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a b s t r a c t

Two erbium(III) complexes [ErCl(OArAd)3][Na(THF)6] (1) and Er(OArAd)3 (2) are successfully prepared by

using one variety of "hard" base ligand with large steric hindrance. The coordination geometry around

the Er(III) site changes from distorted tetrahedral to flat trigonal pyramid geometry in different solvent

environment due to the removal of the coordinated chloride. Such an alternation significantly enhances

the single-molecule magnet (SMM) behavior and makes the field-induced effective energy barrier (Ueff)

arrive at 43(1) cm−1 for the latter. Together with theoretical calculations, this study shows that strong

equatorial ligand field and high local symmetry are critical to suppress the quantum tunneling of the

magnetization (QTM) and achieve high-performance erbium(III) based SMMs.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Single-molecule magnets (SMMs), a type of magnetic nano-

materials self-assembled by coordination chemistry, is appealing

due to their inherent characteristics of possessing magnetic bista-

bility and slow magnetic relaxation processes. The feature of stor-

ing bytes information relaying on single molecule improves infor-

mation storage density, making it possible for the applications of

spintronic devices and quantum information processing (QIP) [1–

3]. Since the mononuclear complex [TbPc2]
− (Pc=dianion of ph-

thalocyanine), whose effective energy barrier (Ueff) is 230 cm−1,

was reported by Ishikawa et al. [4], lanthanide cations, such as

Tb(III), Dy(III), Ho(III) and Er(III), have been attached importance

to construct high performance SMMs in the light of their high

magnetic anisotropy and strong spin-orbit coupling effects [5–9].

For almost a decade, enormous progress for enhancing Ueff and

magnetic blocking temperature (TB) has been made for lanthanide-

based complexes, which are almost Dy(III) compounds [10,11]. Es-

pecially lately, a record-breaking mixed-valence dilanthanide com-

plex (CpiPr5)2Dy2I3 with Ueff of 1631 cm−1 and TB of 72K was re-

ported by Gould et al. [12].
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Despite the fact that the performance of Er(III) SMMs is

relatively poor by contrast with Dy(III)-based counterparts, it

is better than SMMs with other prolate Ln(III) ions. A se-

ries of reported mononuclear Er(III) SMMs are listed in Ta-

bles S12 and S13 (Supporting information), where the high-

est Ueff of 300 cm−1 can be observed in [(C5H5BMe)Er(COT)]

(COT= cyclooctatetraenyl) [13], and the maximum TB does not

exceed 10K in several (cyclooctatetraenyl) erbium(III) complexes

[14–16]. It is evident that the COT ligand can stabilize mag-

netic ground state of Er(III) and makes those complexes with

sandwich structure exhibit excellent SMM properties. Apart from

those organometallic Er(III) compounds, SMMs with monoden-

tate coordination have also been exploited and reported all the

time (Table S13). Zhang et al. prepared an equatorially nitrogen-

coordinated complex with C3v local geometry Er[N(SiMe3)2]3
which possesses an energy barrier of 85 cm−1 in the absence of a

static field [17]. Similarly, two three-coordinate Er(III) compounds

with oxygen and carbon donors were reported by Zhang et al.

[18], namely Er(dbpc)3 (dbpc= tris(2,6-di-tert-butyl-p-cresolate))

and Er(btmsm)3 (btmsm= tris(bis(trimethylsilyl)methyl)), exhibit-

ing lower Ueff values of 39 and 80 cm−1, because of the conju-

gation effects and weak lone pairs for the former and soft carbon

donor effect for the latter, respectively.

https://doi.org/10.1016/j.cclet.2022.05.061
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Scheme 1. Synthesis of complexes 1 and 2.

