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ABSTRACT: The slow diffusion reaction of octacyanometallate [Mo"(CN)g]*",
lanthanide ions (Gd—Lu), and 1,10-phenanthroline (phen) in CH;CN/H,O has
yielded eight isostructural one-dimensional chains, [Ln"!(phen),(H,0)Mo"(CN);],-
[("'C4H9)4N](NOS)'ZCH3CN'4HZO (Ln = Gd(1), Tb(2), DY(?’)) Ho(4), Ex(S),
Tm(6), Yb(7), Lu(8)), in which [Ln™(phen),(H,0)]** and [Mo"(CN)s]*" units are
linked alternatively through cyanide groups, generating left- and right-handed helices.
Interestingly, 1—8 undergo a resolvation—recrystallization process upon prolonging
the diffusion-reaction time, together with the valence change from V to IV of Mo
center and structural dimensionalities switching from helical chains to trinuclear
clusters, (Hphen),s[Ln"¢(phen)(H,0)][Mo"(CN);]-1.5CH;CN (Ln = Gd(9),
Tb(10), Dy(11), Ho(12), Er(13), Tm(14), Yb(15), Lu(16)). Magnetic studies of 1—
16 revealed the typical effects induced by single-ion magnetic anisotropy and/or the
population of low-lying excited states, and 11 and 13 showed extraordinary field-
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induced slow magnetic relaxations.

B INTRODUCTION

In recent decades, considerable efforts have been devoted to the
design and construction of molecule-based magnets owing to
their functionalities and potential applications." To attain such
type of materials it would be highly desirable to elaborate a
system with strong magnetic coupling and structural predict-
abilities. One of the promising systems is the cyanide-bridged
assembly because cyanide groups can serve as a short-range
mediator between spin carriers, and their magnetic nature is
mainly dependent on magnetic orbitals of metal constituents.
These materials have shown a remarkable diversity of magnetic
properties such as high Curie temperatures,” " ferroelectricity-
ferromagnetism,s’6 humidity-sensitive magnetism,7_9 metamag-
netism,'® photoinduced malgnetization,”_15 etc.

In the case of discrete molecules or one-dimensional (1D)
chains, cyanide-bridged single-molecule magnets (SMMs) or
single-chain magnets (SCMs) have received special attention
due to their peculiar slow magnetic relaxations and potential
applications in information recording and storage devices.
Particular examples of discrete molecules with large-spin group
states include the {MUM'V(CN),s(solv),,} (M = Mn(II),
Co(II), Ni(II), Fe(II); M’ = Mo, W, Re; solv = MeOH, EtOH,
H,0) clusters derived from [M'V(CN)g]*" precursors, some of
which have exhibited fascinating SMMs behaviors,"°~** while
SCMs characteristics were also observed in 1D chains.”*~** To

-4 ACS Publications  © Xxxx American Chemical Society

fabricate low-dimensional cyanide-based systems, the general
synthetic methodology is to employ the aromatic chelated
ligands to control the number and spatial arrangement of
coordination positions available on the cation for CN-bridging,
hence restricting the structural evolution toward higher
dimensionalities. This recognition has inspired our group to
fabricate low-dimensional hexa- and octacyanometallate-based
assemblies.”” > For instance, the first cyanide-bridged
lanthanide helical chains {Ln™M"} (Ln = Pr, Sm, Euy; M =
Mo, W) were synthesized by using bidentate 1,10-phenanthro-
line (phen) or 3,4,7,8-tetramethyl-1,10-phenanthroline
(tmphen) as chelated and blocking ligands, where antiferro-
magnetic coupling interactions were observed between Ln(III)
and M(V) centers.*!

