
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/crystengcomm

CrystEngComm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


 

 [journal], [year], [vol], 00–00  |  1 

Highly pH-dependent synthesis of two novel three-dimensional dysprosium 

complexes with interesting magnetic and luminescent properties† 

Lina Zhang,
a,b

 Shuting Lu,
a
 Chao Zhang,

a
 Chenxia Du,*

a
 and Hongwei Hou*

a 

a
 College of Chemistry and Molecular Engineering, Zhengzhou University, Zhengzhou, 450052, P.R. China.  

 b 
College of Physics and Chemistry, Henan Polytechnic University, Jiaozuo 454003, P. R. China.

 
5 

E-mail: dcx@zzu.edu.cn,  houhongw@zzu.edu.cn. 
 

Abstract: Two novel Dy-based MOFs, namely, {[Dy2(PA)3(H2O)3(DMF)]·(DMF)2·(H2O)}n (1) and 

{[Dy2(PA)3(H2O)2(DMF)2]·(DMF)3·(H2O)}n (2) (H2PA = pamoic acid) were solvothermally synthesized from the 

reaction of Dy(NO3)3 and H2PA under different pH values. Interestingly, both the complexes can be obtained 10 

simultaneously within the pH range of 5.0-6.2, while higher pH values (6.2-7.0) promote the formation of compound 

1, and lower pH values (2.0-5.0) prefer to produce pure complex 2. Single-crystal X-ray diffraction studies indicate 

that 1 and 2 are both three-dimensional frameworks composed of dinuclear Dy(III) subunits featuring pcu networks 

with the point symbol of {412·63}. Significantly, slight structure difference makes these two compounds showing 

completely different magnetic properties. Variable temperature magnetization measurements (χMT-T) demonstrate 15 

ferromagnetic interactions in compound 1, while possible antiferromagnetic interactions were observed in compound 

2. Alternating-current (ac) susceptibility measurements indicate that both in-phase (χ′) and out-of-phase (χ″) 

components showed frequency dependence in compound 1, suggesting that there is a slow relaxation behavior of the 

magnetization, which is typical of single-molecule magnets (SMMs), while no out-of-phase ac signal is noticed for 2. 

Furthermore, both 1 and 2 exhibit characteristic luminescence of Dy3+ upon excitation at 365 nm, but with different 20 

intensities. The reasons causing such magnetic and luminescent differences are discussed in detail.

Introduction 

Single-molecule magnets (SMMs) have currently 

been a fertile topic of research owing to their slow 

magnetic relaxation features that are potentially 25 

suitable for applications in high-density information 

storage, quantum computing devices, and 

spintronics.1 Lanthanide elements, in particular the 

Dy3+ ion, seem to be extremely useful in this respect, 

benefiting from both the large magnetic moments and 30 

strong anisotropy. 2  Indeed, a large number of 

researches have been carried out on Dy-based SMMs, 

some of which show impressive SMM properties, such 

as high energy barriers (Ueff) and/or blocking 

temperatures (TB). 3-12 Compared with the 3d metal 35 

based SMMs, the magnetic relaxation in polynuclear Ln 

systems is more difficult to elucidate due to several 

factors, such as large magnetic anisotropy of the Ln3+ 

ions, high tunneling rates, and the weak magnetic 

interactions between the Ln3+ ions.8b  
40 

Recently, considerable efforts have been devoted to 

regulating the magnetic behaviours by tuning 

molecular structures. A fascinating instance among 

such researches was the observation of adjustable SMM 

properties in complexes [Dy2(phen)2(L)6]·2H2O and 45 

[Dy2(phen)2(L)6], 
4a which was associated with the 

changes of the coordination environment of Dy3+ ions 

originating from the dehydration of the terminal 

coordinated water molecules. More recently, Sessoli 

and co-workers demonstrated that the magnetic 50 

anisotropy of [Na{Dy(DOTA)(H2O)}]·4H2O (DyDOTA) 

is largely influenced by the orientation of the apical 

water molecule. 9, 12b Most of these instances 

demonstrate that even subtle structural changes could 

affect the orientation of the magnetization easy-axis of 55 

the lanthanide ion, 13, 15, 16, 19-23 and lead to different 

dynamic magnetic behaviors. 24-26  

  It is well known that pH conditions have a 
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significant influence on the construction of structurally 

