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Light-induced transformation from diamagnetic li-

gand to paramagnetic radical offers a unique ap-

proach to modulating the magnetization dynamics

of magnetic compounds. In this study, we present a

two-dimensional Yb(III) coordination polymer 1 and

its Y(III)-diluted analog 1@Y, along with their light-

induced radical forms, 1a and 1a@Y. Due to the

presence of light-induced radicals, the magnetic sus-

ceptibility properties (χMT values) of 1a and 1a@Y

featured remarkable 82.3% and 88.9% enhance-

ments, respectively, at room temperature, compared

with those of 1 and 1@Y, andwere accompanied by an

unexpected increase in the effective energy barrier

for magnetization dynamics. The magnetization dy-

namics of 1 and 1a involved both Orbach and Raman

processes, while 1@Y and 1a@Y exhibited two Raman

processes, indicating that the Orbach process that

occurred in 1 and 1a was mainly attributed to the

magnetic coupling between Yb(III) ions. This work

showcases the potential of light-induced radical

transformation for tuning both the static and dynam-

ic magnetic properties of lanthanide coordination

polymers.

Keywords: two-dimensional coordination polymers,

ytterbium complexes, photomagnetism, single-

molecule magnet, magnetization dynamics

Introduction
Light-matter interaction is a promising way to modulate

the physical properties of materials. Coordination com-

pounds featuring light-induced radicals emerge as a

platform for advanced photomagnetic materials across

diverse applications.1–6 Nevertheless, the impact of

such radicals on magnetic properties is inherently

complicated due to their instability and various interac-

tions with other spin carriers.7 Given the weak light-mat-

ter interactions, tuning magnetic properties via light

irradiation within such materials is highly challenging.

Lanthanide coordination polymers present a special

class of advanced magnetic materials based on their

intrinsic large magnetic moments and strong magnetic

anisotropy.8,9 Optimizing the magnetization dynamics of
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these polymers hinges on two critical factors: coordina-

tion symmetry and ligand field strength, both of which

can be finely tuned through a coordination chemistry

approach.10,11 Alternatively, light irradiation is highly

promising for modulating the magnetic properties of

lanthanide coordination polymers. This not only enables

the creation of photomagnetic materials but also pro-

vides valuable insights into magneto-structural correla-

tions.7,12–18 By incorporating ligands that transform to

radical states after exposure to light, the pristine struc-

tures of lanthanide coordination polymers could remain

unchanged. Consequently, these light-induced effects

are confined to changes in the spin lattice rather than

the atomic lattice of the materials. Hence, such systems

are ideal for revealing the interplays between magnetism

and spins, thereby facilitating the development of ad-

vanced photomagnetic systems.18,19

So far, for lanthanide coordination polymers, the study

of magnetic properties has been mainly focusing on

those containing Dy(III) ions because of their magnetic

bistability.13–19 However, other Kramers ions such as Er(III)

and Yb(III) have received less attention.7,20,21 Notably, the

magnetization dynamics of Yb(III)-based compounds

have been sparsely investigated due to their special

coordination environments with f-electrons. Further-

more, most Yb(III)-based systems reported to date are

discrete species.22–28 The formation of extended struc-

tures with Yb(III) through metal-ligand coordination is

beneficial for stabilizing the compounds, and hence, ad-

vantageous for the study of magnetization dynamics in

the presence of light-induced radicals.

Herein, we report an Yb(III) coordination polymer [Yb

(CA)(ACA)(DMF)(H2O)]n (1, H2CA = 2,5-dichloro-3,6-

dihydroxy-p-quinone, HACA = 9-anthracene carboxylic

acid), and its diamagnetic Y(III)-diluted analogue, 1@Y.

Irradiating 1 and 1@Y by ultraviolet (UV) light generates

1a and 1a@Y (Scheme 1). The room-temperature χMT
values of 1a and 1a@Y were significantly increased by

82.3% and 88.9%, respectively, in comparison to those of

1 and 1@Y. It is worth noting that they are the highest

increased χMT values influenced by light-induced radi-

cals. Electron paramagnetic resonance (EPR) signals

verified the light-induced radicals within 1a and 1a@Y,

which also influenced the magnetization dynamics. 1 and

1a featured Orbach and Raman processes, with the effec-

tive energy barrier, Ueff, of 1a unexpectedly surpassing

that of 1. After dilution with diamagnetic ions, 1@Y and

1a@Y exhibited two Raman processes, rather than the

Orbach and Raman processes observed in 1 and 1a. This

difference highlighted the impact ofmagnetic coupling on

magnetization dynamic pathways within these Yb(III) co-

ordination polymers. Ab initio calculations, based on den-

sity functional theory (DFT), revealed that the increase in

magnetic susceptibility observed at high temperatures is

attributed to the presence of unpaired electrons trapped

in localized T1 states of the ACA− ligands.

