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Multiple-stranded helicates are speculated in respect to their simplicity in geometry and significance in the biology and

materials. Bis-B-diketones have shown their advantage in the structure and geometry in the construction of multiple-
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stranded helicates, but further studies on their properties are limited due to their poor crystallization. In this study, the

solvents are found to have played decisive role in the crystallizaiton of triple-stranded helicate. [Dy,(BTB);(H,0)4] is used as
a precursor to solvent-dependently crystallize three complexes [Dy,(BTB)3(CH3OH),]-3CH;OH (1), [Dy,(BTB)3(DME),] (2) and
[Dy2(BTB)3(DOA)(H,0),]-4.5DOA (3) (BTB = 3,3'-bis(4,4,4-trifluoro-1,3-dioxobutyl)biphenyl), where the key structural motif
of the triple-stranded helicate [Dy,(BTB)] is retained. Four methanol molecules are found to ligate to Dy3+ jons in 1, while

each Dy3+ ion is chelated by one DME molecule in 2. Interestingly, it is observed that 1,4-dioxane as a bridge ligates to two

adjacent Dy3+ ions, giving rise to the formation of a 1D chain structure. Magnetic measurement shows that 1 and 2 display

slow magnetic relaxation under zero dc field, while single molecular magnet behavior is obtained for 3 under an applied dc

field of 2000 Oe.

Introduction

Helical structures are widely found and investigated in the fields of
botany, biology and materials, ever since the double helical
structure of DNA was elucidated. Thereafter, chemists have been
devoted to the synthetic work in the pursuit of the potential helical
materials, and diversified ligands in different lengths, sequences
and coordination modes have been designed and employed for the
construction of multi-stranded helicates on both transition metals
On account of their preferential bidentate
chelating modes to lanthanides, the bis-B-diketones have recently
been utilized to construct the multiple-stranded helicates, where
intriguing fluorescent and magnetic properties could be
expected.”®*

Nowadays, it has been proven effective for the B-diketonate-Dy
strategy in the construction of the single molecular magnets (SMM)
with larger energy barrier,‘”“’5 while the Dy3+ ion is approximately
situated in @ Dyqy symmetry.6 It is well-known that the ligand field
and coordination geometry impose critical influences on the local
magnetic anisotropy of the Dy3+ ions. It remains a challenge to
control the coordination geometry around the lanthanide centers

and lanthanides.”?
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because of their adaption to the various coordination environments.
One applicable approach to control the local coordination geometry
is to ligate to the central Dy3+ ion with different auxiliary Iigands,4b
which enables the in-depth understanding on the relationship of
the structures and magnetic properties, especially for those with
subtle differences in geometry.

Control over the synthetic route and crystallization conditions
should be of great importance for the rational formation of
polymorphs and supramolecular isomers, providing deeper insights
into the design and preparation of the new materials.”” Generally,
the resulting structures are determined by several factors, and the
changes in the crystallization conditions such as the solvent, pH, the
type of the counterion, temperature etc., may be responsible for
the development of distinct polymorphic species.mf13 In particular,
the solvents as an important factor has been proven to have
significant impact on the crystallization process and on the final
structure of the products,14 which contributes to the structural
diversities and structurally-related properties as well.

Recently, we have been focusing on the syntheses of multiple-
stranded bis-B-diketonate-Ln helicates through the design and
functionalization on the Iigands.“‘15 It is supposed that
Dy,(BTB);(H,0),] could be superior as a basic structural motif to be
modified that the waters molecules are potentially allowed for the
replacement by other proper solvents.*® As can be speculated,
structural diversity and subtle geometric difference are promised. It
highlights the importance of the crystal engineering on the bis-B-
diketonate-Dy complexes that the absence of crystallographic
structure previously stemmed the further investigation and
prediction on the structure and property. In this paper, we present
the syntheses, crystallization and magnetic properties of three
complexes [Dy,(BTB)3;(CH30H),]-3CH3;0H (1), [Dy,(BTB)3;(DME),] (2)

J. Name., 2013, 00,1-3 | 1



Dalton Transactions

and [Dy,(BTB)3(DOA)(H,0),]-4.5DOA (3) by using [Dy,(BTB);s(H,0).]
as the precursor (Scheme 1). In 1, four methanol molecules are

Q)

l DyClyH,0

Dy,(BTB)3(H,0)4

lchlnroform/methanol lDME/methanol ldinxanc/mcthanol

[Dy,(BTB);(CH;0H),|'CH;0H lDy;(BTBz)i(DM E),| [Dyz(BTB)g(DO(/:;(HZO)ZI- 4.5DOA
(O] ( 3

Scheme 1 The structure of the ligand H,BTB and the synthetic
routes for 1-3.

coordinated to Dy3+ ions, while the Dy3+ ions are chelated by DME in
2. Interestingly, DOA molecules bridge two triple-stranded motifs to
construct up a 1D chain. Magnetic measurement shows that 1 and 2
display slow magnetic relaxation under zero dc field, while single
molecular magnet behavior is obtained for 3 under an applied dc
field of 2000 Oe.