diverse MOFs, and the most frequently observed effects 

caused by changing pH values are the different 

dimension of the resulting metal-organic architectures, 

especially for the transition metal ions. 27 In this work, 5 

we focus our interest on preparing Dy-based SMMs 

under different pH conditions and investigating the 

magneto–structural correlations in these dysprosium 

complexes. We expect that different pH conditions of 

the starting materials may create Dy-MOFs with distinct 10 

coordination environments, and then different magnetic 

anisotropy and SMM properties could be achieved. In 

this paper, we purposefully choose pamoic acid 28-30 

(4,4′-methylenebis[3-hydroxy-2-naphthalenecarboxylic 

acid], Scheme 1) as a bridging ligand to construct 15 

dysprosium complexes based on the following 

considerations: (i) it possesses both carboxylic and 

phenol hydroxyl groups which have the tendency to be 

completely or partially deprotonated, producing various 

acidity-dependent coordination modes; (ii) its 20 

multifunctional coordination sites and strong coordinate 

ability with lanthanide ions may generate unusual 

structures with promising properties; (iii) so far, only 

two lanthanide complexes based on pamoic acid have 

been reported, 31 and no systematic investigation 25 

concerning the magneto–structural correlations and the 

effect of acidity on the construction of Ln-MOFs based 

on pamoic acid has been carried out. 

Herein, two novel Dy-based MOFs 

{[Dy2(PA)3(H2O)3(DMF)]·(DMF)2·(H2O)}n (1) and 30 

{[Dy2(PA)3(H2O)2(DMF)2]·(DMF)3·(H2O)}n (2) (H2PA 

= pamoic acid) were solvothermally synthesized from 

the reaction of Dy(NO3)3 and pamoic acid under 

different pH values. Interestingly, both the complexes 

can be obtained simultaneously within the pH range of 35 

5.0-6.2, while higher pH values (6.2-7.0) promote the 

formation of single-phase dysprosium compound 1, and 

lower pH values (2.0-5.0) prefer to produce pure 

complex 2. Variable temperature magnetization 

measurements (χMT–T), field-dependent magnetization 40 

measurements M(H), and alternating current (ac) 

susceptibility measurements were performed in detail. 

In addition, luminescent properties of complexes 1 and 

2 were also investigated. The reasons causing magnetic 

and luminescent differences are discussed thoroughly. 45 

 

Scheme 1 Representation of pamoic acid. Colour code: O, red; C, 

grey. The H atoms have been omitted for clarity. 

Experimental section 

Materials and physical measurements 50 

All reagents and solvents employed were commercially 

available and used as received without further 

purification. Elemental analyses (C, H, and N) were 

carried out on a Flash EA 1112 elemental analyzer. IR 

data were recorded on a BRUKER TENSOR 27 55 

spectrophotometer with KBr pellets in the region of 

400−4000 cm−1. Powder X-ray diffraction (PXRD) 

patterns were recorded using Cu Kα radiation (λ = 

1.5406 Å) on a PANalytical X’Pert PRO diffractometer. 

Thermogravimetric analysis (TGA) experiments were 60 

performed on a Netzsch STA 449C thermal analyzer at a 

heating rate of 10 °C/min in air. All magnetization data 

were recorded on a Quantum Design MPMS-XL-7 

SQUID magnetometer. The variable-temperature 

magnetization was measured with an external magnetic 65 

field of 1000 Oe in the temperature range 2–300 K. 

Absorption spectra were measured on a Perkin-Elmer 

Lambda 900 spectrometer at room temperature. The 

emission spectra of the Dy(III) complexes in solid state 

were recorded at an angle of 22.5° (front face) on a 70 

HORIBA JOBIN YVON FluoroMax-P 

spectrophotometer equipped with both continuous and 

pulsed xenon lamps.  

Synthesis of the compounds 

{[Dy2(PA)3(H2O)3(DMF)]·(DMF)2·(H2O)}n (1) A 75 

mixture of Dy(NO3)3·6H2O (45.6 mg, 0.1 mmol), H2PA 
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(38.8 mg, 0.1 mmol), DMF (4 mL) and distilled H2O (6 

mL) was placed in a 25 mL beaker. The pH value of the 

mixture was adjusted to 6.2-7.0 with 0.5 mol·L–1 

sodium hydroxide aqueous solution. After stirring for 

0.5 h at room temperature, the mixture was sealed in the 5 

Teflon-lined stainless steel vessel and heated at 110 °C 

for three days under autogenous pressure. The vessel 

was then cooled slowly down to room temperature at 

5 °C/h, deep yellow prismatic crystals of 1 were 

produced (yield, 45% based on Dy). Anal. Calcd for 10 

C78H71Dy2N3O25: C, 52.72; H, 4.00; N, 2.37%. Found: 

C, 53.31; H, 3.98; N, 2.32%. IR (KBr, cm-1): 3422 (b), 

3061(w), 2933(w), 1648(vs), 1537(w), 1457(m), 

1398(s), 1233(w), 1093(w), 810(w), 751.3(w).  

