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The first example of phototunable SMM has been reported. Upon
UV irradiation, variations of coordination sphere around Dy(lll)
ions actually affect the magnetic behaviour of compound via [2+2]
cycloaddition reaction, leading to a magnetic transformation from
the SMM behaviour to a field-induced slow relaxation.

Single-molecule magnets (SMMs) have been becoming the
focus of considerable research efforts due to their potential
applications for high-density storage devices and quantum
computations.1 Heavy lanthanide ions, especially Dy(lll) ion,
have been commonly used for designing SMMs due to their
inherent large magnetic anisotropy derived from large angular
moments (J) as well as crystal-field effect.” Recently, Sessoli
and co-workers studied the variation of coordination
environment around Dy(lll) ion in a mononuclear Dy/DOTA
complex, as confirmed by the calculated orientation of the
anisotropic axis.> The results revealed that perturbations of
ligand field could affect the local anisotropy of lanthanide ions,
resulting in varied SMM behaviours.? Inspired by these
observations, modulation of ligands upon chemical or physical
stimuli, like pH value, light, pressure, temperature, etc.,4 would
be a potential way to change the ligand field, and then further
to tune the SMM behaviour of lanthanide complexes.

The optically active ligand, 1,2-bis(4-pyridyl)ethene (bpe)
and its derivatives, have been widely used to construct photo-
responsive  structures because of their facility for
photochemical [2+2] cycloaddition (Scheme 1) with formation
of cyclobutyl ring.s’6 Such structural transformation could
affect the physicochemical properties of complexes, such as
conductivity,Ga magnetism,Gb or gas absorption.6C However, as
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far as we know, the study focusing on modulation of SMM
behaviour through photodimerization reaction has never been
explored.

Scheme 1 The photochemical [2+2] cycloaddition of bpe.
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Herein, we report a new Dy(lll)-based complex,

[Dy(bpe)(H,0)4(NO3),](NO3)-2bpe (1), with bpe as a photo-
reactive module. Upon UV irradiation, the coordinated bpe
underwent [2+2] transformations, leading to an after-
irradiated product, [Dy,(tpcb)(H,0)s(NO3),4](NO3),-2bpe-tpcb (2,

tpcb = tetrakis(4-pyridyl)cyclobutane). Detailed magnetic
measurements on diluted samples,
[DYo.055Y0.9a5(bpe)(H20)4(NO3),](NO3)-2bpe (1') and

[DYo.11Y1.89(tpcb)(H;0)s(NO3)4](NO3),-2bpe-tpcb  (2') reveal 1
performs an SMM behaviour while for 2' a field-induced slow
relaxation was observed. The influence of [2+2] cycloaddition
on magnetic dynamics is further explained with the help of
CASSCF/RASSI calculations.”

Fig. 1 The [2+2] cycloaddition reaction of the parallel bpe ligands in 1. The hydrogen

bonds are displayed as purple dashed lines.
The reaction of Dy(NO3);:6H,0 and bpe in a mixture solution

of MeCN/EtOH gave colourless rod-like crystals 1. Complex 1
contains one symmetry-independent Dy(lll) ion, which is nine-
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coordinated in a NOg mode respectively by one terminal-
coordinated bpe ligand, two chelated NO3 units and four H,0
molecules (Fig. 1a and S3a, ESIt), forming a mononuclear
[Dy(bpe)(H,0)4(NO3),]" cation with one NO; as counterion.
Two more bpe free ligands were found in space lattice. Along
the c axis, the cationic motifs are hydrogen bonded with each
other through uncoordinated NO; ions, resulting
supramolecular 1D chain with the minimum inter-
mononuclear Dy---Dy distance of 8.41 A (Fig. S4, ESIt). Each
pair of bpe ligands from two neighbouring cations are
anchored through the complementary N-:-H-O hydrogen bonds
(ca. 2.79 A, Fig. 1a). The olefinic bonds are aligned parallel to
each other with center-to-center distance of 3.67 A. Such
olefin separation suggests the potential of photochemical
[2+2] cycloaddition reaction for 1 (<4.2 A).S‘G Besides, another
type of packing mode of C=C bonds was also found in 1. Three
guest bpe molecules are closely packed with each other
through hydrogen bonding interactions between N atoms of
pyridyl groups and O atoms of H,O molecules and obvious
m--- interactions (Fig. S5a, ESIT). The middle bpe molecule
locating on the symmetric center adopts a criss-cross
alignment of C=C bonds with the other two bpe on both sides.
The distance between adjacent C=C centers is 3.49 A.

