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Modulation of single-molecule magnet behaviour via 

photochemical [2+2] cycloaddition  

 

Long-Fei Wang,a Yan-Cong Chen,a Jun-Liang Liu,a Jiang Liu,a Quan-Wen Li,a Jun-Yu 

Hong,a Jian-Hua Jia,*a Jesús Jover,b Eliseo Ruiz*b and Ming-Liang Tong*a  

The first example of photo-tunable single-ion magnet (SIM) through [2+2] cycloaddition reaction is 

reported. Self-assembly of Dy(NO3)36H2O and 1,2-bis(4-pyridyl)ethene (bpe) ligand in MeCN/EtOH 

solution generated complex [Dy(bpe)(H2O)4(NO3)2]NO32bpe (1). Each pair of bpe ligands from two 

adjacent [Dy(bpe)(H2O)4(NO3)2]+ motifs successfully undergo complete [2+2] dimerization under UV light 

irradiation, leading to complex [Dy2(tpcb)(H2O)8(NO3)4](NO3)22bpetpcb (2) (tpcb = tetrakis(4-

pyridyl)cyclobutane) through single crystal to single crystal transformation. Both complexes show field-

induced slow relaxation of magnetization at low temperature. The corresponding diluted samples, 

[Dy0.055Y0.945(bpe)(H2O)4(NO3)2]NO3•2bpe (1') and [Dy0.11Y1.89(tpcb)(H2O)8(NO3)4] (NO3)2·2bpe·tpcb (2'), are 

also prepared for the investigation of SIM behaviour of Dy(III) site for both lanthanides complexes 

excluding intermolecular interaction. Alternating current (ac) susceptibility measurements performed on 

the diluted samples reveal the characteristic slow relaxation behaviour in the absence of field for 1' with 

Ueff/kB = 55.2 K while only field-induced slow relaxation behaviour was observed for 2', confirming the 

sensitive response of the magnetic behaviour of Dy(III) ions to the variati on of ligand field tuned by [2+2] 

reaction. The observed differences between the two complexes have been explained with the help of 

CASSCF/RASSI calculations.  

 

Introduction 

The solid state photochemical [2+2] cycloaddition reaction 

of olefinic group as a typical topochemical reaction has been 

studied extensively.1,2 According to Schmidt’s criterion, 

through the rational topochemical alignment of ethylenic 

double bonds in ligand, the [2+2] cycloaddition reaction may 

occur under a UV light, leading to dimeric cyclobutyl product. 

Inspired by this unique optical activity, solid-state structural 

transformations by photochemical [2+2] reaction of C=C bonds 

in various discrete coordination cages, coordination polymers 

and organic compounds have been extensively investigated in 

recent decade through single crystal-to-single crystal (SCSC) 

manner involving only simple linear olefins.3,4 On the other 

hand, besides the structural transformation, the variation of 

physical or chemical properties tuned by [2+2] cycloaddition 

reaction, such as conductivity5a and solubility,5b will be even 

more important and show potential for functionalization. 

However, the investigation emphasizing on bridging [2+2] 

cycloaddition reaction with magnetic functions has, to date, 

rarely been explored.6 

Single-ion magnets (SIMs)  

Single-molecule magnets (SMMs) that displayed slow 

magnetic relaxation (magnetic bistability) and magnetic 

hysteresis7,8 at molecule level are enticing because of potential 

application for high-density storage devices, spintronics, and 

quantum computations.9,10 In recent years, the single-ion 

magnets (SIMs), a class of SMMs, are becoming a subject of 

the extensive research due to the enhanced magnetic behaviour 
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with high energy barriers as much as 938 K.11,12 Recently, the 

