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ABSTRACT  

The isocarbonyl-ligated metallocene coordination polymers [Cp*2M(-OC)W(Cp)(CO)(-CO)] 

were synthesized with M = Gd (1) and Dy (2). In zero DC field, the dysprosium version 2 was 

found to be an SMM, with an analysis of the dynamic magnetic susceptibility data revealing that 

the axial dysprosium coordination environment leads to a large anisotropy barrier of 583 cm–1 and 

a fast quantum tunneling rate of ~2 ms. Theoretical analysis of two truncated versions of 2, 

[Cp*2Dy{(μ-OC)W(Cp)(CO)2}2]– (2a) and [Cp*2Dy(OC)2]+ (2b), in which the effects of electron 

correlation outside of the 4f orbital space were studied, revealed that tungsten-to-carbonyl back 

donation plays an important role in determining the strength of the competing equatorial field at 

dysprosium and, hence, the dynamic magnetic properties. The finding that a classical 

organometallic bonding scenario could be used as an indirect way of tuning the rate of quantum 

tunneling in isocarbonyl-ligated SMMs potentially provides an alternative chemical strategy for 

the design of molecular spin qubits. 
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The magnetic bistability found in molecular materials such as main-group radicals,1 spin-crossover 

compounds2,3 and single-molecule magnets (SMMs)4–9 has led to proposals for using this property 

as the basis of switchable devices such as optical displays, sensors and magnetic memory 

applications. In the case of SMMs, the bistability is manifested in the dependence of the 

magnetization on the applied magnetic field, which shows hysteresis up to a characteristic blocking 

temperature (TB). The timescales on which SMMs flip their magnetization from one state to 

another have been the subject of considerable interest in recent years, with slow relaxation of the 

magnetization informing the development of magnetic information storage materials, whereas fast 

relaxation via quantum-tunneling of the magnetization (QTM) is relevant to the design of 

molecular spin qubits for quantum computing.10,11 

 

From a fundamental perspective, SMMs continue to reveal a great deal about how the electronic 

structure and chemical bonding in compounds of transition metals, lanthanides and actinides can 

be manipulated at the molecular level. A major goal is to increase TB and the effective energy 

barrier to reversal of the magnetization (Ueff), which can be achieved by, for example, targeting 

highly axial coordination environments12–14 or using exchange coupling to enhance the magnetic 

blocking.15,16 As a result, many compounds with large energy barriers and impressive hysteresis 

properties are known,17–20 with the current benchmark being the dysprosium metallocene 

[(Cp*)Dy(C5
iPr5)][B(C6F5)4] (Cp* = pentamethylcyclopentadienyl), which has a Ueff of 1540 cm–

1 and a TB of 80 K.21 

 

Whilst strategies for influencing SMM performance usually focus on the primary coordination 

environment of the spin-bearing centre, evidence is available to support the notion that more 
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remote ligand-based effects also impact on the properties. For instance, Murugesu et al. have 

shown that the barriers in a series of phenoxo-bridged Dy2 SMMs can be changed by including 

electron-withdrawing substituents on the ligand periphery, the result of which is to reduce the 

charge on the coordinating atoms and, hence, alter the crystal field experienced by the lanthanide.22 

Intrigued by observations such as these, we were interested to see if a similar effect could be 

produced in a dysprosium metallocene SMM in which the equatorial positions are occupied by the 

oxygen atoms of a transition metal isocarbonyl fragment. Since the synergic back-bonding 

between a 5d transition metal and a CO ligand should be stronger than with a 3d metal, a greater 

build-up of negative charge on oxygen can be anticipated in the former case and, hence, the 

anisotropy barrier should decrease and the rate of QTM should increase. To investigate this idea, 

we aimed to synthesize a dysprosium metallocene SMM in which the Dy3+ ions are bridged by the 

isocarbonyl ligands of [CpW(CO)3]–, which formally contains a tungsten(0) centre. The target 

compound was obtained through the reaction of [Cp*2Dy][BPh4] with Na[CpW(CO)3] according 

to Scheme 1. 