As is well-known, the magnetic susceptibilities of lanthanide
system with strong spin—orbit coupling are obviously
influenced by the thermal population of sublevels in the
ground-state multiple in the ligand field. The magnetic
characteristics can be altered systematically by varying
lanthanide ions while maintaining identical geometries and
ligand compositions.””** On the basis of these considerations
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and our continuing efforts into the study of magnetically
coupled cyanide-bridged lanthanide materials, the present
impetus is to further investigate the structures and magnetic
properties of low-dimensional octacyanide-bridged lanthanide
systems by combining the anionic [Mo"(CN)g]*~ building
block with highly anisotropic paramagnetic lanthanide ions
Ln** (Ln = Gd—Lu) and the bidentate chelated ligand phen. A
family of helical chains with the general formula [Ln-
(phen),(H,0)Mo(CN);],[(n-C4H,),N](NO;)-2CH;CN-
4H,0 (Ln = Gd(1), Tb(2), Dy(3), Ho(4), Er(5), Tm(6),
Yb(7), Lu(8)) were isolated, and these crystals underwent a
remarkable resolvation-recrystallization process, affording a
series of trinuclear clusters (Hphen),[Ln,s(phen)(H,0)]-
[Mo(CN)s]-1.5CH,CN (Ln = Gd(9), Tb(10), Dy(11),
Ho(12), Er(13), Tm(14), Yb(15), Lu(16)) upon prolonging
the diffusion-reaction time. It should be worth mentioning that
the octacyanometallate-based systems involving the phase
conversion of structural dimensionalities are rarely explored.
In fact, the structural dimensionalities did not changed,
although humidity-, guest-, photo-, and thermal-, and
pressure-induced phase conversions have been reported in
related octacyanometallates.”>™*’ Herein, we reported the
syntheses, crystal structures, and magnetic studies of 1—-16.

B EXPERIMENTAL SECTION

Materials and General Methods. All reagents were purchased
from commercial sources and used without further purification. The
[HN(n-C4H,);];W(CN); precursor was prepared according to the
published procedure.*' Infrared (IR) spectra were recorded on a
Nicolet FT 1703X spectrophotometer in the 4000—400 cm™' region
on KBr discs. Elemental analyses for C, H, and N were performed with
a PerkinElmer 240C elemental analyzer. Powder X-ray diffraction
(XRD) data were collected using a Shimadzu XRD-6000 diffrac-
tometer with Cu-K, radiation. The detection of Ln and Mo atoms was
performed with energy dispersive spectrometry (EDS, Oxford INCA).
All magnetic measurements on microcrystalline samples were carried
out on a Quantum Design MPMP-XL7 superconducting quantum
interference device (SQUID) magnetometer. Corrections of measured
susceptibilities were carried out considering both the sample holder as
the background and the diamagnetism of the constituent atoms
according to Pascal’s tables.*> Notably, the crystals of 1—8 are fragile
and easily become powders upon removal from the mother liquid.
Powder XRD analysis revealed the occurrence of structural transition
(Figure S1) probably caused by the loss of solvents in the framework.
Here, the magnetic properties of polycrystallines of 2 exposed in the
air and covered by liquid paraffin were both investigated. Fortunately,
the magnetic results showed that the magnetic curves of both samples
exhibited an identical trend and features (Figure S2), which indicated
that the magnetic properties of final polycrystallines have not changed
despite the structural change upon being exposed in the air. So all
magnetic measurements of 1—8 were carried out using the
polycrystallines picked out from the mother liquid for convenience.

Syntheses. Single crystals of [Ln(phen),(H,0)Mo(CN)],[(n-
C,H,),N](NO,)-2CH,CN-4H,0 (Ln = Gd(1), Tb(2), Dy(3),
Ho(4), Ex(5), Tm(6), Yb(7), Lu(8)) were prepared according to
the reported method in the literature.>" Yellow rod crystals of 1—8
were obtained after about 20 days, and these crystals gradually resolved
and recrystallized with red block crystals of (Hphen), s[Lnys(phen)-
(H,0)][Mo(CN),]-1.5CH;CN (Ln = Gd(9), Tb(10), Dy(11),
Ho(12), Er(13), Tm(14), Yb(15), Lu(16)) after allowing the solution
to stand for a further three months. The crystals of 1—8 are fragile and
easily become powders upon removal from the mother liquid along
with the structural change, while 9—16 exhibited high stability in the
air. Powder XRD analysis of 9—16 indicated the high purities of
polycrystalline samples (Figure S3). Atomic ratios (EDS results) of
Mo/Ln for 9—16 are approximately equal to 2 for 9: Mo/Gd = 1.91/
1.00; for 10: Mo/ Tb = 1.92/1.00; for 11: Mo/Dy = 1.90/1.00; for 12:

Mo/Ho = 1.87/1.00; for 13: Mo/Er = 2.06/1.00; for 14: Mo/Tm =
1.90/1.00; for 15: Mo/Yb = 1.87/1.00; for 16: Mo/Lu = 1.90/1.00.
Anal. Calcd for C;oH7,GdMo,N;;0, (9) (%): C, 58.11; H, 3.40; N,
21.10. Found: C, 57.99; H, 3.46; N, 21.17. Anal. Calcd for
C106H74TbMo,N3;0, (10) (%): C, 58.06; H, 3.40; N, 21.08. Found:
C, 58.13; H, 3.37; N, 21.11. Anal. Calcd for C,,sH,,DyMo,N3;0, (11)
(%): C, 57.97; H, 3.40; N, 21.05. Found: C, 58.00; H, 3.38; N, 21.01.
Anal. Calcd for CoH;,HoMo,N3;0, (12) (%): C, 57.90; H, 3.39; N,
21.02. Found: C, 58.00; H, 3.35; N, 21.09. Anal. Calcd for
C06H74ErMo,N;;0, (13) (%): C, 57.84; H, 3.39; N, 21.00. Found:
C, 57.79; H, 3.38; N, 21.07. Anal. Calcd for C,yH,,TmMo,N;;0,
(14) (%): C, 57.80; H, 3.39; N, 20.98. Found: C, 57.76; H, 3.42; N,
20.99. Anal. Caled for C,o¢H,,YbMo,N;;,0, (15) (%): C, 57.69; H,
3.38; N, 20.94. Found: C, 57.65; H, 3.40; N, 21.01. Anal. Calcd for
CyoeH7LuMo,N1;0, (16) (%): C, 57.64; H, 3.38; N, 20.93. Found:
C, 57.57; H, 3.40; N, 20.95. IR spectrum for 9: vc—y = 2109 cm™},
2135 ecm™Y for 10: vy = 2110 cm™, 2135 cm™; for 11: ve—y =
2110 em™, 2135 em™; for 12: ey = 2109 cm™, 2136 cm™!; for 13:
Vemn = 2111 cm™, 2136 ecm™); for 14: oy = 2112 cm™, 2121 ecm™;
for 15: vemy = 2114 cm™, 2136 cm™Y; for 16: vo—y = 2112 cm™),
2136 cm™".

X-ray Crystallographic Analysis. Single-crystal X-ray diffraction
measurements of 1—16 were performed with a Bruker Apex II
diffractometer using graphite monochromated molybdenum radiation
[A(Mo-K,) = 0.71073 A)]. It should be noteworthy that the crystals of
1—8 were fragile and easily became powders after being exposed in the
air. So single-crystal X-ray structural measurements of these crystals
were performed by covering liquid paraffin on the single crystal. All
diffraction data analysis and reduction were carried out within SMART
and SAINT.* Correction for Lorentz, polarization, and absorption
effects were performed within SADABS.** Structures were solved using
Patterson method within SHELXS-97 and refined using SHELXL-
97.57% All non-hydrogen atoms were refined with anisotropic
thermal parameters. The hydrogen atoms of phen ligands, [(n-
C4H,),N]* cations, and CH3;CN molecules were positioned with an
idealized geometry and refined using a riding model. The hydrogen
atoms of water molecules were located from difference Fourier maps
and refined as riding model. CCDC numbers: 1421793—1421808 for
1—-16. This data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif. The crystallographic data and structural refinement for 1—-16 are
summarized in Tables 1 and 2.