strength and symmetry of crystal/ligand field have been proved 

to be a key factor to regulate the uniaxial anisotropy in 4f 

SIMs.13 Moreover, some promising reports for manipulating the 

coordination sphere of magnetic ions in SIMs have successfully 

observed the sensitivity of the magnetic properties towards 

perturbations of ligand field.14,15 These results not only make us 

a further understanding of SMMs, which is significant for 

designing such materials with improvement properties, but also 

stimulated inspiration for multi-functionalization of SMMs.16 

Attracted by promising application of [2+2] reaction for 

photoresponsive material, herein we attempt to introduce the 

photochemical [2+2] reaction into SMM system. As a result, 

complex 1, with the formula [Dy(bpe)(H2O)4(NO3)2]NO3·2bpe, 

is synthesized through the reaction of bpe ligand with Dy(III) 

ions which are commonly used in SMMs because of the large 

anisotropy. In 1, the bpe ligand was directly coordinated to 

Dy(III) ions and adopted a parallel arrangement with a distance 

of 3.67 Å between ethylene groups. Upon the UV irradiation 

for 10 hours, complex 1 still maintains its single crystallization 

and the coordinated bpe ligand undergo complete [2+2] 

transformation, leading to the irradiated product 2, 

[Dy(tpcb)0.5(H2O)4(NO3)2]NO3·bpe·0.5tpcb. Interestingly, the 

dimerization of coordinated bpe ligand simultaneously induced 

the slight but indispensable rearrangement of coordinated atoms, 

thus change the ligand filed imposed on Dy(III) ions, resulting 

in the different SIM behaviour between the before- and after- 

irradiated complexes. 

Results and discussion 

The reaction of Dy(NO3)3·6H2O and bpe ligand in a mixture 

solution of MeCN and EtOH in the ratio 1:3 gave colourless 

rodlike crystal of complex 1 which crystallises in monoclinic 

space group P21/c. The crystal of 1 is very stable in the air and 

can maintain its crystallinity for a long time, such behaviour 

may be due to a rich of hydrogen-bond contained and solvent-

free structure of 1. The assymetric unit of 1 contains one Dy(III) 

ion, three NO3
- unit , four coordinated H2O molecules and three 

bpe ligands. As shown in Fig. 1a, each Dy(III) ion is nine-

coordinated by eight oxygen atoms, which come from two 

bidentate chelate NO3
̶ unit and four water molecules, and one 

nitrogen donor of one terminal coordinated bpe ligand, leading 

to a mononuclear [Dy(bpe)(H2O)4(NO3)2]+ unit. Along the c 

axis of crystal cell, The cation units are hydrogen bonded with 

each other through an uncoordinated NO3
- ion, resulting in 

supermolecular 1D chain structure with the minimum inter-

mononuclear Dy···Dy distance of 8.41 Å (Fig. 2a). 

Furthermore, a pair of bpe ligands, which coordinate to two 

mononuclear Dy1(III) ions respectively, are related by 

crystallographic center of inversion and anchored through the 

complementary N···H-O hydrogen bond (2.79 Å) between the 

uncoordinated N2 atom of bpe ligand and O3W atom of H2O 

molecule (Fig. 2b). As a result, the two mononuclear Dy(III) 

unit embrace with each other through the bpe arms. The 

olefinic bonds of bpe ligands (N1 to N2) is parallel alignment 

with each other and the distance between the parallel ethylene 

groups of bpe ligands is 3.67 Å, indicating the potential for 

[2+2] photochemical cycloaddition reaction (4.2 Å). On the 

other hand, each pair of coordinated bpe ligands are separated 

with a guest bpe (N6 to N6A) molecule, leading to a slip-

stacked arrangement of bpe ligands along the a direction with 

AAB model (Fig. 2b). Although the center to center distance of 

C=C bonds between free and coordinated bpe ligands is 3.83 Å, 

which also comply with Schmidt’s topochemical criterion, it is 

most likely that inter-mononuclear photodimerization reaction 

would proceed as its distance is shorter.17 

 
Fig. 1 The coordinated environments of Dy(III) in mononuclear [Dy] and 

dinuclear [Dy2] unit of complex 1 (a) and 2 (b) respectively. 