Stark energy level splitting is sensitive to the coordination

sphere and appropriate crystal field environment plays a criti-

cal role to construct high-performance SMMs: Long and his co-

workers point out that equatorial coordination environments is

more conducive for those prolate 4f ions, for instance, Yb(III) and

Er(III), because it can reduce and avoid charge contact between

axially located electron density of Ln(III) ions and coordination

atoms [19]. Furthermore, the existence of quantum tunneling of

the magnetization (QTM) leads to under barrier relaxation path-

ways and poor SMM properties, and high local symmetry around

Ln(III) ions is capable of suppressing such fast relaxation process

which has been confirmed by both theoretical and experimen-

tal results [20–27]. Herein, considering prolate electron density of

Er(III), we utilized one variety of “hard” base ligand with large

steric hindrance (-OArAd) and successfully isolated two complexes

1 ([ErCl(OArAd)3][Na(THF)6]) and 2 (Er(OArAd)3). Remarkably, ac

susceptibility measurements reveal that out-of-phase (χ”) signals

can be observed in complex 1 at dc magnetic field of 800Oe and

2 at zero dc field, and field-induced Orbach barrier height of 2 ar-

rives at 43(1) cm−1 (61(2) K).

The sterically demanding aryloxide ligand, AdArOH (AdArO=O-

C6H2-2,6-Ad-4-Me), was synthesized following a procedure from

Watanabe et al. [28]. The corresponding deprotonated salt,

NaOArAd, was prepared in 94% yield by addition of NaH to

the phenol in THF suspension. The mixed aryloxide-chloride

[ErCl(OArAd)3][Na(THF)6] (1) was prepared by metathesis of anhy-

drous ErCl3 with 3 equiv. of NaOArAd in THF, giving a pink crystal

in 60% yield (Scheme 1). Treating 1 with toluene resulted in the

formation of chloride free Er(OArAd)3 (2), which could be isolated

as a pinkish crystal in 42% (Scheme 1).

X-Ray single-crystal diffraction analysis reveals that 1 and

2 crystallize in the monoclinic P21/c and triclinic P1̄ space

groups (Table S1), respectively. Compound 1 is composed of four-

coordinate Er(III) anions with distorted tetrahedral configuration

([ErCl(OArAd)3]
−) and charge-balancing cations [Na(THF)6]

+, while

electrically neutral complex 2 is characteristic of a flat trigo-

nal pyramid, in which Er(III) ion is coordinated with three -

OArAd ligands with large steric hindrance (Fig. 1). The Er-Cl

bond length in 1 is 2.562(1) Å and the average distance of

Er-O bonds is 2.103 Å. In contrast to 1, the elimination of Cl−

ion leads to shorter average distance of Er-O bonds (2.046 Å)

and smaller structural distortion relative to planar triangle ge-

ometry in 2 (Fig. 1 and Table S2 in Supporting informa-

tion). These Er-O distances are close to several reported Er(III)

SMMs containing merely monodentate oxygen donors but signif-

icantly shorter than [L2Er(H2O)5][I]3·L2·(H2O) (L= tBuPO(NHiPr)2)

and [Er(depma)2(H2O)6]Cl3·6H2O (depma=9-diethylphosphono-

methylanthracene) (Table S13). Meanwhile, three O-Er-O angles in

both complexes range from 105.84(9)° to 120.27(9)° for 1 and

111.99(9)° to 119.93(9)° for 2. In a packing diagrams, the shortest

intermolecular Er···Er distances are 12.954(1) and 14.747(1) Å (Figs.

S1 and S2 in Supporting information), suggesting that both com-

Fig. 1. (Top) Crystal structures of (a) 1 and (b) 2. color codes: Er, pink; O, red;

C, gray; Cl, green. All hydrogen atoms have been omitted for clarity. (Bottom) The

diagrammatic sketch of ErO3Cl and ErO3 geometry for 1 and 2, respectively. The an-

gles represent average dihedral angles between coordinate plane and center-donor

plane.

plexes are well isolated and intermolecular magnetic interactions

are negligible.