Experimental Methods

Synthesis of [Yb(CA)(ACA)(DMF)(H2O)]n (1)

YbCl3 · 6H2O (0.1 mmol, 38.7 mg), H2CA (0.02 mmol,

4.2 mg), HACA (0.02 mmol, 4.5 mg), dimethylformamide

(DMF) (2 mL), and H2O (10 mL) were added into a 20 mL

glass vial. The mixture was ultrasonicated for about

10 min to be completely dissolved. The glass vial was

heated at 96 °C for 5 h. After cooling down to room

temperature, brown hexagonal crystals were collected,

washed with water (5 × 5 mL), and dried under air. Yield:

57.8%based onH2CA. Anal. Calcd for C24H18Cl2NO8Yb: C,

41.63; H, 2.62; N, 2.02. Found: C, 41.48; H, 2.49; N, 1.79.

Attenuated total reflection Fourier transform infrared

(ATR-FTIR) spectroscopy, cm−1: 3572 (w), 1666 (m),

1627 (w), 1582 (m), 1497 (s), 1456 (w), 1436 (w), 1376

(s), 1325 (w), 1296 (w), 1279 (w), 1112 (m), 1063 (w), 1005

(m), 884 (w), 871 (w), 849 (s), 791 (w), 774 (w), 733 (m),

684 (m), 674 (m), 651 (m), 604 (m), 579 (s), 562 (w), 463

(s), 449 (m), and 410 (m).

Synthesis of [Yb0.12Y0.88(CA)(ACA)(DMF)
(H2O)]n (1@Y)

1@Y was prepared by the same synthetic procedure

as 1 with YbCl3 · 6H2O and YCl3 · 6H2O in a 1:7 molar

ratio. Inductively coupled plasma-mass spectrometry

(ICP-MS): Yb/Y = 1:7.50. Anal. Calcd for C24H18Cl2NO8

Yb0.12Y0.88: C, 46.62; H, 2.93; N, 2.27. Found (1@Y): C,

46.84; H, 2.82; N, 2.18. FTIR (ATR, cm−1): 3570(w), 1666

(m), 1627 (w), 1588 (m), 1497 (s), 1456 (w), 1436 (w), 1376

(s), 1327 (w), 1296 (w), 1279 (w), 1112 (m), 1061 (w), 1007

(m), 882 (w), 871 (w), 850 (s), 791 (w), 773 (w), 733 (m),

686 (m), 674 (m), 651 (m), 606 (m), 577 (s), 562 (w), 469

(s), 449 (m), and 410 (m).

Results and Discussion
1 and 1@Y were prepared by reacting H2CA and HACA

with excess metal salts in DMF/H2O solution. The result-

ing materials were characterized by elemental analysis,

FTIR (Supporting Information Figure S1), powder X-ray

Scheme 1 | The photochemical reaction from 1 and 1@Y
to 1a and 1a@Y. Color code: Yb/Y, cyan; O, red; Cl, green;

and C, gray.
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diffraction (PXRD) (Supporting Information Figure S2),

thermogravimetry analysis (Supporting Information

Figures S3 and S4), and solid-state UV–visible (UV–vis)

absorption spectroscopy (Supporting Information

Figures S5 and S6). Compound 1 crystallizes in the tri-

clinic space group P1̄ (Supporting Information Table S1).