B RESULTS AND DISCUSSION

Crystal Structures. Single crystal XRD analysis indicated
that the structures of 1—8 consist of 1D cyanide-bridged helical
chains, isostructural to the Ln™Mo" (Ln = Sm, Eu) complexes
reported by our group.”’ Here the structure of 1 is described
briefly. As shown in Figure 1, the asymmetric unit of 1
comprises one neutral [Gd(phen),(H,0)Mo(CN);], unit, one
[(n-C4H,),N]* cation, one NO;™ anion, and some disordered
solvent molecules of water and acetonitrile. The eight-
coordinated Mo and Gd centers are located in a slightly
distorted square antiprism geometry. Then the [Gd™(phen),-
(H,0)]** and [Mo"(CN),]*~ moieties are connected in an
alternating manner by two trans cyanide groups, isolating the
left- and right-handed helices running along the crystallographic
4, axis with a long pitch of about 16.78 A (the Gdl--Gdl
distance) (Figure 2a). The Gd and Mo atoms in a pitch
generate an eight-membered ring aperture viewed along the
screw axis, in which nitrate anions and solvent molecules are
located (Figure 2b). Adjacent helices are further packed
through the relatively strong 7—7 stacking interactions between
aromatic rings of phen ligands, forming a 3D supramolecular
network (Figure 2c). No obvious hydrogen-bonding inter-
actions were observed in our system. To the best of our
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Figure 1. ORTEP diagram of 1 with thermal ellipsoids presented at
the 30% probability level. All H atoms, [(n-C4Hy),N]" cation, [NO;]~
anion, solvent CH;CN and H,O molecules have been omitted for
clarity. Symmetry codes: (i) y — 1/4, x + 1/4, —z + 1/4; (vi) —x + 1/
2,y, —z.

Left-handed  right-hande
helix helix

Figure 2. (a) The 1D left- and right-handed helices in the structure of
1; (b) perspective view of the single-stranded helical chain along the 4,
screw axis; (c) the 3D supramolecular network.

knowledge, there are limited examples of cyanide-brid§ed
lanthanide complexes with helical structures to date.””?"***

Interestingly, yellow rod crystals of 1—8 gradually trans-
formed to red block crystals of 9—16 upon standing the
solution for further three months, together with the obvious
structural changes from helical chains to trinuclear molecules as
well as the reduction of Mo atom from V to IV. Obviously,
there is a resolvation—recrystallization process in both series,
where the kinetically formed helical chains 1—8 are unstable
thermodynamically and undergo transformation to the stable
thermodynamically trinuclear products 9—16. X-ray single
crystal structural results revealed that 9—16 are also
isomorphous, crystallizing in the monoclinic space group C2/
c. Only the structure of 9 is described in detail, which contains
the anionic {{Ln"™, s(phen)(H,0)][Mo"(CN)¢]}**~ trinuclear
cluster with (Hphen)* charge-balance cations and uncoordi-
nated molecules of acetonitrile.

The eight-coordinated Mo(IV) atom adopts a distorted
square antiprismatic geometry, typical for
octacyanomolybdates(IV).*™>* Two trans cyanide ligands in
[Mo"(CN)4]*" acting as linear two-connectors bridge to two
adjacent [Ln™¢(phen)(H,0)]"** moieties, while the remain-
ing six ones are terminal. The average Mol—C and C—N bond

Figure 3. Trinuclear cluster structure of 9 with thermal ellipsoids
presented at the 30% probability level. All H atoms, (Hphen)* cations,
and CH;CN molecules have been omitted for clarity. Symmetry code:
(i) %, 5, — z + 3/2.

distances are about 2.163 and 1.158 A, respectively, and all
Mo1-CN wunits exhibit almost linear with the maximum
deviation from linearity of 5.5°. The Gd(III) atom is eight-
coordinated and lies in a slightly distorted square antiprismatic
environment with two cyanide-nitrogen atoms, four nitrogen
atoms from two phen ligands and two oxygen atoms from
coordinated water molecules. The average Gd1—N and Gd1—
O bond lengths are approximately 2.520 and 2.368 A,
respectively. The Gd1-NC bonds are significantly bent with
the angle of 161.5(4)°, opposition to the linear Mo1-CN units.
The geometrical data of the Gd1—N, and Gd1—O bonds are
identical to those observed in related cyanide-bridged
lanthanide-phen complexes.’**~