The temperature dependent dc magnetic susceptibility mea-

surements were carried out towards the powder samples of 1 and

2 at the temperature range of 2–300K under an applied field

of 1000Oe (Figs. S3 and S4 in Supporting information). At the

room temperature, the experimental χMT products of both com-

pounds are 11.06 and 11.36 cm3 K/mol, respectively, which are

agreement with theoretical value of 11.48 cm3 K/mol for free Er(III)

ion (S=3/2, L=6, g=6/5). The χMT value undergoes a gradual de-

crease when lowering the temperature and arrives at the minimum

of 9.75 and 8.69 cm3 K/mol at 2K for 1 and 2 respectively, which

can be attributed to the thermal depopulation of the Stark levels

from Er(III) ions [29]. A relatively more drastic drop of 2 than 1

at low temperature below 10K can also be observed, indicating its

characteristic of slower magnetic relaxation. The field dependent

dc magnetization data of them were also measured from 0 to 5 T

at 2K (Figs. S5 and S6 in Supporting information). The magneti-

zation increases linearly at low magnetic fields until around 0.5 T

and reaches similar saturation values of 4.78 and 4.65 μB for 1 and

2, respectively.

Dynamic magnetic properties of 1 and 2 were investigated in

the frequency range of 1–1218Hz through ac magnetic suscepti-

bility measurements. Under zero dc field, significant out-of-phase

(χ ’’) signal can be observed only in complex 2 and the peak of χ ’’

shifts from 2K to 10.19K (Figs. S12 and S13 in Supporting infor-

mation), demonstrating its slow magnetic relaxation behavior and

SMM characteristic while strong QTM exists in 1 (Fig. S7 in Sup-

porting information) [30]. To confirm the optimum field and study

their dynamic magnetic behavior under dc field, ac measurements

were performed under the magnetic field range of 0–2000Oe at

2K (for 1) and 5K (for 2). Finally, the field of 800 and 1000Oe

were adopted for 1 and 2 in the light of measured strongest out-

of-phase signals (Figs. S8 and S14 in Supporting information). Un-

der this condition, frequency dependence of χ ’’ peaks can be ob-

served from 3.57K to 8.25K for 1 and 4.92K to 12.50K for 2 in

measured frequency range (Figs. S10 and S16 in Supporting infor-

mation). Then relaxation times (τ ) were extracted by the general-

ized Debye model and all Cole-Cole plots indicates the presence of

one relaxation process (Figs. S11, S17 and S18 in Supporting infor-

mation). Further investigation of magnetic relaxation processes can

2
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Table 1

Best-fit parameters of temperature-dependent relaxation times for 1 and 2.

Parameter τ0 (s) Ueff (cm
−1) C (K−n s−1) n τQTM (s)

1 (800Oe) – – 2.5(6)×10−4 7.9(1) –

2 (0 Oe) – – 0.147(1) 4.5(1) 8(2)× 10−4

2 (1000Oe) 1.2(5)× 10−6 43(1) 0.07(1) 4(1) –

be achieved by the temperature dependence of τ and analysed by

the plots of τ−1 vs. T (Figs. S19–S22 in Supporting information).

For 1 under dc field of 800Oe, its relaxation behavior can be well-

modelled only considering individual Raman process (Eq. 1). An

additional term to account for QTM process was required to fit the

relaxation behavior of 2 under zero dc field due to slow variation

of τ−1 value in the low temperature region (Eq. 2). Moreover, for 2

under dc field of 1000Oe, only the combination of Orbach and Ra-

man mechanisms can well describe the relationship between τ−1

and T (Eq. 3). The best fit parameters are summarized in Table 1.

It is obvious that the coordination of Cl− ion induces strong QTM

process and the elimination of this coordinated chloride suppresses

the fast relaxation processes, leading to field-induced effective en-

ergy barrier value (Ueff) of 2 arrives at 43(1) cm−1 (61(2) K).

τ−1 = CTn (1)

τ−1 = CTn + τ−1
QTM (2)

τ−1 = τ−1
0 exp (−Ueff/kBT ) +CTn (3)

Complete-active-space self-consistent filed spin-orbit (CASSCF-

SO) calculations were performed using OPEN MOLCAS package

[31] to further understand magnetic relaxation mechanisms of 1

and 2. Evidently, calculated g-tensors of the ground Kramers’ dou-

blet (KD) for both complexes are gx =0.03, gy =0.04, gz =17.82 for

1 and gx = gy =0.02, gz =17.80 for 2 (Tables S3 and S4 in Support-

ing information), indicating they possess large magnetic anisotropy.