The crystallographically independent Yb(III) ion was

eight-coordinated by four oxygen atoms from two

CA2−, two oxygen atoms from two ACA−, one oxygen

atom from H2O, and one oxygen atom from DMF, exhi-

biting a distorted square antiprism geometry (D4d, 1.191)
10

(Figure 1a, Supporting Information Figure S7 and Table

S2). Two Yb(III) ions were bridged by oxygen atoms of

two ACA− to form a dimeric Yb2 unit with a Yb · · ·Yb
distance of 4.608(7) Å (Figure 1b). Bond lengths of Yb-

OCA and Yb-OACA fall within the range of 2.308(3)–2.380

(2) Å and 2.224(8)–2.337(8) Å, respectively, while Yb-

Owater and Yb-ODMF bonds are 2.392(3) and 2.284(3) Å,

respectively. The O-Yb-O angles range from 66.44(10)–

153.47(11)°. The dimeric Yb2 units were linked by CA2− to

form one-dimensional chains along the a-axis (Figure 1c).

These chains were connected by CA2− to further con-

struct a two-dimensional layer. The shortest Yb · · ·Yb
distance between neighboring layers was 9.576(3) Å

(Supporting Information Figure S8a). A sandwich-like

structure was formed by two ACA− ligands close to one

CA2− ligand. The π · · · π stacking between CAcentroid and

ACAcentroid is 3.672(8) Å (Figure 1d). Finally, these two-

dimensional layers were stacked into a three-dimensional

network (Supporting Information Figure S8b).

The time-dependent UV–vis spectra of 1 and 1@Y were

measured at room temperature (Supporting Information

Figures S5 and S6). A broad absorption band appeared

around 420 nm and increased under continuous UV light

irradiation. The absorption intensity reached saturation

after 30 min of irradiation, and remained unchanged for

at least 1 h, indicating the stability of the light-induced

radicals. Continuous-wave EPR measurements further

confirmed these radicals, with single differential peaks

at g = 2.0043 and 2.0037 for 1a and 1a@Y, respectively

(Figure 2a,b, red lines). These g values were closely in line

with those of HACA-based complexes,7,29 characteristic

of free radical species. Therefore, the radicals within 1a

were attributed to ACA− and were stabilized by its con-

jugated structure. Without UV irradiation, 1 and 1@Y also

showed weak EPR signals (Figure 2a,b, black lines).

These signals were tentatively ascribed to trace amounts

of radicals within the samples generated by indoor

light.30,31 Additionally, the consistent FTIR and PXRD

results measured before and after irradiation ruled out

possible structural changes or photodecomposition of 1

and 1@Y (Supporting Information Figures S1 and S2).

The magnetic properties of these compounds were

measured using a superconducting quantum inference

device (SQUID). Variable temperature magnetic suscep-

tibilities of 1, 1a, 1@Y, and 1a@Y were collected under a

1000 Oe direct-current (dc) magnetic field. The room-

temperature χMT value of 1 is 2.65 cm3 K mol−1, close to

the theoretical value of 2.57 cm3 K mol−1 for an isolated

Yb(III) ion (4f13, S = 1/2, L = 3, 2F7/2, gJ = 8/7). The room-

temperature χMT value of 1a is 4.83 cm3 K mol−1

(Figure 3a). Upon cooling, the χMT values of both 1 and

1a decreased gradually to 1.45 cm3 K mol−1 at 4 K and

1.45 cm3 K mol−1 at 2.5 K, respectively, attributed to the

depopulation of the MJ states.32–35 For the diluted sam-

ples, 1@Y and 1a@Y, the room-temperature χMT values

were 0.27 and 0.51 cm3 K mol−1, respectively (Figure 3b).

Throughout cooling from 300 K to 2 K, the χMT values of

1@Y and 1a@Y decreased continuously due to the de-

population of the MJ states. The room-temperature χMT
values for 1a and 1a@Ywere 82.3% and 88.9% higher than

those of 1 and 1@Y, respectively, indicative of the forma-

tion of light-induced radicals, as reported in other litera-

tures.36,37 The increased χMT values were due to the large

electron delocalization of the ligand within the entire

two-dimensional framework that occurs after light

Figure 1 | Coordination polyhedron of Yb(III) ion (a), di-

meric unit (b), side view along a-axis (c), and a plane

formed by π · · · π interactions between CA2− and ACA−

(d) of 1. Color code: Yb, cyan; O, red; N, blue; Cl, green;

and C, gray.

Figure 2 | EPR spectra of 1 and 1a (a), 1@Y, and 1a@Y (b).
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irradiation, discussed in detail under the “Ab initio calcu-

lation” section. It is worth noting that these increases of

χMT values are the highest reported so far (Supporting

Information Table S3).