UV irradiation of single crystal 1 for 10 hours at room
temperature by an ultra-high pressure mercury lamp (P = 300
W) afforded 2 in a single-crystal-to-single-crystal (SCSC)
manner (Table S1, ESIt). Single-crystal X-ray analysis of 2
reveals the occurrence of a quantitative photodimerization
reaction. Every two coordinated bpe ligands took place [2+2]
cycloaddition with formation of rctt (regio cis, trans, trans)-
tpcb while guest bpe molecules remained unreacted due to a
relatively longer olefin separation with coordinated bpe ligand
(ca. 3.83 A, Fig. 1a). Thus, a dinuclear 2 formed from the
conversion of mononuclear 1 due to the formation of
cyclobutane rings (Fig. S3b, ESIt). Accordingly, the
coordination environment of Dy(lll) center has slightly varied
after UV irradiation with detailed bond lengths and bond
angles in Table S2 (ESIt). Further SHAPE analyses indicate the
coordination geometry of Dy(lll) center in 2 appears to more
deviate from capped square antiprism (C,,) in contrast to 1
(Table S37). Additionally, for the criss-cross packed bpe
ligands, the formation of rctt—tpcb (Fig. S5, ESIT) is also
observed as a result of the pedal motion of aligned criss-cross
C=C groups.*®
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Fig. 2 Temperature-dependent y,T products at 1 kOe for 1 (green) and 2 (red). Inset:
plots of M—H for 1 (left) and 2 (right) at 2, 3 and 5 K. The solid lines are guided by eyes.
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Temperature-dependent magnetic susceptibilities were
performed in a direct-current (dc) field of 1 kOe (Fig. 2). At
room temperature, the y,T values of 13.9 and 14.2 cm>K-mol
' for 1 and 2 respectively, are agreeable with the expected
value of one Dy(lll) ion (14.2 em>-K-mol™ for the 6H15/2 state).
Upon cooling, the y,,T values of 1 and 2 gradually decrease to
12.0 and 11.5 cm3-K-moI'1, respectively, indicating the
progressive depopulation of Stark sublevels of Dy(lll) ion
and/or dipolar magnetic interactions. The magnetization at 2 K
increases rapidly with magnetic field strength up to about 9
kOe and then increases slowly, finally reaching the
“saturation” of 6.05 N8 for 1 and 5.93 N6 for 2 at 70 kOe.

Alternating-current (ac) susceptibility measurements were
carried out to study the dynamic behaviour. Under a zero dc
field, a relaxation process was found for 1 where the maximum
of magnetic susceptibilities yy," was observed at around 1 kHz
at 2K, while no maximum of y,," was found for 2, suggesting
the spin-reversal process relaxes faster than 1 (Fig. S7, ESIT). It
is possible that the existence of quantum tunnelling of
magnetization (QTM) would accelerate the relaxation process.
So a series of external dc fields (0-2.0 kOe) were applied for 1
and 2 at 2 K, and a set of peaks in )" were observed shifting
to low frequencies (Fig. S8a-b, ESIt), suggesting the slowing of
relaxation processes for both complexes. As the increasing of
dc field over 1 kOe, the tails of yy," signals appear to rise again
at lower frequency regime (<10 Hz), suggesting onset of a
second slower relaxation process. Argand plots of yy" vs. yy'
further indicate the dual-relaxation behaviour above 1.2 kOe
dc field, with the emergence of a second semicircle at low
frequency (Fig. S9a-b, ESIT).