Meanwhile, the predominant wavefunction composition (89.5% |±
15/2> for 1 and 98.5% |±15/2> for 2) and the direction of prin-

cipal magnetic axes (Figs. S23 and S24 in Supporting informa-

tion) for the ground KD also verify this. We find that the orien-

tation of easy axis is not exactly along Er-Cl bond for the for-

mer or perpendicular to the plane composed of three coordi-

nated O atoms for the latter, existing a certain deviation, which

could be caused by the structural distortions compared with the

strict local symmetry of Td or C3v from the perspective of molec-

ular geometric configuration [32]. For 1, the admixture of wave-

function emerges at the first excited KD (63.8% |±13/2>+18.7%

|±11/2>) and relatively significant transition magnetic moment be-

tween this KD arrives at ∼10−1 μB, therefore a fast QTM pro-

cess will occur at this KD theoretically, making the calculated Ueff

is around 61 cm−1 (88K) (Table S9 and Fig. S27a in Supporting

information). Nevertheless, non-ignorable transition probability of

1.20×10−2 μB between the ground KD can be also observed, hint-

ing that a non-vanishing QTM may exist. In reality, two-phonon

Raman process also participate in the magnetic relaxation in the

temperature range of ac measurement at the same time. Computed

LoProp charge of donor Cl using the CASSCF wavefunctions is up

to −0.8303, and the poor SMM property of 1 can be attributed

to the energy destabilization of the prolate Er(III) ion induced by

rather strong repulsion with axial highly charged Cl− ion (Fig. S26

in Supporting information) [19,33]. Accordingly, with axial ligand

eliminated, the coordination environment of 2 containing merely

three O atoms is more suitable for Er(III) ion: The energy gap be-

tween the ground KD and the first low-lying state is greatly im-

proved to 155 cm−1 (223K) (Table S4), and the absolute value

of axial crystal-field parameters (CFPs) of 2 (B0
2

= −3.32 cm−1,

B0
4

= 2.37×10−3 cm−1 and B0
6

= −2.81×10−5 cm−1) are signif-

icantly larger than 1 (B0
2

= −1.94 cm−1, B0
4

= 1.27×10−3 cm−1

and B0
6

= −6.78×10−6 cm−1) and smaller magnitude of non-axial

CFP (B
q

k
, q �= 0) can be observed in 2 (Tables S6 and S7), indi-

cating stronger axial anisotropy in 2. Besides, the admixture of

wavefunction in 2 does not emerge until the fourth excited KD

(78.5% |±7/2>), and the principal magnetization axis of this dou-

blet is also largely tilted from the ground KD. Despite this, transi-

tion probability of 1.07×10−1 μB between the second excited KD

indicates the occurrence of QTM process in this KD and computed

energy barrier of 224 cm−1 (322K) (Table S10 and Fig. S27b in Sup-

porting information). Similar to complex 1, although calculated Ueff

value is larger than the experimental value, it is indeed qualita-

tively reasonable in terms of the order if not considering other ex-

isting effects, such as off-resonance phonon modes and hyperfine

interactions [34,35].

Then, their relaxation times for QTM process at the ground KD

were evaluated theoretically through Eqs. 4 and 5 proposed by Yin

et al. [36]. Here, β is the Bohr magneton, h is Planck constant and

the gx, gy and gz are components of g tensor for the ground KD in

x, y and z directions. The magnitude of the magnetic fields induced

by dipolar and hyperfine interactions (Have) is estimated to be

20 mT because ab initio calculations can not provide this param-

eter from x to z directions directly and this selected value which

can predict τQTM well was utilized in previously several reported

systems [37,38]. The calculated τQTM of 1 is 4.63×10−5 s while this

relaxation time for 2 (2.29×10−4 s) is almost five times than 1, in-

dicating faster QTM process occurs between the ground KD in 1

and it can explain why its slow magnetic relaxation behavior lacks

under zero dc field. And computed τQTM for 2 is slightly smaller

than the experimentally observed value at 2K (8.57×10−4 s).