The field-dependentmagnetizationwasmeasured at 2,

3, and 5 K across an external magnetic field range of

0–70 kOe (Supporting Information Figure S9). The mag-

netization curves displayed a rapid ascent from 0 Oe to

15 kOe, reaching the values of 1.96, 2.09, 1.46, 1.50Nβ for 1,
1a, 1@Y, and 1a@Y at 70 kOe (T = 2 K), respectively. These

values were all below the expected saturation value of 4

Nβ, as a result of strong magnetic anisotropy.38–40 The

hysteresis loops collected at 2 K reveal no discernible

openings for the compounds (Supporting Information

Figure S10). Furthermore, both the field-cooled and

zero-field-cooled magnetic susceptibilities exhibited

no divergences down to 2 K (Supporting Information

Figures S11 and S12).

The alternating-current (ac) magnetization dynamics

were investigated for 1, 1a, 1@Y, and 1a@Y. At zero dc

field, the absence of magnetization dynamics was attrib-

uted to quantum tunneling of magnetization (QTM)41,42

(Supporting Information Figure S13). However, when

applying external dc fields of 200–3000 Oe at 2 K, a

clear slow relaxation process was observed for 1 and 1@Y

(Supporting Information Figure S14), indicative of the

suppression of QTM. The relaxation time (τ) maximizes

at 800 and 600 Oe for 1 and 1@Y, respectively (Support-

ing Information Figure S15). For 1, 1a, 1@Y, and 1a@Y,

the in-phase (χ′M) and out-of-phase (χ″M) components of

the ac susceptibility showed strong temperature and

frequency dependence under the applied dc field

(Figure 4a–d, Supporting Information Figures S16–S19).

Cole–Cole plots showed quasi-semicircles and were

fitted by a generalized Debye model43–45 (Figure 4e–h

and Supporting Information Tables S4–S7). The deter-

mined dispersion coefficients (α) for 1, 1a, 1@Y, and 1a@Y

were in the ranges of 0.022–0.266, 0.016–0.439, 0–0.170,

and 0.023–0.224, respectively. To probe the relaxation

mechanism, τ versus T were plotted logarithmically for 1,

1a, 1@Y, and 1a@Y (Figure 5a–d). The slopes of the locally

weighted linear fits were 2.84, 4.36, 10.06 for 1, 2.79, 4.67,

13.98 for 1a, 2.88, and 5.43 for 1@Y, 3.19 and 7.34 for

1a@Y, indicative of multiple relaxation processes.46,47

Magnetic relaxation processes include direct, Raman,

Figure 3 | The χMT–T for 1 and 1a (a), 1@Y, and 1a@Y (b).

Figure 4 | χ″M vs ν for 1 (a) and 1a (b),Hdc = 800Oe, χ″M vs

ν for 1@Y (c) and 1a@Y (d), Hdc = 600Oe; Cole–Cole plots

of 1 (e) and 1a (f), 1@Y (g), and 1a@Y (h).
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and Orbach processes, as well as quantum tunneling.10,11

In the Raman process, the relaxation time decays with Tn,

while the Orbach process featured an Arrhenius relation-

ship between relaxation time and temperature, where

Ueff was the energy barrier between the ground state

and the excited state. Here, the relaxation times of 1

and 1a were fitted by the expression τ−1 = τ0−1 exp

(−Ueff/T) + ATn, which comprised both Raman and

Orbach processes. The fitting yielded Ueff = 94 K, τ0 =

8.25 × 10−12 s, A = 232.70 s−1 K−n, n = 3.22 (R2 = 0.9980) for

1, Ueff = 111 K, τ0 = 8.77 × 10−13 s, A = 199.60 s−1 K−n, and

n = 3.29 (R2 = 0.9986) for 1a. In the literature, the Ueff

values of magnetic coordination compounds usually

decreased under light irradiation while examples with

increased Ueff values were very limited (Supporting

Information Table S8). The relaxation times of 1@Y and

1a@Ywere fitted by the expression τ−1 = ATn + CTm, which

included two Raman processes, with A = 323.19 s−1 K−n,

n = 2.27, C = 0.56 s−1 K−m, m = 6.28 (R2 = 0.9994) for 1@Y,

and A = 225.20 s−1 K−n, n = 2.75, C = 0.0054 s−1 K−m,

m = 8.64 (R2 = 0.9992) for 1a@Y (Figure 5e–h). The fitting

results showed that theUeff of 1awas 18% higher than that

of 1. Additionally, the fitting parameters n andm for 1a@Y

were larger than those of 1@Y. The temperature ranges

of Raman and Orbach processes of 1 were 2–6.2 K and

6.2–9.6 K, which shifted to 2–7.0 K and 7.0–9.6 K for 1a.