   {[Dy2(PA)3(H2O)2(DMF)2]·(DMF)3·(H2O)}n (2) Pale 15 

yellow plate-shaped crystals of 2  can be obtained 

following the same synthetic procedures as that of 1 

except that the pH value was adjusted to 2.0-5.0 by 0.5 

mol·L–1 hydrochloric acid aqueous solution. Yield ca. 

43%. Anal. Calcd for C84H83Dy2N5O26: C, 52.95; H, 20 

4.36; N, 3.68%. Found: C, 53.42; H, 4.37; N, 3.68%. IR 

(KBr, cm-1): 3417(b), 3057(w), 2928(w), 1646(vs), 

1458(m), 1395(s), 1203(w), 1097(w), 813(w), 748(w). 

Notably, when the reaction was carried out at the 

initial pH value of 5.4 without regulating the acidity of 25 

the mixture, both 1 and 2 were obtained simultaneously. 

Further studies indicate that both the compounds can 

also be generated simultaneously within the pH range of 

5.0-6.2. 

Crystal data collection and refinement 30 

Single-crystal structure determination of compounds 1 

and 2 were carried out on an Oxford Diffraction 

Xcalibur CCD diffractometer with graphite-

monochromated Mo-Kα radiation (λ = 0.71073Å) at 291 

K using the ω-scan technique. The structures were 35 

obtained by the direct methods using the program 

SHELXS-97 and all non-hydrogen atoms were refined 

anisotropically on F
2 by the full-matrix least-squares 

technique which used the SHELXL-97 crystallographic 

software package. 32 The hydrogen atoms were included 40 

in the structure factor calculation at idealized positions 

by using a riding model. The crystal data, data 

collection and refinement parameters for 1 and 2 are 

listed in Table 1. The Flack parameter of compound 2 is 

also listed in Table 1. Because the “twin” refinement 45 

was used with a BASF value of 0.55352, compound 2 

turns out to be a racemic twin structure. CCDC 

reference numbers for 1 and 2 are 997901 and 997902, 

respectively. 

Table 1. Crystallographic data and structural refinement summary 50 

for compounds 1−2 

 1 2 

Empirical formula C78H71Dy2N3O25 C84H83Dy2N5O26 

Formula weight 1775.36 1903.54 

T (K) 291.15 291.15 

crystal system monoclinic orthorhombic 

space group P21/c Pna21 

a(Å) 14.06551(16), 19.1237(3) 

b(Å) 29.3960(3), 14.4603(2) 

c(Å) 18.4286(3) 30.6247(4) 

α(°) 90.00 90.00 

β(°) 107.0581(14) 90.00 

γ(°) 90.00 90.00 

V(Å3) 7284.48(15) 8468.8(2) 

Z 4 4 

Dcalcd [g /cm3] 1.617 1.491 

µ(mm-1) 2.120 1.831 

F(000) 3560 3840.0 

Reflections collected 31911 24916 

Unique reflections 15311 14672 

Goodness-of-fit 1.090 1.053 

R1
a (I >2σ( I )) 0.0383 0.0388 

wR2
b
 (all data) 0.0931 0.0974 

R(int) 0.0283 0.0302 

Flack parameter  0.00(8) 
a
R1=Σ||Fo|-|Fc||/Σ|Fo|.  bwR2=[Σ[w(Fo2-Fc2)2]/Σw(Fo2)2]1/2 