Experimental Section

Materials and instrumentation

The ligand H,BTB was prepared according to the reported method
(H,BTB = 3,3'—bis(4,4,4—trif|uoro—1,3—dioxobutyl)biphenyl).4c
Elemental analyses were performed on an Elementar Vario EL cube
analyzer. FT-IR spectra were obtained on a Perkin-Elmer Spectrum
One spectrophotometer by using KBr disks in the range of 4000—
370 cm™. The magnetic susceptibility measurements were obtained
using a Quantum Design SQUID magnetometer MPMS-3 operating
between 2 and 300 K for dc-applied fields ranging from -7 to 7 T, ac
susceptibility measurements were carried out under an oscillating
ac field of 2 Oe and ac frequencies ranging from 1 to 1000 Hz. A
diamagnetic correction was applied for the sample holder.
Thermogravimetric analyses were obtained on an SDT Q600
thermogravimetric analyzer at a heating rate of 20 °C/min under air
atmosphere in the temperature range of 25-780 °C. All
measurements were carried out by using fresh crystals. Single
crystals of 1-3 were selected for X-ray diffraction analysis on a
Xcalibur, Eos diffractometer using graphite-monochromated Mo-Ka
radiation (A = 0.71073 A). The crystals were kept under N,
atmosphere at 150 K during data collection. The structures were
solved by the direct methods and refined on F by full-matrix least-
square using the ShelXL2014 program.16 The Dy3+ ions were firstly
located, and then non-hydrogen atoms (C, O and F) were placed
from the subsequent Fourier-difference maps and refined
anisotropically. In the case of 1, F10-F12, F16-F18, C64-C67 and
016 atoms have been modelled as disordered with the equivalent
occupancy. In the case of 2, F1-F3 and C1 atoms were found to be
disordered with the equivalent occupancy. In the case of 3, the
similar treatment has been applied for atoms (C69-C73, C74-C76,
C78-C82, F4-F6, F10-F12 and F16-F18) with the equivalent
occupancy. The H atoms were introduced in the calculated
positions and refined with fixed geometry with respect to their

2| J. Name., 2012, 00, 1-3

carrier atoms. The experimental details for the structural

determination are presented in Table 1.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Crystal data and structural refinement parameters for 1-3.

Identification 1 2 3

Empirical formula  Ce7HsgDy2F18019 CesHs0Dy,F18016 CgaH78DysF18055
Formula weight 1834.13 1790.08 2130.44
Cryst. syst. triclinic triclinic triclinic
Space group P-1 P-1 P-1

a(h) 11.7570(4) 10.9663(4) 14.7143(3)

b (A) 18.3880(7) 17.7641(4) 15.2959(3)
c(A) 18.4659(7) 18.9915(6) 20.6256(5)
a(°) 82.140(3) 94.042(2) 82.262(2)
8(°) 72.251(2) 101.496(3) 72.683(2)
v 72.692(2) 103.186(3) 80.0374(19)
Volume (A%) 3625.3(2) 3503.70(19) 4347.85(18)
z 2 2 2

Rint 0.0369 0.0282 0.0298

GOF of F* 1.159 1.123 1.072

Final R R1=0.1126 R1=0.0569 Ry =0.0391
[1>20(1)] indices wR, = 0.2270 wR, =0.1263 WR; = 0.0856
R indices R1=0.1319 R1=0.0770 R;=0.0593
(all data) WR; = 0.2385 WR; = 0.1349 WR; = 0.0966
Syntheses