The temperature ranges of the two Raman processes

changed from 2–4.6 K and 4.6–9.6 K for 1@Y to

2–5.8 K and 5.8–9.6 K for 1a@Y (Table 1). These changes

were attributed to light-induced radicals.

A summary of magnetization dynamics of Yb(III) co-

ordination compounds is presented in Supporting Infor-

mation Table S9. Notably, themagnetization dynamics of

Yb(III) complexes influenced by light have not been

reported to date. Since 2012, mononuclear and binuclear

Yb(III) complexes have been studied, with binuclear

Yb(III) complexes showing remarkable magnetization

dynamics with Orbach, Raman, or direct processes.23,48,49

The previously reported Yb(III) complexes possess

Orbach process with Ueff values in the range of 7–77 K

under applied dc fields, except for one example,

[173Yb0.07Y0.93(tta)3(L)] ·C6H14 (tta− = 2-thenoyltrifluor-

oacetonate and L = 4,5-bis(propylthio)tetrathiafulva-

lene-2-(2-pyridyl)benzimidazolemethyl-2-pyridine) with

Ueff of 33 K under zero dc field.50 In this study, we

observed the highest Ueff of 111 K among Yb(III) com-

plexes. The absence of Orbach processes for 1@Y and

1a@Y was ascribed to diamagnetic-ion dilution, which

mitigated the interaction between Yb(III) ions. Our find-

ings demonstrated the importance of magnetic interac-

tions in enhancing magnetization dynamics.35,51

Ab initio calculations (OpenMolcas) for 1

Magnetic anisotropy of the Yb(III) site in 1 was estab-

lished through ab initio calculations employing quantum

chemistry programs used to calculate magnetic proper-

ties (CASSCF/RASSI/SINGLE_ANISO) type,52 commonly

employed for lanthanide compounds. The calculation

Figure 5 | The plots of the relaxation time τ vs T on log–log

scale for 1 (a), 1a (b), 1@Y (c), and 1a@Y (d). Plots of ln(τ)

vs T−1 for 1 (e), 1a (f), 1@Y (g), and 1a@Y (h). The dotted red

lines show τ−1 = ATn, the dotted yellow lines show τ−1 = CTm,

the dotted blue lines show τ−1 = τ0
−1exp(−Ueff/T), the solid

lines show their sum, τ−1 = τ0
−1exp(−Ueff/T) + ATn for 1 and

1a, τ−1 = ATn + CTm for 1@Y and 1a@Y.

Table 1 | Temperature Ranges of Magnetization Relaxa-

tion Processes for 1, 1a, 1@Y, and 1a@Y

Compounds Temperature Ranges

Raman Orbach

1 2–6.2 K 6.2–9.6 K

1a 2–7.0 K 7.0–9.6 K

Raman1 Raman2

1@Y 2–4.6 K 4.6–9.6 K

1a@Y 2–5.8 K 5.8–9.6 K
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results showed a strong splitting of ground multiplet
2F7/2 by crystal field, bringing four Kramers doublets at

0.0, 193.2, 327.9, and 476.6 cm−1. Subsequently, the ex-

cited 2F5/2 multiplet was also subjected to crystal field

splitting, yielding energy levels at 10348, 10527, and

10738 cm−1. As a result of covalent and crystal field

effects, the Yb(III) site in 1 exhibited one of the strongest

uniaxial anisotropy observed by a Yb(III) compound, with

gX = 0.622, gY = 0.974, and gZ = 7.36. All ab initio results

are detailed in Supporting Information Tables S10 and S11,

while Figure 6 illustrates the orientation of the local

anisotropy axis with respect to the molecular frame. We

notice that the local gZ axes of Yb(III) sites featured a

small angle with the plane of the carboxyl group of the

ACA− ligands, likely because of the shortest Yb–O

bond formed by this carboxyl group. The magnetic ex-

change between Yb(III) sites in 1 was computed by the

Broken-symmetry DFT method with optimized reaction

coordinates algorithm (ORCA) software.53,54 The results

revealed very small antiferromagnetic values ofmagnetic

interaction (Supporting Information Table S12), charac-

teristic of exchange-coupled lanthanide compounds.