 

 

Scheme 1. Synthesis of 2 showing a segment of the polymeric structure. 
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To demonstrate the generality of the synthetic method, the analogous reactions with yttrium and 

gadolinium were also undertaken. The products of the three reactions were identified by X-ray 

crystallography to be the coordination polymers [{Cp*2Gd(-OC)W(Cp)(CO)(-CO)} 

{Cp*2Gd(THF)(-OC)W(Cp)(CO)(-CO)}] (1) and [Cp*2Dy(-OC)W(Cp)(CO)(-CO)] (2), 

which were isolated in yields of 39-49% (Tables S1-S3). The repeat unit in the two isostructural 

compounds consists of a bent lanthanide metallocene with two 5-Cp* ligands, with the oxygen 

atoms of two isocarbonyl ligands forming {M–OC–W} bridges to neighbouring tungsten atoms 

(Figures 1, S3, S4). Two carbonyl ligands in each [CpW(CO)3]– unit therefore bridge to different 

lanthanides, whereas the third carbonyl ligand is terminally bound to tungsten. For 2, the Dy–Cp* 

distances are 2.34534(8) and 2.34805(6) Å, the Cp*-Dy-Cp* angle is 138.74(13)°, and the Dy–O 

distances and O-Dy-O angle are 2.303(6) and 2.308(7) and 85.3(3)°, respectively. The C–O 

distances of the -isocarbonyl ligands in 2 are 1.178(11) and 1.204(3) Å and, hence, slightly longer 

than the analogous distance of 1.16754(3) Å in the non-bridging CO ligand. The asymmetry in the 

carbonyl bonding is reflected in the infrared spectrum of 2, which features absorptions at 1615 and 

1726 cm–1 for the isocarbonyl ligands and at 1917 cm–1 for the terminal carbonyl ligand (Figure 

S2). The structure of compound 1 is similar to that of 2 in that it consists of chains of {Cp*2Gd(-

OC)W(Cp)(CO)(-CO)} units, but with the gadolinium centre in every other unit also being bound 

to a THF ligand (Figures S3, S4). Compound 1 also has a similar IR spectrum to 2 (Figures S1). 

 

The temperature-dependence of the magnetic susceptibility (M) of 1 and 2 was measured in a 

static (DC) field of 1000 Oe, with the results being typical of compounds containing isolated Gd3+ 

and Dy3+ ions with 8S7/2 and 6H15/2 ground terms, respectively (Figures S5-S7).23 In the case of 1, 

the value of MT at 300 K is 7.66 cm3 K mol–1 and only a weak temperature dependence is observed  
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Figure 1. Upper: the repeat structural unit in 2. Lower: an extended section of the coordination 

polymer structure. Thermal ellipsoids set to 50% probability. 

 

down to 2 K. The slight decrease in MT at low temperatures may be due to a weak intra-chain 

antiferromagnetic interaction between nearest neighbour gadolinium centres. An accurate fit of the 

data was possible using PHI according to the equation stated in the SI, using g = 1.99 and an 

exchange term zj = –0.001 cm–1.24 From a MT value of 12.39 cm3 K mol–1  at 300 K, the MT(T) 

profile for 2 reveals a slightly more pronounced decreases as the temperature is lowered, with a 

marked drop occurring at 10 K to reach at 10.92 cm3 K mol–1  2 K, reflecting thermal depopulation 

of the higher-lying crystal field states in the ground spin-orbit-coupled multiplet (Figure S7).25 
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The SMM properties of 2 were established using AC magnetic susceptibility measurements, 

with an oscillating field of 3 Oe and zero applied DC field. The frequency-dependence of the 

imaginary component of the AC susceptibility, i.e. ''() was measured at various temperatures in 

the range 1.9-52 K, with clear maxima observable up to 45 K (Figures 2, S8). 

 

 

Figure 2. Frequency dependence of 𝜒M
′′  in 2 in the temperature range 1.9-52 K, using zero applied 

DC field and an AC field of 3 Oe. 

 

Varying the temperature in the range 1.9-21 K, the frequency of the maximum in '' does not 

shift appreciably, which is indicative of relaxation via quantum tunneling of the magnetization 

(QTM). At higher temperatures, the maximum in '' moves to higher frequencies owing to the 

onset of a thermally activated relaxation process. A Cole-Cole plot of '' versus ' (the real 
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component of the AC susceptibility) produced parabola-shaped curves that were fitted using a-

parameters in the range 0-0.148, implying a fairly narrow range of relaxation times (Figure S9). 

