Mn" and Mn" atoms in 1-6
are similar to those of A (Table S1 in the Supporting Informa-
tion). We speculate that they have similar magnetic behaviors.
Thus, besides these static magnetic susceptibility data, the dy-
namic properties of 3 and 6 were also studied by means of fre-
quency-dependent ac susceptibility measurements in the tem-
perature range of 1.8-10 K to probe whether they exhibit SMM
characteristics. The frequency dependence of both in-phase
(x,) and out-of-phase (x,,) components were observed in an
applied dc field of zero (Figure S10¢,d of the Supporting Infor-
mation, Figure 5¢,d), which is a clear indication of slow relaxa-
tion of magnetization. Moreover, it is evident that well-re-
solved peaks of the XM and xM signals emerge in the frequency
range of 100-999 and 999 Hz for 3 and 32-999 and 316-

b)IO-

I

"/ emu mol
N w
1] 1]

-
T

Figure 5. a) Temperature dependence of the molar magnetic susceptibility y,, and the product of the molar magnetic susceptibility and temperature yT for
6 between 1.8 and 300 K. b) Magnetization versus field for 6 at 2 K. c) Variable-temperature in-phase (x’) ac susceptibilities at various frequencies for 6 in zero
dc field. d) Variable-temperature out-of-phase (x”) ac susceptibilities at various frequencies for 6 in zero dc field.
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999 Hz for 6, respectively, which strongly indicate SMM behav-
ior of 3 and 6. Actually, SMMs showing field-reduced slow re-
laxation of the magnetization have been already observed in
Mn" complexes such as the Mn"-salen-type compound
[Mn"(5-TMAM(R)-salmen)(H,0)Co"(CN)4]-7 H,0-MeCN  [5-TMAM-
(R)-salmen = (R)-N,N'-(1-methylethylene)bis(5-trimethylammo-
niomethylsalicylideneiminate]® and the mononuclear octahe-
dral Mn" complex [Mn(dbm),(L),J(CIO,) (dbm =dibenzoylme-
thanido, L=pyridine),®™@ whereas this behavior is rare in
POMs, and was only encountered in [Ln(Ws0,g),]°
{XW,05LIMN",Mn0,H,01I13  (X=Si",  Ge™,*  and
[M(SiW9034)2]17/187 (M=Fe" Co' Mn'")2

Thermogravimetric analysis (TGA)

To investigate the thermal stability of 1-6, TGA was carried out
in flowing air at a heating rate of 10°C min~"' in the tempera-
ture range of 30-800°C. As shown in Figure S13 in the Sup-
porting Information, the TG curve of 1 displays one-step slow
weight loss in the range of 30-800°C. The total weight loss of
14.15% is assigned to the release of eight lattice water mole-
cules, four coordinated water molecules, the removal of four
free deta ligands, and the loss of twelve protons (calcd
13.43%). The weight loss process of 2 is divided into two steps
in the range of 30-800°C. The weight loss of 9.86% in the
range of 30-602°C corresponds to the release of eight lattice
water molecules, two coordinated water molecules, five free
en ligands, and one coordinated en ligand (calcd 9.90%).
Above 602°C a gradual weight loss of 2.92% up to 800°C is
observed and assigned to the removal of the remaining one
coordinated en ligand and the loss of twelve protons (calcd
3.08%). The TG curve of 3 shows three weight-loss steps. In
the range of 30-185°C, the weight loss of 2.19% is due to the
loss of six lattice water molecules (calcd 1.91%), and the
weight loss of 11.06 % from 185 to 572°C is approximately at-
tributable to the removal of four free ppz ligands, two free 1,3-
dap ligands, two coordinated water molecules, and one coordi-
nated ppz ligand (calcd 10.85%). The third weight loss of
3.61% between 506 and 800°C is assigned to the removal of
the remaining one coordinated ppz ligand and the loss of
twelve protons (calcd 3.43%). The TG process of 4 displays
one-step continuous weight loss in the range of 30-800°C.
The total weight loss of 14.72% is assigned to the release of
eight lattice water molecules, two coordinated water mole-
cules, four free ppz ligands, two coordinated ppz ligands, and
the loss of twelve protons (calcd 14.49%). The TG curve of 5
displays two continuous stages of weight loss in the range of
30-800 °C. The first weight loss of 12.95% from 30 to 295°C is
assigned to the release of twelve lattice water molecules, three
free ppz ligands, two free deta ligands, and one coordinated
ppz ligand (calcd 13.04%).The second weight loss of 6.25% be-
tween 295 and 800°C is assigned to the decomposition of the
remaining three coordinated ppz ligands and the loss of
twelve protons (calcd 6.23%). The TG curve of 6 displays two
major weight loss stages in the range of 30-800°C. The first
weight loss of 10.47 % from 30 to 300°C is attributable to the
release of ten lattice water molecules, two free ppz ligands,
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two free en molecules, and one coordinated ppz ligand (calcd
10.79%). The second weight loss of 6.76% between 300 and
800 °C is approximately attributable to the removal of three co-
ordinated ppz molecules and the loss of twelve protons (calcd
6.39%). The observed experimental values are approximately
consistent with the theoretical values.

Conclusion

Two different-sized and flexible organic N ligands were suc-
cessfully grafted onto the surface of {Mn",Mn",0,} units to
form organic covalently functionalized TMSPs 1-6 under hy-
drothermal conditions, which were characterized by elemental
analysis, IR spectroscopy, TGA, and single-crystal X-ray crystal-
lography. Furthermore, the successful isolation of 1-6 not only
indicates that double-cubane {Mn",Mn",0,(H,0), ,(L),} clusters
are very stable in both conventional aqueous solution and hy-
drothermal systems, but also demonstrate that the hydrother-
mal technique can act as an effective approach for making
novel mixed-valent TM-cluster-substituted POMs by combina-
tion of lacunary Keggin precursors with TM cations with a tuna-
ble role of organic ligands. Structural analyses indicate that the
organic N ligands can substitute coordinated water molecules
located on the outer positions of the [Mn",Mn",0,(H,0),1*"
cores. As a consequence, further work based on the following
aspects is in progress: 1) replacing four terminal water ligands
of [(B-0-SiW405,)Mn",Mn",0,(H,0),] by multifunctional carbox-
ylic ligands to make cluster-organic cages/chains/networks/
frameworks, and 2) introducing other multilacunary POM pre-
cursors such as [0-P,W;5056])"2 7,2 [PW,50,012°7,2 [As,W;404,-
(H,0)1" 27 [As,W 00,4012 7,%9 and [Sb,W,,0,,(0H),1"*" 9 to
react with various TM or lanthanide ions to prepare novel
metal-substituted POMs with interesting magnetic properties.
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