0.060 g DyCl;-6H,0, 0.100 g H,BTB and 0.018 g NaOH were
refluxed in a mixed solution of MeOH (5mL) and water (5 mL)
for 3h. The solution was kept stirred for extra 24 hours, when
it was cooled to room temperature. The addition of deionized
water led to the white precipitate, which was filtered,
collected and dried under vacuum. Thermogravimetric analysis
on the precipitate indicated that the empirical formula was
Dy,(BTB);(H,0), (Fig. S1). In the first stage, a weight loss of
4.48 wt% (calcd. 4.27 wt%) was detected corresponding to the
removal of four water molecules. Consequently, the second
stage occurring at 300 degree was ascribed to the removal of
one ligand until 420 degree (found 25.36 wt%, calcd. 25.46
wt%). The last stage was owing the removal of the rest two
ligands, and a total weight loss of 77.97 wt% was found in
good agreement with the theoretical value of 77.89 wt% for
the precipitate. Single crystals of 1-3 suitable for X-ray analysis
were obtained by slow diffusion of n-hexane into the
chloroform/methanol, DME/methanol and DOA/methanol
solution of the precipitate in 7 days, respectively (DME =
dimethyl ether and DOA = 1,4-dioxane). The
thermogravimetric analyses on the fresh crystals of 1-3 were
conducted as well (Fig. S2-S4).

[Dy,(BTB)3(CH30H),]-3CH;0H (1)

Anal. Calcd. for Cg7HsgDy,F150:9 (1834.13): C, 43.87; H, 3.19 wt%.
Found: C, 43.69; H, 3.11 wt%. IR (KBr, cm_l): 3435, 1622, 1534, 1517,
1475, 1298.

[Dy,(BTB);(DME),] (2)

Anal. Calcd. for CggHsoDy,F150:6 (1790.08): C, 45.63; H, 2.82 wt%.
Found: C, 45.65; H, 2.78 wt%. IR (KBr, cm_l): 3058, 2964, 1617, 1533,
1475, 1464, 1292.

[Dy,(BTB);(DOA)(H,0),]-4.5DOA (3)

Anal. Calcd. for CgH;gDy,F150,5 (2130.44): C, 46.23; H, 3.69 wt%.
Found: C, 46.09; H, 3.61 wt%. IR (KBr, cm_l): 3441, 2960, 2851, 1450,
1368, 1295, 1267, 1118.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 The molecular structure of 1 (The C atoms in each ligand are

marked in a different colour. H atoms, second sites of disordered
parts and guest species have been omitted for clarity).

Fig. 2 The molecular structure of 2 (The C atoms in each ligand are
marked in a different colour. H atoms, second sites of disordered
parts and guest species have been omitted for clarity).

Results and discussion

The structural analysis shows that 1 crystallizing in the triclinic
space group of P-1 is a triple-stranded dinuclear helicate (Fig. 1). In
the asymmetric unit of 1, there are two Dy centers, three BTB
ligands and seven methanol molecules. It gives rise to the formation
of the triple-stranded helicate that three deprotonated BTB are
wrapping about two Dy3+ ions. Each crystallographically distinct Dy3+
ion is eight-coordinated to six O atoms of three BTB and two O
atoms of two methanol molecules in the square antiprism geometry
(Fig. 55).17 The Dy-O distances are in the range of
2.351(9)-2.489(11) A, which are in accordance with the reported
values. The geometry of each Dy3+ centers is slightly different and
detailed bond lengths are listed in Table S1. There are two
Dy,(BTB);(CH30H), units in the unit cell that each helicate has
homochiral Dy3+ centers in either a left-handed A—A or right-handed
A—A helix, while the similar results have also been observed for 2
and 3. The dihedral angles between the two phenyl groups in each
BTB are in the range of 48.3-55.2°. The Dy...Dy distance in the same
helicate of 1 is 11.9 A, which is comparable to the reported value.*

J. Name., 2013, 00, 1-3 | 3
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Extensive H-bonds are observed among the terminal methanol and
dissociative methanol molecules.

2 crystallizes in the triclinic space group of P-1 as well, and the
structural analysis indicates that 2 possesses similar helical
structure (Fig. 2). In the asymmetric unit of 2, there are two Dy3+
ions, three BTB ligands and two DME molecules. Each
crystallographically distinct Dy3+ ion is eight-coordinated to six
oxygen atoms of three BTB, besides of two O atom of DME (Fig. S6).
Each crystallographically distinct Dy3+ ion is chelated by two DME
molecules, in contrast to the methanol in 1. The Dy-0 distances are
in the range of 2.289(6)-2.576(6) A, while the Dy-0 (ether O atoms)
distances are significantly longer. The dihedral angles between the
two phenyl groups in each MBDA are in the range of 45.3-61.2°.
The Dy...Dy distance in the same helicate of 2 is 11.9 A as well. It is

[

supposed that the weak C-H...F interactions dominate the
intermolecular bondings as we have previously discussed.**