The temperature dependence of the relaxation times (), as extracted from fits of the AC 

susceptibility data, were then plotted as –1(T), which confirmed that the relaxation time is 

essentially temperature independent up to 40 K, and then an abrupt increase shows that  is strongly 

temperature dependent up to 52 K (Figure S10). A fit of this data was possible using 𝜏−1 =

 𝜏0
−1𝑒−𝑈eff/𝑘B𝑇 + 𝐶𝑇𝑛 + 𝜏𝑄𝑇𝑀

−1 , in which 0 is the pre-exponential factor, C is the Raman 

coefficient, n is the Raman exponent and QTM is the rate of QTM. The fit yielded Ueff = 583 cm–

1, 0 = 1.44  10–12 s, C = 1.56  10–9 s–1 K–n, n = 2.62 and QTM = 1.97 ms. The anisotropy barrier 

determined for 2 is relatively large and characteristic of a dysprosium metallocene SMM and 

markedly larger than the barrier of 12.6 cm–1 determined for the monometallic isocarbonyl-ligated 

SMM [{CpW(CO)2(μ-CO)}3Dy(thf)5] in an applied field of 400 Oe.26 In comparison to the 

dimetallic isocarbonyl-ligated SMM [Cp*2Dy(-Fp)]2, which has Ueff = 662 cm–1 and QTM = 230 

ms,27 the barriers are similar, however the rate of QTM for 2 is almost two orders of magnitude 

faster. Furthermore, the rate of QTM in 2 is almost seven orders magnitude faster than in 

[(Cp*)Dy(C5
iPr5)][B(C6F5)4],21 thus highlighting the sensitivity of the dynamic magnetic 

properties of dysprosium metallocenes to changes in the chemical environment. The Raman 

exponent determined for 2 is also quite small relative to the typical values of n = 7-9 for 

dysprosium; however, small Raman exponents are seemingly common for dysprosium 

metallocene SMMs, which is currently thought to be related to the vibrational modes associated 

with cyclopentadienyl ligands.9,19,21,27,28 The very fast QTM in 2 suggests that the material should 

show weak magnetic hysteresis, which was confirmed by the measurement of narrow, S-shaped 

magnetization vs. field loops at 1.9 K when using a scan rate of 28 Oe s–1 (Figure S11). 
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Magneto-structural correlations have been developed to explain and predict the properties of 

dysprosium metallocene SMMs and related materials. On this basis, the parameters describing 2 

imply a highly axial crystal field arising from the Cp* ligands, which explains the large Ueff value, 

but also a non-negligible equatorial component to explain the fast QTM and weak hysteresis, 

which must be due to the isocarbonyl ligands. Quantitative support for this explanation was 

provided by an ab-initio computational study in which the geometry of 2 was extracted from the 

crystal structure and truncated for the multireference calculations, with one Cp*2Dy unit, two CpW 

units connected to dysprosium via the isocarbonyl ligands, and all CO ligands coordinated to the 

two tungsten atoms, i.e. [Cp*2Dy{(μ-OC)W(Cp)(CO)2}2]– (2a) and (Figure 3). The positions of 

hydrogen atoms were optimized using density functional theory and the electronic structure was 

modeled at the SA-CASSCF(9,7)//SO-RASSI level (see SI for computational details).29–35 

The energies and principal components of the g-tensors of the eight lowest Kramers doublets 

(KDs) arising from the crystal-field split 6H15/2 ground multiplet for the Dy3+ ion are listed in Table 

S4. The g-tensor of the ground doublet is strongly axial (gx = 0.0010, gy = 0.0019, gz = 19.5176), 

which should significantly reduce ground-state QTM. The principal magnetic axis of the ground 

KD is approximately oriented towards the centre of each Cp* ligand (Figure 3). 

 

           

Figure 3. The principal magnetic axis of the ground Kramers doublet of 2a (left) and 2b (right). 
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The axiality of the other g tensors steadily decreases in the excited KDs as one moves to higher 

energy. The relatively large transverse components of the g tensor of the second-excited KD (gx = 

0.6487, gy = 0.9806, gz = 14.2336) should allow significant temperature-activated QTM. 

Furthermore, the principal axes of the three lowest doublets are roughly collinear, but the axis of 

the third excited doublet is almost perpendicular to the axis of the ground doublet. This feature of 

the electronic structure allows significant spin-phonon transitions and the barrier should be crossed 

at this point, resulting in an effective barrier of 386 cm–1 for the Orbach process. An approximate 

relaxation route was then constructed for 2a using previously established methodology, where the 

relaxation pathway is obtained by tracing the path set by largest transition moment matrix elements 

between the different electronic states. The barrier is shown in Figure 4 and the numerical values 

of the transition magnetic moments and the squared projections of the states in the eight lowest 

KDs on the angular momentum states |𝐽𝑀𝐽⟩ with J = 15/2 are given in Table S5 and S6, 

respectively. 