As a result, the [Mo"V(CN)g]*" and [Ln™(phen)-
(H,0)]"* units are linked in an alternating fashion through
trans cyanide groups to generate an anionic trinuclear cluster
{[Ln™; s(phen)(H,0)][Mo(CN)g]}** cocrystallized with
charge-balance (Hphen)* cations. The similar trinuclear
clusters have also been found in hexa-, hepta- and
octacyanometallate-based bimetallic complexes.”’~®* The intra-
cluster Mo--Gd and Mo--Mo distances are about 5.628 and
10.316 A, respectively. The neighboring trinuclear units are
separated through well-defined hydrogen-bonding interactions
and 7—7 stacking interactions of aromatic rings of phen ligands,
isolating the formation of a 3D supramolecular network (Figure
4). The intermolecular Gd--Gd, Mo-+Gd, and Mo--Mo
distances are about 11.831, 10.754, and 10.193 A, respectively.

After careful comparison, there are some similarities between
the crystal structures of the two series. The Ln atoms in 1-16
show the same distorted square antiprismatic geometry, being
eight-coordinated to two bridging cyanide groups, four terminal
cyanide groups and two water molecules. With the
experimental error, there are no significant differences in the
bond lengths of Ln—N, Ln—0, and N—C (Table S1, Figure
S4). Also, the metric parameters of bond lengths and angles
around the Mo centers of both series are almost identical to
each other. To some extent, the resulting trinuclear clusters
(9—16) seem to be a fragment of the corresponding 1D helices
(1—8). The major differences between the structures of both
series are as follows: (i) there are two bridging cyanide groups
in the [Mo(CN);] unit for 1—8, while only one was found for
9—16. (ii) the Ln-NC bonds in 1—8 are nearly linear, whereas
the bonds are significantly bent for 9—16. (iii) the Ln atom and
the coordinated phen ligand are almost in the same plane for
1—8, while the obvious deviation was observed in 9—16. These
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b /
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Figure 4. 3D supramolecular network of 9.

differences perhaps give rise to the formation of 1D helices (1—
8) and discrete clusters (9—16) together with the various
stacking networks.

Magnetic Properties. The dc temperature-dependent
molar magnetic susceptibilities of 1—16 were measured under
100 Oe. As shown in Figure Sa,c, the room temperature yT
values of 1—16 are overall within the range expected for the
corresponding Ln""Mo™/Ln"™"Mo™, units (Table 3). For 1-7,
the room temperature yyT values are higher than the
theoretical ones, while 9—16 show the opposite trend except
for 14. As the temperature decreases, the y;T values of these
series of complexes mainly exhibit the decrease feature until
reaching the minimum values at 1.8 K, respectively. These
magnetic behaviors are typical of properties shown by these 5d-

4f systems, in which the spin—orbit coupling, the thermal
depopulation of the Stark sublevels as well as the exchange
interaction might be presented together.”” ®® As far as we
known, there are no suitable models to be used for simulating
the magnetic data of 1-16. However, the Gd"Mo™/
Gd"Mo'™", systems without single ion anisotropy could provide
us some information for understanding the magnetic nature of
these complexes. From the y\T vs T curves of 1 and 9, it is
found that the intramolecular magnetic couplings of both
complexes are very weak (the curves keep almost constant
upon cooling). Therefore, the exchange interactions in these
isostructural systems should be also very weak, and the
magnetic thermal behaviors are actually dominated by the
single ion properties of 4f ions.”” The coordination environ-
ments around 4f ions often affect such single ion properties
especially when the magnetic anisotropy related to slow
magnetic relaxations is concerned. To verify the single ion
properties of these complexes, the dc field-dependent magnet-
izations were measured at 1.8 K (Figure Sb,d). As the applied
fields increase, the magnetization values increase accordingly,
showing the characteristic behaviors expected for the Ln'-
based complexes. Except for 2, the magnetization values of 3—
16 have not reached the theoretical saturated ones even at 70
kOe (Table 3), revealing the effect induced by single ion
magnetic anisotropy and/or the population of low-lying excited
states.”" 7"