 

Fig. 2 (a) The hydrogen bonded 1D chain constructed by mononuclear 

[Dy(bpe)(H2O)4(NO3)2]+ units and guest NO3
- ions, the parallel and criss-cross 

packed bpe ligands are marked by blue and red circles respectively. For 

clarity, the other repetitive parallel and criss-cross packed bpe ligands are 

omited; (b and c) The [2+2] cycloaddition reaction in parallel packed bpe 

ligands after UV light exposure of 1. The hydrogen bonds are displayed as 

purple dashed lines. 
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Besides the parallel arrangement of bpe ligands, interestingly, 

another contrary packing model of C=C bonds were also 

observed. Three guest bpe molecules are closely packed with 

each other through the hydrogen bond interaction between the 

N atom of pyridyl group and O atoms of H2O molecules and 

obvious ··· interaction (Figs. 2a and S3a). The middle bpe 

ligand locating on a symmetric center adopts a criss-cross 

alignment of C=C bonds with the other two on both sides. The 

distance between adjacent centers of C=C bonds is 3.49Å. 

Because of the close proximity of the olefinic in 1 raising the 

prospect of a solid state photochemical [2+2] cycloaddition 

reaction, the single crystal of 1 was subjected to UV irradiation 

at room temperature by an ultra-high pressure mercury lamp 

(P=300 W) for 10 hours, resulting in the irradiated product 2. 

Single-crystal X-ray analysis revealed that complex 2 

crystallises in the same space group (P21/c) with 1 (Table S1). 

However, some slight but visible variations of unit cell 

parameters of 2 were observed compared to 1, eg. the  angle 

of 2 (93.7) is larger than that of 1 (90.5). A following 

refinement of the structure of 2 revealed the occurene of a 

quantitative photo dimerization reaction accompanied by SCSC 

transformation. In complex 2, as our expected, the coordinated 

bpe ligands took place 100% formation of rctt-tpcb while the 

guest bpe ligand (N6 to N6A) with a relatively longer contact 

between C=C bonds is unreactive (Fig. 2b). The formation of 

new covalent bonds results in conversion of the mononuclear 

Dy(III) unit to the dinuclear [Dy2] unit (Fig. 1b). Compared the 

structure of dinuclear [Dy2] ion of 2 to mononuclear [Dy] ion of 

1, although the coordinated atoms of the Dy (III) ion didn’t 

changed, the π···π stacked pyridyl group of bpe ligands 

diverged with each other in 2, such behaviour indirectly 

elongate the Dy1···O3W distance from 2.39Å to 2.44Å through 

the hydrogen bond interaction between uncoordinated N2 atom 

and O1W atom. In additional, the other atoms around Dy(III) 

ion also proceed slight replacement, which may be as a result of 

the simulation by the formation of cyclobutane derivative, 

leading to considerable variation of bond lengths and bond 

angles of coordinated atoms around Dy(III) ion (Table S2). 

Simultaneously, a SHAPE analysis of Dy(III) ion for the 

before- and after- irradiated complexes suggested a 

coordination geometry change between a spherical capped 

square antiprism (C4v) and a spherical tricapped trigonal prism 

(D3h) for 1 and 2 (Table S3). 

For the criss-cross packed bpe ligands, some reports have 

demonstrated the possibility to form rtct-tpcb, a stereoisomer of 

rctt-tpcb, by [2+2] reaction,18 instead, the structural refinement 

indicated the formation of rctt-tpcb, which may owning to the 

pedal motion of criss-cross aligned C=C groups of bpe 

ligands.19 Because of the odd number and center symmetric 

packed model of bpe ligands, the middle bpe ligand took place 

[2+2] dimerization with one of the bpe ligands on both sides, 

finally giving one rctt-tpcb and one bpe molecule at last (Fig. 

S3b, c). 