 

The calculation predicts relaxation via the third excited doublet, in agreement with the 

information obtained from the g tensors. However, the barrier predicted by the multireference 

calculations is considerably lower than the value 583 cm–1 obtained from a fit to the experimental 

data. Whilst the sixth and seventh excited KDs at 494 cm–1 and 696 cm–1, respectively, do 

encompass this barrier, the direction of the principal magnetic axes in these doublets are 

considerably skewed relative to the ground KD and the fifth-excited KD has a very strong 

transverse component to the g tensor (gx = 3.8030, gy = 6.7534, gz = 10.1946). Hence, it is 

extremely unlikely that the relaxation would take place via these higher excited states. 

 



 11 

 

Figure 4. The ab initio blocking barrier constructed for 2a. The blue arrows indicate the most 

probable relaxation route. Stronger red color in the other arrows indicates a stronger transition 

magnetic moment. 

 

The discrepancy most likely originates from the neglect of electron correlation effects outside the 

4f orbital space; more specifically, from an inaccurate description of the tungsten-to-carbonyl back 

donation. To confirm this, a Hartree–Fock (HF) calculation, which neglects all electron correlation 

effects, and a hybrid DFT calculation which accounts for electron correlation effects were carried 

out on a closed-shell, 18-electron [CpW(CO)3]– fragment. Effective atomic charges were then 

calculated for the atoms using the LoProp approach.36 The effective charge of the tungsten atom 

changes slightly from 0.33 in the HF calculation to 0.34 in the hybrid DFT calculation, whereas 

the charges of the carbonyl carbon atoms change from 0.20, 0.20 and 0.22 to 0.10, 0.10 and 0.12 

and the charges of the oxygen atoms change from –0.50, –0.51 and –0.47 to –0.41, –0.41 and –

0.38. These values demonstrate that neglecting electron correlation in the W–CO interaction leads 
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to overestimation of the charge polarization of the CO ligand and to an excessively negative charge 

on the oxygen atoms. In turn, this leads to an overestimation of the equatorial component of the 

crystal field in 2, which explains why the effective barrier height is underestimated in the 

calculations. 

 

To provide further insight into the effects of tungsten-to-carbonyl back-donation on the magnetic 

properties of Dy3+, the calculations performed on 2a were repeated on the simpler model system 

[Cp*2Dy(OC)2]+ (2b) where the absence of tungsten atoms removes all back-donation effects. The 

energies and properties of the eight lowest KDs of 2b and the calculated ab initio crystal field 

parameters are listed in Tables S8 and S9. The principal magnetic axis of the ground KD in 2b is 

almost collinear with the corresponding axis in 2a (Figure 3). It is clear from the principal 

components of the g tensors that the crystal field around Dy3+ in 2b is more axial than in 2a. The 

transverse components of the g tensor of the ground KD are an order of magnitude smaller in 2b 

than in 2a and the principal axes of the excited KDs have much smaller angles with respect to the 

axis of the ground doublet. A significant angle between the axes is not observed until the fourth 

excited doublet, compared to the third excited doublet in 2a. In contrast to 2a, the most probable 

relaxation route for 2b is predicted via the fifth excited doublet, giving a much larger effective 

barrier of 805 cm–1. There is, however, moderately strong thermally assisted QTM also takes place 

at the third and fourth excited doublets, which implies that the relaxation may be faster than the 

barrier height suggests. 

 

Finally, further computational evidence for the impact of tungsten-to-carbonyl back bonding on 

the magnetic axiality of the dysprosium metallocene unit was obtained from the calculated ab initio 
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crystal field parameters in 2a and 2b.37 The results reveal a much higher degree of axiality in 2b 

since the axial parameter B20 is 86% larger than in 2a and the B2±2 parameters are smaller (Tables 

S7 and S9). 

 

In conclusion, the isocarbonyl-ligated rare-earth metallocenes 1 and 2 have been synthesized 

and the dysprosium version 2 found to be an SMM with a large thermal anisotropy barrier of 583 

cm–1 in zero DC field. A fast rate of QTM was also determined for 2 owing to the influence of the 

isocarbonyl ligands, which generate an appreciable equatorial crystal field at the lanthanide owing 

to strong tungsten-to-carbonyl back-bonding. These results imply that classical bonding motifs in 

transition metal organometallic chemistry can provide a way of tuning of the QTM rate in 

lanthanide SMMs, which may be of use in the design of molecular spin qubits. 
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