Solid state calculations of 1 and 1a with VASP

The formation of radicals in the system adds another

dimension to the electronic structure problem. First, the

radicals occupy diffuse orbitals (bands), exhibiting great-

er delocalization. Therefore, cluster fragmentation might

induce significant perturbations to the electronic struc-

ture. To tackle this challenge, we performed periodic

electronic structure calculations. Using the Vienna Ab

Initio Software package (VASP), we conducted calcula-

tions to establish the band structure and density of states

for the 1a compound (Figure 7). Figure 8 shows the spin

density (radicals) delocalization within the ligand frame-

work, where the large electron delocalization in the li-

gand for 1a is demonstrated.

Our proposed mechanism is presented as follows. Ini-

tially, radiation with 365 nm UV light triggers electronic

transitions of up to 3.4 eV (∼27,400 cm−1). With this

energy, both ligands of CA2− and ACA− in 1 could be

excited to various excited states, typically to an excited

singlet state (S1, S2, : : : , SK, etc.) (Supporting Information

Table S12). The lifetime of the excited state is usually

short, with various optical and vibrational relaxation

Figure 6 | Orientation of the main magnetic axes on Yb

(III) sites in 1. Since the crystallographic structure does

not change upon forming radicals and given the relatively

localized nature of the organic radicals (vide infra), this

orientation of local main axes remains the same in 1a.

Figure 7 | Band structure and density of states for 1 and
1a compounds. The calculation for the 1a system included

two unpaired electrons (with spin-up) in each unit cell

(NUPDOWN = 2). The Yb 4f electrons were treated in

VASP calculations as part of the metal’s core.
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processes (both radiative and nonradiative) leading to

energy loss and returning the system to its S0 ground

state. Following an intersystem crossing (ISC) process,

the energy of the excited singlet state might transition

toward certain triplet states (T1, T2, T3, etc.). Various

dynamical processes of excitations facilitate energy

transfer within 1a. While optical relaxation from the

excited triplet states towards the S0 ground state is

generally forbidden, the spin–orbit coupling effect

(phosphorescence) opens a relaxation pathway via sin-

glet-triplet mixing. In the present case, the phosphores-

cence was significantly suppressed, particularly in the

case of ACA− ligands. From the calculations of individual

ligands, the phosphorescence rate (i.e., the rate of T1→S0

transition) in the ACA− ligand is ∼307 times smaller

compared to the CA2− ligand (Supporting Information

Table S13). In the case of the extended system such as

1a, the excited triplet states interacted with each other

and with other nearby spin states, diminishing the prob-

ability of transition towards the S0 ground state. This led

to an entrapment of excitations in the T1 state localized at

the ACA− ligands. The steady increase in magnetic sus-

ceptibility observed at high temperatures was elucidated

by the presence of numerous unpaired electrons trapped

in localized T1 states of the ACA− ligands, which contrib-

uted to the total density of electronic states in the 1a

system.

Conclusion
In summary, we reported an Yb(III) coordination polymer

and its Y(III)-diluted analog, both showing light-modu-

lated magnetic properties. Upon irradiation of UV light, 1

and 1@Y converted to radical-containing 1a and 1a@Y.

The record increase of χMT values was due to the light-

induced radicals at room temperature, which had the

potential as a light-controlled molecular switch. Notably,

1a displayed an unexpected enhancement of Ueff com-

pared with 1. The dilution experiment highlighted the

significance ofmagnetic interactions between lanthanide

ions in tuning magnetization dynamics, even in the pres-

ence of light-induced radicals. This work not only devel-

oped a strategy for achieving photomagnetic materials

but also revealed the impact of light-induced radicals on

the static and dynamic magnetization of lanthanide co-

ordination polymers.

Supporting Information
Supporting Information is available and includes addi-

tional experimental details as well as supplementary

figures (Figures S1–S19) and tables (Tables S1–S13).
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