As we know, dipolar interactions could be responsible for
the field-induced dual relaxation behavior.” Dilution method
influence of dipolar
interactions due to the presence of hydrogen bonds and close
Dy*"--Dy*" distances (8.41 A for 1 and 8.54 A for 2). The
magnetic Dy(lll) sites of 1 were diluted with diamagnetic Y(III)
ions with Dy:Y molar ratio of 1:17 giving product 1'. Naturally,
diluted sample 2' was then obtained under the UV irradiation
of 1'. Frequency-dependent ac measurements for 1' and 2' at
various dc field were performed. The low-frequency tails of
m" signals found in 1 and 2 are no longer visible (Fig. S8c-d,
ESIT) and the Argand plots show well single semicircles for
diluted samples (Fig. S9c-d, ESIT). These results suggest the
second relaxation process observed in in 1 and 2 should be
caused by dipolar interactions. In this regard, we conclude the
slower relaxation process for diluted samples is mainly
attributed to the single Dy(lll) ion behaviour. Therefore, we are
focusing on the dynamic behaviours of 1' and 2' to investigate
the influence of coordination sphere on magnetic response of
Dy(lll) ion.

A set of visible peaks in y," signals characterizing the SMM
behaviour are observed for 1' under a zero dc field (Fig. 3a).
The relaxation time (1) was extracted by fitting Cole-Cole data
in the range of 1.8-7.0 K with a generalized Debye model (Fig.
S11a, ESIT). The distribution coefficient values («) are 0.049-
0.49. Fitting high-temperature data with an Arrhenius law gave
the energy barrier 4=38.3 em™ and 75=9.81 x 10%s (Fig. 3d).

was conducted to determine the
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Applying an optimum field of 300 Oe which leads to the
slowest magnetization relaxation, the peaks of y,," signals at
various temperatures were shifted to the lower frequency
region compared with that at a zero field (Fig. 3b). This is
indicative of the reduced QTM effect by applying a dc field.
Values of 4 and 7, were estimated to be 39.4 ecm™ and 8.92 x
107, respectively (Fig. 3d).
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Fig. 3 The frequency-dependent ac susceptibilities for diluted samples 1' at zero (a) and
300 Oe (b) dc fields, and 2' under a 400 Oe dc field (c). The zvs T* plot (d) for 1’ under
zero (red) and 300 (green) Oe fields; for 2’ under a 400 Oe dc field (purple), the solid
and dashed lines represent the best fits by Arrhenius law and eqn (1), respectively.

v, Hz

For 2', a visible change of the relaxation behaviour was
found. In the absent of dc field, only a peak was observed at
1488 Hz at 2 K, suggesting the relaxation process in 2' is faster
than 1' (Fig. S8b, ESIT). However, under an optimum field of
400 Oe, the peaks of yy" signals shown in whole measured
frequencies (0.1-1488 Hz, Fig. 3c) means the relaxation time of
2' is obviously enlarged. The t values obtained from Cole-Cole
plots (Fig. S13, ESIT) further confirm such observation, e.g. at
1.8 K, the 7=0.68 s for 2' is about seven times larger than 7=
0.09 s for 1' (Tables S4-S6, ESIT). The energy barrier extracted
from high-temperature data by Arrhenius law was estimated
to be 33.3 cm™ with the preexponential factor 7o =1.22 x 10°s
(Fig. 3d).

In order to get further insight into the low-lying electronic
structure and the magnetic anisotropy on the Dy(lll) site, ab
initio calculations of the CASSCF(7,9)/RASSI type (Molcas 8.0
code)8 for three different multiplicities (21, 128 and 98 states
for sextet, quartet and doublet calculations, respectively) on
the experimental structures were performed while the
employed basis set has the following contractions: Dy
[9s8p6d4f3g2h]; O [4s3p2di1f]; N [4s3p2d1f]; C [3s2p]; H [Zs].9
For 2, the calculation was performed replacing one of the DyIII
centers by diamagnetic La(lll) cations (using model potentials).
The calculated g-factors clearly show the large anisotropic
character of these systems (g,, g,, g, 1: 0.17, 0.33, 19.09; 2:
0.35, 0.98, 18.4). The shape of the plotted beta density of the
af DyIII electrons obtained in the CASSCF step for the ground
state of the two complexes is represented in Fig. 4 (DyIII

This journal is © The Royal Society of Chemistry 20xx

centers have 4f9 electron configuration and the 7 alpha
electrons give an isotropic spherical electron density),10
showing the relatively large distortion of the beta electron
density of the oblate shape2b despite of the relatively large
calculated magnetic anisotropy. The direction of the magnetic
moment is slightly different between the two complexes (Fig.
4) but is more or less aligned towards the axial nitrato ligand
reflecting a larger metal-ligand electron repulsion in such
direction due to the negative charge of nitrato Iigand.lo’11