τ−1
QTM = βHave

h
· g2xy

2
(
g2xy + g2z

)1/2
(4)

g2xy =
(
g2x + g2y

)
(5)

In spite of enhanced SMM performance in 2 realized by switch-

ing the coordination geometry from 1, it is still poorer than

its analogues, namely Er[N(SiMe3)2]3, Er(btmsm)3 and Er(dbpc)3
(Table S13 in Supporting information). In our case, “hard” oxy-

gen donor was utilized and the shifting is the lowest between

Er(III) and the ligand coordination plane, however, we can observe

that strong QTM process at absence of external field and lower

field-induced Orbach energy barrier under dc magnetic field. For

the former, the local symmetry around Er(III) ion in 2 is devi-

ate more from C3v than above-mentioned complexes in terms of

bond lengths and angles which exacerbates its transverse mag-

netic anisotropy and fast relaxation under low temperature (Ta-

ble S2). Additionally, similar to Er(dbpc)3, the electron density of

O donors with contracted lone pairs is delocalized on the aro-

matic ring, leading to the decrease of effective charge and lower

Ueff value [18]. By contrast, as Yamashita et al. analyzed using the

localized orbital locator (LOL), the lone pairs on coordinated C

atoms in Er(btmsm)3 diffuse towards central Er(III) and increase

the effective charge, making it possess comparable Ueff value to

Er[N(SiMe3)2]3. Under such circumstances, further enhancement of

magnetic relaxation properties can be achieved by improving local

symmetry when using aryloxide ligands.

To further weaken transverse anisotropy of low-lying doublets

and investigate the influence of local symmetry around Er(III) ion,

model complex (3) with D3h local symmetry was constructed in

the light of the structure of 2 (Fig. S27c in Supporting informa-

tion) and calculation at the same level was also carried out. The

Er-O bonds in 3 were fixed as the average value of those in 2

(2.046 Å) and each angle of O-Er-O is perfectly 120°. As expected,

3
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eight KDs span an energy barrier of 687 cm−1 (988K) (Table S5

in Supporting information) and CFPs of complex 3 calculated by

the SINGLE_ANISO program demonstrate its improved axiality with

axial CFPs of B0
2

= −3.76 cm−1 and B0
4

= 3.29×10−3 cm−1, de-

spite nearly consistent parameter B0
6

= −2.38×10−5 cm−1 with

2 (Table S8 in Supporting information). The calculated τQTM is

up to 2.80×10−2 s and transition probability of 4.98×10−4 μB

between the ground KD is small enough to be neglected (Table

S11 in Supporting information). Above results demonstrate that

improved local symmetry enlarges crystal field splitting of Er(III)

ion and effectively suppresses QTM process under zero field con-

dition. Significant QTM can be observed at the fourth excited

KD (7.77×10−1 μB) and leads to theoretical Ueff value arrives at

416 cm−1 (598K) (Fig. S27d in Supporting information), almost

twice as much as 2. This indicates that the crystal field envi-

ronment with high local symmetry constructed by only coplanar

equatorial coordinated atoms is conducive to greatly improve ef-

fective energy barrier of prolate Er(III) SMMs and it can be realized

through modifying ligands by chemical means.

To summarize, we successfully isolated two Er(III) complexes by

utilizing substituted phenols with large steric hindrance (-OArAd)

and they possess different geometry configurations in THF and

toluene, respectively. Magnetic measurements reveal SMM behav-

ior of both compounds and field-induced Orbach barrier height of

complex 2 is 43(1) cm−1 (61(2) K). Ab initio calculations towards

model complex 3 suggest that the removal of axial electrostatic re-

pulsion and coplanar equatorial coordination pattern with high lo-

cal symmetry are beneficial to further suppress QTM process and

increase the Ueff value. Future work would include constructing

more ideal crystal field environment to meet Er(III) ion with pro-

late electron density and improve the slow relaxation properties of

complexes.
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