To study the magnetic relaxation dynamics of these
complexes, ac susceptibility measurements were conducted.
The results indicate that 11 and 13 show field-induced slow
magnetic re:la)(eations,7°’76 as shown in Figure 6. No further
dynamics investigations can be done due to the lack of
maximum values above 1.8 K. The slow magnetic relaxations of
11 and 13 are obviously induced by the magnetic anisotropy
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Figure 5. Temperature dependence of y T for 1—8 (a) and 9—16 (c) measured at 100 Oe; Field dependence of the magnetization for 1—8 (b) and

9—16 (d) measured at 1.8 K.
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Table 3. Comparison of T and Magnetization Values (Experimental and Theoretical) of 1—16

complex 1 2 3 4 S 6 7 8
experimental room-temperature y,T value 8.84 13.34 158.75 15.56 12.54 8.42 3.20 0.28
Ttheoretical room-temperature T value 8.25 12.19 14.54 14.44 11.85 7.52 2.94 0.37
experimental magnetization value at 70 kOe 7.63 11.28 6.24 6.63 5.63 4.61 2.16 —-0.03
theoretical saturated magnetization value 8 10 11 11 10 8 S 1
complex 9 10 11 12 13 14 15 16
experimental room-temperature T value 7.85 11.76 12.85 12.97 11.72 8.68 2.42 0.54
theoretical room-temperature yT value 8.62 12.56 1491 14.81 12.22 7.89 3.31 0.74
experimental magnetization value at 70 kOe 6.61 S.11 5.56 5.87 S.11 3.26 1.64 0.03
theoretical saturated magnetization value 9 11 12 12 11 9 6 2
- 7 T
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Figure 6. Temperature dependence of the in-phase (y'y) out-of-phase (y”)) ac susceptibilities of 11 (left) and 13 (right) in 600 Oe dc field and 3

Oe ac field (solid lines are guides for the eyes).

brought by Dy and Er'". However, complexes 3 and 5 which
also contain Dy™ or Er'" show no slow magnetic relaxations.
Considering that the local geometries around lanthanide ions in
these series of complexes are almost identical (as revealed by
the structural analysis), the vanishing of the slow magnetic
relaxations of 3 and 5 might be caused by the weak magnetic
interactions between the subunit of trinuclear LnM, (M = W,
Mo) clusters in the chains. Indeed, the trinuclear LnM, (M =
W, Mo) clusters are only well isolated to each other in the
series of complexes 9—16. Nevertheless, it is also difficult to
explain the lack of any slow magnetic relaxation of 10, which
has the same structural parameters to 11 and 13, and also
contains the magnetic anisotropic spin center (Tb™ ions).
Consequently, the peculiar coordination geometry around the
Dy"™ and Er'" centers does enhance the magnetic anisotropy
and produces the energy barrier for reversing the magnet-
ization, but the intercluster magnetic interactions produce a
negative effect on the slow magnetic relaxtions.”” Besides, the
relaxation process is also seriously interfered by the quantum
tunneling effect, which can significantly speed up the relaxation
process, leading to the field-induced slow magnetic relaxa-
tions.

B CONCLUSIONS

To summarize, the foregoing results in this contribution
demonstrate a facile strategy to generate low-dimensional
octacyanide-bridged lanthanide systems with the incorporation
of paramagnetic [Mo"(CN),]>” and lanthanide ions in the
presence of aromatic chelated ligands. More importantly, a
series of isostructural trinuclear clusters were gradually
generated from the crystals of helical chains by prolonging
the diffusion reaction time, in which an unprecedented change
with structural dimensionalities in octacyanide-bridged systems
was involved. Note that this resolvation—recrystallization
process opens up the perspectives and potential applications

in molecular devices such as switches and sensors, although the
fascinating slow magnetic relaxations were only observed in two
complexes. Work currently under progress in our lab is devoted
to the exploration of other chains or clusters, as well as the
elucidation of drastic structural conversions and appealing
magnetic behaviors. Also, we focus on the discovery of the close
structure-magnetism relationships of low-dimensional octacya-
nometallate-based systems in the near future.
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