Results and discussion  

Synthesis and characterization  

Solvothermal reaction is preference to the other 

methods in this system because of the limited solubility 55 

of pamoic acid. It is surprisingly to find that both 

compounds 1 and 2 were obtained simultaneously when 

the reaction was carried out for three days at an initial 

pH value of 5.4. Systematic investigations concerning 

the effect of acidity on the construction of the resultant 60 

crystals were carried out. With the increase of pH values 

from 5.4 to 6.2 by adding 0.5 mol/L sodium hydroxide 

aqueous solution, more complex 1 and less complex 2 

were generated simultaneously. When the pH was above 
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6.2, only crystals of complex 1 and a little yellow 

precipitates were obtained, while only yellow 

precipitates were produced at pH above 7.0. On the 

other hand, when we regulated the pH of the starting 

materials to the range of 5.0−2.0 with 0.5 mol·L–1 5 

hydrochloric acid aqueous solution, only crystals of 

complex 2 and some precipitates were produced, while 

only precipitates were obtained when the pH is less than 

2.0. The above results demonstrate that pH conditions of 

the mixture played a significant role in synthesizing and 10 

separating the resultant crystal samples. Both 

compounds can be obtained simultaneously within the 

pH range of 5.0-6.2, and single-phase 1 and 2 can be 

generated separately by regulating the reaction pH 

values to 6.2-7.0 and 5.0-2.0. Actually, the subtle 15 

changes in the coordination modes of H2PA at different 

pH conditions result in such two MOFs with distinct 

structures.28b In the IR Spectra of the complexes, the 

broad absorption bands in the range of 3500−3410 cm−1 

indicate the presence of water molecules in the 20 

structures. The absence of characteristic absorption of 

νas(COOH) near 1700 cm−1 indicates that pamoic acid is 

completely deprotoned in both complexes. 31 The 

νas(COO−) vibration of the carboxylate group occurs at 

1648 and 1646 cm−1 for 1 and 2, respectively, while 25 

those of νs(COO−) occur at 1398 and 1395 cm−1, 

respectively. The large difference in the ∆(νas−νs) values 

of 250 cm−1 for 1 and 251 cm−1 for 2 evidence the 

presence of both chelating bidentate and bis-

monodentate mode of pamoic acid (Scheme 2).  30 

 

 

Scheme 2. Coordination modes of the ligand PA2- found in 

compounds 1 (a, b) and 2 (c, d). 

Description of the crystal structures 35 

{[Dy2(PA)3(H2O)3(DMF)]·(DMF)2·(H2O)}n (1) Single-

crystal X-ray structural analysis reveals that compound 

1 crystallizes in monoclinic space group P21/c. The 

asymmetric unit of 1 contains two crystallographically 

independent DyIII ions, three PA2- anions, three 40 

coordinated water molecules, one coordinated DMF 

molecule, two free DMF and about one free water 

molecules (Fig. 1a). Details of the crystal parameters, 

structure refinement and selected bond lengths and 

angles are listed in Table 1 and Table S1 (ESI † ), 45 

respectively. As depicted in Fig. 1b, it contains the 

dinuclear core of [Dy2(COO)6(H2O)3(DMF)] as the 

secondary building unit (SBU). Each SBU consists of 

two eight-coordinated Dy3+ ions and six −COO− groups. 

Four of the −COO− groups bridge the two Dy3+ centers 50 

in a µ2 : η
1: η

1 fashion. The remaining two −COO− 

groups act as chelating ligands, with each of them 

coordinating to a single Dy3+ ion. Two H2O molecules 

coordinate with Dy1 center while Dy2 center is 

coordinated with one H2O and one DMF molecules (Fig. 55 

1b). It is interesting to note that although two hydroxy 

groups are located in the ortho-position to the 

carboxylate groups in the pamoic acid, each of them 

was uncoordinated. The Dy–O bond lengths are in the 

range of 2.286(2)–2.488(2) and 2.314(2)–2.476(3) Å for 60 

Dy1 and Dy2 centers, respectively, comparable to those 

of other dysprosium–oxygen compounds.4a,14 The 

coordination geometry around Dy1 center can be 

described as a distorted triangular dodecahedron, while 

that of Dy2 center can be described as a distorted  65 

bicapped trigonal prism (Fig. 2). Remarkably, each SBU 

of compound 1 is connected to six nearby SBUs through 

PA2− anions forming a fascinating "snowflake" 

configuration (Fig. 3), which are further linked by PA2− 

anions to furnish a porous 3D framework (Fig. 4a). The 70 

Dy···Dy distance in the dinuclear unit of compound 1 is 

4.3721(0) Å, while the shortest Dy···Dy distance 

between adjacent SBUs is 6.6805(1) Å. 