As described above, due to the photo-induced cycloaddition 

reaction, the coordination sphere of Dy(III) was varied between 

the before- and after- irradiated products. Such behaviour 

inspired us to investigate the response of SMM property of 

Dy(III) ion when considering the possible change of local 

ligand/crystal field. The result are stated below. 

Temperature-dependent magnetic susceptibilities of both 1 

and 2 were performed in a direct-current (dc) field of 1000 Oe. 

At room temperature, the MT values were 13.9 and 14.2 cm3 K 

mol-1 for complex 1 and 2 respectively, which is agreeable with 

the expected value of one Dy(III) ion (14.2cm3 K mol-1 for the 
6H15/2 state).20 Upon cooling, the MT value of 1 and 2 gradually 

decreases to 12.0 and 11.5 cm3 K mol-1 respectively. Taking 

account of the unquenched orbital moment accompanied with a 

ligand field of Dy(III) ion, the decrease of MT value of 1 and 2 

is mostly attributed to the progressive depopulation of Stark 

sublevels of 4f Dy(III) ion. The magnetization (Fig. 3) increase 

rapidly with field strength up to about 0.9 T and then gradually 

increased slowly, reaching the “saturation” of 6.05 Nβ for 1 and 

5.93 Nβ for 2, indicating the existing magnetic anisotropy. 

 
Fig. 3 Temperature dependence of MT products at 1000 Oe for 1 (green) 

and 2 (red). Inset: plots of M–H for 1 (left) and 2 (right) at 2, 3 and 5 K. 

In order to explore the magnetic dynamics, detailed 

alternating-current (ac) susceptibility measurements were also 

performed. In the absence of a static field, the characteristic 

frequency dependence of out of phase signal, M", was 

observed for 1 and 2 below around 10 K. For 1, although an 

inconspicuous shoulder was found at about 5-6 K in both M' 

and M" vs. T curves when the frequency was 1488 Hz (Fig. 

S4a), at lower frequency, no maxima in out of phase signals 

were observed above 1.8 K as well as 2 (Fig. S4b), suggesting 

the existing fast quantum tunneling of magnetization (QTM) 

which accelerate the relaxation of spin-reversal process in both 

complexes. To suppress the QTM effect, a series of external dc 

fields in the range of 0.2-2.5 kOe were applied at 2 K. In the 

plot of M" vs. ν at 2 K for 1 (Fig. S5a), the peak with a 

maximum at 900 Hz at 0 Oe disappears and a set of peaks at 

lower frequency region were observed at dc fields above 400 

Oe. For complex 2, such filed-induced slow relaxation 

behaviour (Fig. S5b) was similar with 1, suggesting the 

suppression of QTM by application of dc field. The 1000 Oe dc 

field was chosen as the optimum field which result in a 

maximum of the relaxation time for both complexes. 

On the other hand, it is noteworthy that although the slow 

relaxation behaviours for 1 and 2 were observed due to 

application of external dc field in Fig. S5, as the increase of dc 
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field, the M" signal increased again at lower frequency regime, 

suggesting another slower relaxation process. The Argand plots 

(Fig. S6) reporting M" vs. M' further indicated the dual-

relaxation process for both complexes above 1200 Oe dc field, 

where the formation of a second semicircle at low frequency 

was observed. However, in the structure of 1 and 2, all Dy(III) 

ions were equivalent, such very slow relaxation process was 

likely attributed to intermolecular interaction which lead to a 

collective spin relaxation.[21] For the magnetic separation of 

Dy(III) ions, the magnetic ion sites of 1 was diluted with 

diamagnetic Y(III) ions with Dy:Y molars ratios of 1:17, giving 

the corresponding diluted sample 1' for 1. The diluted sample 

2' for 2 was obtained through the UV irradiation of 1'. The 

structures of 1' and 2' were isomer to their undiluted 1 and 2, 

respectively, as confirmed by PXRD measurements (Fig. S1). 