L

Fig. 4 Beta spin density isosurface of the Dy(lll) f electrons for the spin-free CASSCF and
the direction of the magnetic moment of the ground state is indicated as a green arrow
for 1 (above) and 2 (below).
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Fig. 5 Lowest three Kramers doublets and ab initio computed relaxation mechanism in
1 (left) and 2 (right). The thick black lines imply KDs as a function of their magnetic
moment along the main anisotropy axis. Red lines indicates magnetization reversal
mechanism The blue lines correspond to ground state QTM and thermally assisted-
QTM via the first and second excited KDs, green (and orange) lines show possible
Orbach relaxation processes. The values close to the arrows indicate the matrix
elements of the transition magnetic moments (above 0.1 is expected an efficient spin
relaxation mechanism).

The calculated energies of the Kramers doublets (KDs) are
represented in Fig. 5. The spin relaxation mechanisms indicate
an efficient relaxation through the first excited state and we
obtained the first excitation energy with 78.4 em™ for 1 while
50.5 cm™ for 2.2 Obviously, the calculated energies of excited
Kramers doublets are relatively larger than the values obtained
by Arrhenius fitting, which suggested the Orbach processes for
both diluted compounds exist in higher temperature region
and the temperature region measured here (1.8-7 K) may
dominated by other faster relaxation mechanism. In fact, the =
vs. 1/T* curves for 1' and 2' in Fig. 3d still bend down in the
high temperature region, which means that the Arrhenius
regime should show up at higher temperatures. The analysis of
the spin relaxation mechanism (Fig. 5) reveals a larger
tunneling effect at ground state level for 2 consistent with the

J. Name., 2013, 00, 1-3 | 3
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requirement for 2'
behaviour while 1' is a zero-field SMM system (also it is
noticed in the previously reported larger calculated g, and g,
values for 2).1°The calculated ground state magnetic moment

of magnetic field to present SMM

is consistent with a major m, = 15/2 contribution and it is
slightly larger for 1 in agreement with the experimental
magnetization (Fig. 2).

In light of the observed curvature of the Arrhenius plot at
low temperature, a non-negligible influence of Direct and/or
Raman processes should be considered for determining the
relaxation rate. The temperature-dependent relaxation times

diluted systems analysed by the following
14,15

for
equation.

were

77 = Ay H3coth(A,H/T) + B/(1 + BoH?) + CT" + 7 exp(-A/ksT) (1)

In egn (1), four terms represent direct, QTM, Raman, and
Orbach processes, respectively. In avoid
overparameterisation, parameters of A,;, A,, By, and B, were

order to

fixed with values extracted from the nonlinear fitting of field-
dependent relaxation data (Fig S14, ESIt), as well as 4 in
Orbach term replaced by values from ab initio calculations.
Consequently, a satisfied fit respectively for 1' and 2' was
performed (Fig. 3d and Table S7, ESIt). We noted that the
Raman exponent for 2' with n = 8.94 was agreement with a
pure two phonon Raman process (n =9 for Kramer ions, and n
= 7 for non-Kramers ions).16 For 1', the resulting n value for
Raman term equals to 3.92 and 5.44 at zero and 300 Oe fields,
respectively. The growing n values from 1' to 2' indicate the
different contributions/mechanisms of
Moreover, comprehensive maps of contribution from each

Raman process.
relaxation process were drawn (Fig. S15, ESIT). It is obvious
that Raman relaxation process
temperature, further suggesting the existence of Orbach
process at higher temperature for 1' to 2'.

In conclusion, a new photo-responsive Dy(lll)-based SMM

is dominated at a wide

was reported. Upon UV irradiation, a magnetic transformation
from the SMM behaviour (1') to a field-induced slow relaxation
(2') occurred through the [2+2] cycloaddition of bpe ligands. As
confirmed by CASSCF/RASSI calculations, subtle perturbations
of coordination sphere around Dy(lll) ions actually affect the
magnetic anisotropy of Dy(lll) centre, leading to such different
magnetic behaviours. This work not only establishes the
usefulness of photodimerized [2+2] cycloaddition reaction for
modulating magnetic behaviours in SMMs, but also provides a
means to design and modify the multifunctional SMMs. The
attempt to realize a reversible [2+2] cycloaddition reaction in
SMMis is on progress.
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