Topological analysis has been applied for better 

understanding the connectivity of 3D framework in 75 
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Fig. 1 (a) Local coordination environments of DyIII centers in 1. All hydrogen atoms and lattice DMF molecule are omitted for 

clarity. (b) Representations of the dinuclear SBU of compound 1. Symmetry code, A: -X, 1/2+Y, 1/2-Z; B: -1+X, 1/2-Y, -1/2+Z; C: 

1-X, -1/2+Y, 1/2-Z. 

 5 

 

Fig. 2 The coordination geometries of Dy1 and Dy2 centers in 

compound 1. 

 
Fig. 3 Views representing the connection of each SBU to six 10 

nearby SBUs though PA2- anions in 1, showing a “snowflake” 

configuration. 

compound 1. The binuclear unit [Dy2(COO)6 

(H2O)3(DMF)] as a SBU is connected to six adjacent 

dysprosium dimers by six PA2- anions, forming a 6- 15 

connected node. The PA2- anions act as linear bridges 

between the binuclear unit nodes. Such connectivity 

repeats infinitely, resulting in a 3D pcu network, with 

the point symbol of {412·63}. The topology is shown 

in Fig. 4b. 20 

{[Dy2(PA)3(H2O)2(DMF)2]·(DMF)3·(H2O)}n (2) 

Compound 2 crystallizes in orthorhombic space 

group Pna21. The asymmetric unit of 2 contains two 

crystallographically independent DyIII ions, three 

PA2- anions, two coordinated DMF molecules, two 25 

coordinated water molecules, three lattice DMF 

molecules and about one lattice water molecule (Fig. 

5a).  Its structure is similar to 1 with a dinuclear core 

of [Dy2(COO)6(DMF)2(H2O)2] as the secondary 

building unit (Fig. 5b). A closer look at the structures 30 

of both compounds reveals the differences. Firstly, 

four carboxyl groups of 2 bridge the two Dy3+ centers 

in both µ2 : η
1: η

1 and µ2 : η
1: η

2 fashions, whereas 

only µ2 : η
1: η

1 coordination mode exists in 1. 

Secondly, one of the remaining two −COO− groups 35 

coordinates with a single Dy3+ ion as a mono-dentate 

ligand in 2, while two of the −COO− groups act as 

chelating ligands in 1. Furthermore, in the dinuclear 

core of 1, only Dy2 center is coordinated with one 

DMF molecule, while in 2, each Dy3+ center is 40 

coordinated by one DMF molecule. The Dy–O bond 

distances of 2 are in the range of 2.343(3)–2.454(3) Å 

and 2.269(3)–2.676(3) Å for Dy1 and Dy2 centers, 

respectively, comparable to those of other 

dysprosium–oxygen compounds. 14 The coordination 45 

geometry around Dy1 center can be described as a 

distorted bicapped trigonal prism, while that of Dy2 

center can be described as a distorted triangular 

dodecahedron (Fig. 6). The Dy···Dy distance in the 

dinuclear unit of 2 is 4.0045(1)50 
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Fig. 4 (a) Three-dimensional porous structure of compound 1. (b) Schematic topological view of the 3D structure of {412·63} 

topology in 1. (Color code: [Dy2(COO)6 (H2O)3(DMF)], violet ball; PA2- anion, orange line.) 

Fig. 5 (a) Local coordination environments of DyIII centers in 2. All hydrogen atoms and lattice DMF molecule are omitted for 5 

clarity. (b) Representations of the dinuclear SBU of compound 2. Symmetry code, A: -1/2+X, 3/2-Y, +Z; B: 1/2+X, 1/2-Y, +Z; C: 

1/2-X, -1/2+Y, 1/2+Z. 

 
Fig. 6 The coordination geometries of Dy1 and Dy2 centers in 

compound 2. 10 

Å, which is a little shorter than that in 1. The shortest 

Dy···Dy distance between adjacent SBUs is 

11.3725(1) Å for 2, which is much longer than that 

in1. Each SBU of compound 2 is connected to six 

nearby SBUs through the PA2− anions forming an 15 

interesing configuration along the c axis (Fig. 7).  