The frequency dependent ac measurements at various dc field 

for 1' and 2' were also performed (Fig. S7). As our expect, 

upon dilution, the slower processes were no longer visible 

within the frequency range probed (1-1488 Hz). Additionally, 

the faster relaxation processes observed in 1 and 2 was shift to 

lower frequency regime for 1' and 2'. The peaks of M" signal 

which correspond to a maximum of relaxation time for 1' and 

2' was located at 2 and 0.2 Hz respectively at their optimum 

fields (300 Oe for 1' and 400 Oe for 2'), lower than the 

corresponding frequency for 1 (7 Hz) and 2 (3 Hz), suggesting 

the slowing down of the faster relaxation processes in diluted 

samples. 

The field induced SIM behaviour for 1 was measured under 

a 1 kOe dc field (Fig. 4a), a set of peaks in M" signal was 

observed below 6 K. The magnetization-relaxation time, τ, was 

extracted by fitting the Cole-Cole plot data in the temperature 

range of 1.8-6.0 K with a generalized Debye model for a single-

relaxation process (Fig. S8a and S9a). The distribution 

coefficient values () were 0.049-0.275 (Table S4). The high 

temperature data fitted by Arrhenius law gave Ueff/kB = 39.4 K, 

0 = 1.30  10-7 s (Fig. S10). For the diluted sample 1', the 

peaks in M" signals were observed at zero dc field, 

characteristic of a SIM behaviour (Fig. 5a and S11). At lower 

temperature, the increase of M" signals was attributed to 

quantum tunneling process. The data of Cole-Cole plots (Fig. 

S12), including relaxation time () and distribution value (), 

was summarized in Table S5. Following the Arrhenius law, the 

energy barrier (Ueff/kB) was obtained as 55.2 K with 0 = 9.81  

10-9 s (Fig. 6a). The ac measurement for 1' was further 

performed at an optimum field (300 Oe) (Fig. 5b and S13a), 

obviously, the QTM effect was suppressed and more 

frequency-dependent peaks of M" signals were observed 

compared to the M" vs. T plot for 1' at zero field. The Ueff/kB 

and 0 was obtained as 56.7 K and 8.92  10-9 s, respectively, 

by Arrhenius fitting (Fig. 6a). 

For the irradiated product 2, the M" signals were measured 

at 1000 Oe field (Fig. 4b) as same as 1, at the frequency of 

1488 Hz, the peak of M" signals was observed at about 5 K, a 

little lower than peak temperature (5.8 K) for 1 at the same 

frequency. The resulting data, including  and  by fitting the 

Cole-Cole plot (Fig. S9b) was shown in Table S4. Fitting the 

five highest temperature point of 2 to Arrhenius law yields 

values of Ueff/kB = 45.5 K, 0 = 1.84  10-8 s (Fig. S10). For 

diluted 2', although a shoulder peak was observed at the high-

frequency limit (1488 Hz) of our magnetometer in the absence 

of static field (Fig. 5c), however, the M" signals increase fast 

below 3.5 K due to quantum tunneling effects at zero dc field. 

By applying a 400 Oe external dc field, a set of peaks in M" 

signal at the frequency range of 1-1488 Hz was observed (Fig. 

5d), indicating the effective suppression of QTM in 2'. At the 

lower frequency range, 0.1-1 Hz, the peaks of M" signals at 1.8 

and 2.2 K were further found at 0.2 and 0.5 Hz respectively in 

M" vs. ν plot shown in Fig. S13b, suggesting one order larger 

of relaxation time (τ) for 2' than 2 at low temperature. The 

relaxation time (τ) and distribution coefficient values () 

obtained from Cole-Cole plots (Fig. S14b) were shown in Table 

S7. The energy barrier was obtained by fitting high temperature 

data of ln(τ) with Arrhenius law, as Ueff/kB = 47.93 K, 0 = 1.22 

 10-9 s (Fig. 6a). 