The structural analysis on 3 reveals the crystallization of the chain
structure in the triclinic space group of P-1 (Fig. 3). Similar
structural motif of [Dy,(BTB);] is detected in 3 as well as in 1 and 2.
The two crystallographically independent Dy3+ ions are ligated to six
O atoms of three BTB, one O atom of water and one O atom of DOA
(Fig. S7). The Dy-0 distances are in the range of 2.292(3)-2.495(3) A,
while the Dy-O (O atoms of water and DOA molecules) distances
are significantly longer. The dihedral angles between the two
phenyl groups in each BTB are in the range of 40.3-65.3°.
Interestingly, DOA molecules serving as a bridge are coordinated to
two Dy** ions of two

Fig. 3 The 1D chain structure of 3 is constituted up from the adjacent helicates through the bridging DOA molecules (The C atoms in each ligand are

marked in a different colour. H atoms,

crystallographically equivalent [Dy,(BTB);(H,0),] moieties, giving
rise to the formation of a 1D chain structure (Fig. 3). The water
molecules attached to Dy3+ ions forms H-bondings with the adjacent
DOA molecules, which fill up the intermolecular space in 3. The
Dy...Dy distance is 11.9 A in 3. It is noted that it is far enough to
exclude the intramolecular magnetic coupling for all three cases.

As we have discussed, the insufficiency in the flexibility of BTB
ligand would result in the formation of triple-stranded helicate in
accordance with the thermogravimetric analysis on the
precursor.“b‘4c The two Dy3+ ions are supposed to be coordinated to
two O atoms of waters, besides of six O atom of three BTB ligands.
It is noted that our attempt to crystallize the precursor failed.
Meanwhile, less attention has been drawn on the crystallization
and the formation of diversified structures of multiple-stranded Ln-
bis-B-diketonate helicates.* The studies on the crystal engineering
would be of significance for the host-guest chemistry and their
functional behavior arisen from.”®™ The coordination of waters to
Dy3+ indicates the possibility to be replaced with other solvent
molecules, which would simultaneously allow for the formation of
diversified structures maintaining its helical structural motif. Thus,
various auxiliary ligands and solvents, which could potentially ligate
to Dy3+ centers, have been utilized in the pursuit of stable crystals.
And three complexes 1-3 have been obtained with CH;0H, DME
and DOA, respectively. In the structure of 1-3, conformations of the
ligands are dependent on the steric hindrance of the solvents
introduced, while the bond angles and the dihedral angles between

4| J. Name., 2012, 00, 1-3

second sites of disordered parts and guest species have been omitted for clarity).

the two phenyl groups in each BTB are significantly changed. In
contrast to the rigid ligand phenanthroline with fixed geometry,
DME in a certain shape would timely adjust their configuration to
strengthen the structural stability, while our attempt with
phenanthroline failed. Additionally, weak C-H..F and F..F
interactions are believed to contribute to the structural stability in

4b,20
all three cases.

Magnetic properties of 1-3

The direct-current (dc) magnetic measurements are performed in
an applied magnetic field of 1000 Oe (Fig. 4) for 1-3 in the
temperature range of 1.8-300 K. At the room temperature, the
values of xT are 28.06, 28.15 and 28.22 cm® K mol™ for 1-3,
respectively, which are close to the expected value for two
independent Dy*" ions (28.34 cm® K mol™): Dy*' (S = 5/2, L = 5,
6H15/Z, g = 4/3, C =14.17 cm® K mol™). For the case of 1, the xT
product remained constant down to 75 K on lowering the
temperature before dropping rapidly down to 21.72 em® K mol™ at
1.8 K. The decrease of xT at low temperature obviously suggests the
presence of intramolecular antiferromagnetic interactions within
Dy3+ ions. Similar results can be observed for 2 and 3. The xT
products gradually decrease on lowering the temperature and drop
to minimum values of 21.55 and 19.32 cm® K mol™ at 2 K. The
gradual decrease before 75 K is due to the thermal depopulation of
the Stark sublevels, whereas the latter rapid drop may be ascribed
to the weak antiferromagnetic interactions between the Dy3+
centers, even if magnetic anisotropy might also partially affect low
temperature susceptibility.