 
Fig. 4 The temperature dependence of ac susceptibility for 1 (a) and 2 (b) 

under the 1000 Oe dc field (1–1488 Hz, 1.8–10 K). 

 

Fig. 5 The temperature dependence of ac susceptibility for diluted samples 

1' (a, b) and 2' (c,d) under zero dc field and their optimal field, 300 Oe for 1' 

and 400 Oe for 2'. 
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Obviously, upon dilution, the thermally activated relaxation 

barriers for 1' and 2' were larger than their undiluted isomorphs 

due to the removal of intermolecular interaction. Considering 

the magnetic ion-ion separation in the diluted samples 1' and 2', 

the slow relaxation processes were more likely attributed to 

single ion behaviour. Thus, the analyses of the variation of the 

magnetic behaviour through [2+2] reaction were only 

performed between 1' and 2'. For both complexes, the most 

obvious variation was the different slow relaxation 

characteristics at zero field, for 1', the clear relaxation process 

in M" signal which characteristic of a SIM behaviour with an 

energy barrier of 55.2 K at zero field was observed at the 

frequency range of 1-1488 Hz while the fast increase of M" 

value at low temperature due to QTM dissembled the thermally 

activated relaxation in 2'. By applying the optimum field for 

both complexes, the resulting energy barriers for 1' (56.7 K) 

and 2' (47.9 K) further confirm the change of thermally 

activated relaxation tuned by [2+2] reaction.  

 
Fig. 6 (a) The ln() vs T-1 plot for 1 under zero (red) and 300 (green) Oe field; 

for 2 (blue) under 400 Oe dc field, The solid lines are best fits with 

Arrhenius law; (b) a complete fitting of the magnetisation relaxation times 

of 1 and 2 at different fields; (c) the plot of the relaxation time τ vs. T for 2 

on a log-log scale, The solid green lines correspond to the apparent Raman 

fitting. 

Moreover, as shown in Fig. 6a, at lower temperature, the 

relaxation times, τ, of both complexes were deviated from 

Arrhenius plots. Such behaviour was attributed to the ruling out 

of Orbach process as dominating relaxation mechanism at the 

low temperature regime. Indeed, we found the relaxation time, 

τ, for 2' was well fitted with an experimental T-n law with n = 

8.68 (Fig. 6c). For a pure two phonon Raman process, it has 

been theoretically predicted n = 9 for Kramer ions.[22, 23] Herein, 

the obtained n value for 2' was in good agreement with the 

theoretical value, suggesting the dominated two phonon Raman 

process for 2' at the measured temperature of 1.8-6.2 K. 

However, the linearity of τ vs. T plot on a log-log scale for 1' at 

zero and 300 Oe field were all neither as well as 2' (Fig S15). 

In view of the admixture of four relaxation processes (QTM, 

Orbach, direct and Raman) in both complexes, a complete 

fitting which took account t simultaneously both temperature 

and field dependent relaxation time data was performed with 

the reported equation (1).[24] 

 -1 = AH2T + B1/(1 + B2H2) + CTn + 0-1exp(-Ueff/kBT)      (1) 

In (1), the four terms, AH2T, B1/(1 + B2H2), CTn and 0
-1exp(-

Ueff/kBT), correspond to direct, QTM, Raman and Orbach 

process respectively. The values of A, B1 and B2 parameters for 

1' and 2' were extracted from their corresponding field 

dependent relaxation time data at 2 K (Fig. S16) and were 

locked in equation (1). With these restraints, the parameters for 

Raman and Orbach term were left to vary freely. The resulting 

parameters from the best fit (Fig. 6b) were summarized in 

Table S8, we noted the Raman exponent, n, for 2' was 8.51, 

which was similar with the n value obtained by T-n law, 

indicating the importance of Raman process. For 1', the 

equation (1) was used to fit the relaxation time data at both zero 

and 400 Oe field, the n value in Raman term was 3.46 and 5.38, 

the increase of n from 1' to 2' indicated the increased 

contribution of Ramen process. In contrast, the contributions of 

the direct processes also decrease from 1' to 2', as evidenced by 

decreasing magnitudes of A. The values of Ueff/kB in Orbach 

term were 68.14 and 72.96 K for 1' at 0 and 300 Oe field 

respectively, larger than 48.33 K for 2', suggesting the 

decreased contribution from 1' to 2' and such trend was also in 

accordance with the different slow relaxation behaviour at zero 

field for 1' (slow relaxation observed at zero field) and 2' 