This journal is © The Royal Society of Chemistry 20xx
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Magnetization (M) data for 1-3 are collected in the 0-7 T field
range below 5K (Fig. S8-510). For 1-3, the magnetization versus H/T
data at different temperatures show nonsuperposition plots, and a
gradual increase of the magnetization at high fields, without a
saturation even at 7 T, revealing the presence of a significant
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Fig.4 Plot of xT vs T for 1-3 in an applied dc field of 1000 Oe in the
temperature range of 1.8-300 K.
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Fig. 5 Frequency dependence of the in-phase (x', top) and the out-
of-phase (x", bottom) ac susceptibilities for 2 under 2000 Oe dc
field in the temperature range of 2-11K.

magnetic anisotropy and/or low-lying excited states. The dynamics
of the magnetization for 1-3 are investigated using alternating
current susceptibility measurements. A temperature dependent
increase of the in-phase signal with the appearance of an out-of-

This journal is © The Royal Society of Chemistry 20xx
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phase signal is observed for 1 and 2, while no distinct signals are
found for 3 (Fig. S11-S13). The increasing of x’ and x"’ below 4 K is
indicative of the quantum tunnelling of the magnetization (QTM) at
a zero dc field, which is typical properties for the lanthanide-based
SMMs. (Fig. S14-516). To suppress the QTM effect, ac susceptibility
measurements are performed under a static dc field of 2000 Oe for

24
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Fig. 6 The relaxation time is plotted as In(t) vs 7! for 2 (red: low
temperature domain; black: high temperature domain) and 3 (blue)
under 2000 Oe dc field. The solid lines are fitted using the Arrhenius
law.

1-3 (Fig. 5 and S17). As expected, the QTM was suppressed
obviously for 2 and 3 and the full peaks of temperature dependence
of ac susceptibility are observed and the frequency-dependent data
in the temperature range of 2-11 K for 2 and 2-3.8 K for 3 display
the intensity of the X’ increases with decreasing the temperature
and frequency. Moreover, it is worth noting that the two frequency
dependent x”’ peaks are observed for 2, which is indicative of
double relaxations processes. Multiple relaxation processes have
been observed in some reported f-based SMMs mostly due to the
existence of different anisotropic centers or isomers and
conformers in the crystal. In respective to the structures of 2, there
are two crystallographically independent Dy3+ centers, which should
be responsible for the observation of two relaxations processes (Fig.
S$18). The presence of two relaxation processes is further examined
using a graphical representation, )’ versus y’ (Cole-Cole plot). The
Cole—Cole plots of 2 in the temperature range of 2-12 K exhibits a
unique double-ridge shape and the data can be fitted very well via
using the sum of two modified Debye functions.?! The two distinct
peaks of the out-of-phase ac signals (x") at higher frequencies is
evident, which reveals the occurrence of a double relaxation
process deriving from two crystallographically independent Dy3+
centers in 2.2 The relaxation time is extracted from the frequency-
dependent data based on the Arrhenius law [t = toexp(Ues/KsT), T =
1/21f,..] and the Arrhenius plot obtained from these data is given
in Fig. 6. The anisotropic energy gaps are calculated to be 20.6 K
(6.52><1076 s) and 44.5 K (3.68><1076 s) for the low temperature and
high temperature domains, respectively for 2. Meanwhile, the data
plotted as Cole-Cole plots of 3 in the temperature range of 2-4 K
shows a relatively symmetrical shape and can be fitted to the
generalized Debye model (Fig. 519).%® The relaxation follows a

J. Name., 2013, 00, 1-3 | 5
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thermally activated Orbach mechanism with an energy gap of 12.6
K and a preexponential factor ty of 8.14x10° s. It is noted that the
To values are relatively larger than the expected values for SMM,24
which is probably enhanced by the presence of quantum tunnelling
magnetization.

Conclusions

In summary, we have solvent-dependently synthesized three Dy-
based complexes through the undergoing of solvent exchange, in
respect to the coordination of the waters to the Dy"’+ centers in the
precursor. Structural analysis indicates the importance of the
solvent in different geometry and coordination mode for the as-
synthesized products. The structural diversity enables the
understanding the crucial role of the solvents in the assembly,
crystallization and stability of the supramolecular architectures. The
magnetic results of 1-3 highlight the possibility to tune the dynamic
behaviours through the adjustment on the structural environment.
Especially, ligands in chelating mode would be helpful to strengthen
the anisotropic energy barrier in the Dy-bis-f3-diketonate system.
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Solvent triggered structural diversity of triple-stranded helicates:

single molecular magnets

Hongfeng Li, Peng Chen,* Wenbin Sun, Lei Zhang and Pengfei Yan*

Solvents have been found to be the key for the construction of diversified

triple-stranded helicates. Distinct solvent molecules are found to coordinate to the
Dy** centers in replacement with the original hydrate molecules.
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