(field-induced slow relaxation). In additional, the extracted 

energy barrier from the complete fitting with equation (1) for 2' 

was slightly larger than the corresponding value obtained from 

Arrhenius fitting. In fact, the experimental points corresponding 

to 2' in Fig. 6a still bend down in the high-T region, which 

means that the Arrhenius regime should show up at still higher 

temperatures. 

It is well known that the single-ion anisotropy of Dy(III) ion 

was highly sensitive to the coordination environment. In order 
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to get further insight into the low-lying electronic structure and 

the magnetic anisotropy on the Dy(III) site, ab initio 

calculations of the CASSCF(7,9)/RASSI type (Molcas 8.0 

code)[25] 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 

[4s3p2d1f]; N [4s3p2d1f]; C [3s2p]; H [2s]. [26] For the 

compound 2, two calculations (2a and 2b) were performed 

replacing one of the DyIII centers by diamagnetic  LaIII cations 

(using model potentials). The calculated g-factors clearly show 

the large anisotropic character of these systems  (gx, gy, gz 1: 

0.17, 0.33, 19.09; 2a: 0.35, 0.98, 18.36 and 2b: 0.35, 0.98, 

18.40). However, the shape of the the plotted beta density of the 

4f DyIII electrons obtained in the CASSCF step for the ground 

state of the two complexes is represented in Figure 7 (DyIII 

centers have 4f9 electron configuration and the 7 alpha 

electrons give an isotropic spherical electron density)[27] 

showing the relatively large distortion of the beta electron 

density of the oblate shape[28] despite the relatively large 

calculated magnetic anisotropy. The direction of the magnetic 

moment is slightly different between the two complexes (see 

Fig. 7) but is more less aligned towards the axial nitrato ligand 

reflecting a larger metal-ligand electron repulsion in such 

direction due to the negative charge of nitrato ligand.[27,29] 

 

 

 

 

 

 

 

 

 

Fig 7 Beta spin density isosurface of the Dy III 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 2a (below, 

identical result for 2b). 

The calculated energies of the Kramers doublets are represented 

in Fig. 8. The spin relaxation mechanisms indicate an effcient 

relaxation through the first excited state and we have a nice 

qualitative agreement between the first excitation energy (for 1 

78.4 cm-1 while 50.5 cm-1 for 2a and 2b) with the experimental 

energy barrier values for the diluted samples (50.7 cm-1 and 33 

cm-1 for 1’ and 2‘, respectively).[30] The analysis of the spin 

relaxation mechanism (see Fig. 8) reveals a larger tunneling 

effect at ground state level for 2 consistent with the requirement 

for 2’ of magnetic field to present SMM behaviour while 1’ is a 

zero-field SMM system (also it is noticed in the previously 

reported larger calculated gx and gy values for 2 and in the 

experimentally fitted B1 value in Table S8).[27] The calculated 

ground state magnetic moment is consistent with a majoritary 

mJ=15/2 contribution and it is slightly larger for 1 in agrement 

with the experimental magnetization (see Fig. 3)  

 
Fig. 8 Lowest three Kramers doublets and ab initio computed relaxation 
mechanism in 1 (above) and 2 (below). 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 indicated close to the arrows 
indicate the matrix elements of the transition magnetic moments (above 
0.1 is expected an effcient spin relaxation mechanism).[31] 

 

Conclusions 
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