These SBUs are further linked by PA2− anions 

producing a porous 3D network (Fig. 8a). Notably, 

1D rhombus channels with window sizes of 13.5 × 

13.5 Å2 (excluding van der Waals radii of the atoms) 20 

exist in 2 along the a axis (Fig. 8a). The solvent-

accessible volume of compound 2 calculated by 

PLATON37 is 2767.9 Å3 corresponding to 32.7% of 

the unit cell volume. Lattice DMF solvent molecules 

are filled in these channels (Fig. 8b).  25 

Topological analysis has been applied for better 

understanding the connectivity of the framework in 

compound 2, and a 3D pcu network with the point 

symbol of {412·63} is observed. The topology is 

shown in Fig. 9. 30 

 
Fig. 7 Views representing the connection of each SBU to six 

nearby SBUs though PA2- anions in 2. 
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Fig. 8 (a) 3D porous structure of compound 2 along the a axis. (b) Representations of the DMF molecules filled in the pores of 2 with 

the DMF molecules represented with a space-filling model. 

 
Fig. 9 Schematic topological view of the 3D structure of 5 

{412·63} topology in 2. (Color code: 

[Dy2(COO)6(DMF)2(H2O)2], green ball; PA2- anion, yellow 

line.) 

PXRD and thermal stability 

To confirm the phase purity of complexes 1 and 2, 10 

the PXRD patterns were recorded at room 

temperature. As shown in Fig. S1-S2 (ESI†), the peak 

positions of the experimental PXRD patterns are in 

good agreement with the simulated data based on 

single-crystal diffraction results, demonstrating the 15 

high phase purity of all complexes. 

Thermogravimetric analysis (TGA) was carried out 

to check the thermal stability of the compounds (Fig. 

S3, ESI†). For compound 1, the TGA curve shows a 

gradual weight loss of 8.91% in the temperature 20 

range of 30-245 °C, corresponding to the loss of one 

lattice water and two lattice DMF molecules (calcd 

9.25%). The following weight losses (7.58%), which 

end at ~ 320 °C, are attributed to the release of one 

coordinated DMF and three coordinated water 25 

molecules (calcd 7.16%). The framework starts to 

decompose after 320 °C. For compound 2, the initial 

weight losses of 11.89% in the temperature range of 

30-220 °C are due to the elimination of one latice 

water and three lattice DMF molecules (calcd 30 

12.46%). The following weight losses (9.34%), which 

end at ~ 328 °C, are attributed to the release of two 

coordinated water and two coordinated DMF 

molecules (calcd 9.57%). The framework starts to 

decompose after 330 °C. 35 

Magnetic properties  

Temperature-dependent magnetic susceptibility 

measurements for 1 and 2 have been carried out in an 

applied magnetic field of 1000 Oe in the temperature 

range 2–300 K. The obtained data for both the 40 

compounds are shown as χMT vs T plots in Fig. 10. At 

300 K, the χMT values are 28.37 and 28.10 cm3 K mol−1 

for 1 and 2, respectively, corresponding to the expected 

value of 28.34 cm3 K mol−1 for two uncoupled Dy3+ 

ions  (6
H15/2 ground term, S = 5/2, L =5, g =4/3, χT 45 

=14.17 cm3 K mol−1). For 1, the χMT values increased 

gradually to the value of 34.14 cm3 K mol−1 with 

decreasing temperature to about 25 K. Upon further 

cooling, the χMT values begin to decrease and reach 

31.94 cm3 K mol−1 at 2 K. Such behavior indicates the 50 

onset of weak ferromagnetic interactions between 

adjacent Dy3+ ions below 100 K.39 Similar behaviors 

can also be observed in the reported Ln-MOFs (Ln = Dy, 

Page 7 of 14 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

8  |  Journal Name, [year], [vol], 00–00  

Tb, Ho and Gd).4a, 16b, 39 As for 2, the χMT values 

decrease slowly then sharply to reach 22.96 cm3 K 

mol−1 at 2 K. Such low temperature decrease of the χMT 

product could be ascribed to thermal depopulation of the 

Stark levels of the Dy(III) ions and/or the weak 5 

antiferromagnetic interactions between the spin carriers. 
16-18 The field dependence of the magnetization for 

compounds 1 and 2 were collected at 2, 3, 4 and 5 K 

(Fig. S4). The magnetization at 7 T reaches 11.32 NµB 

for compound 1 and 12.03 NµB for compound 2 at 2 K 10 

(Fig. 11), respectively. The lack of true saturation in 

magnetization of the compounds suggests the presence 

of magnetic anisotropy and/or population of low lying 

excited states.4b, 15, 17 It is further confirmed by the M vs. 

H/T plots where the isofield lines do not superimpose on 15 

a single master-curve as expected for an isotropic 

system with a well-defined ground state (Fig. S4).17c 

 

Fig. 10 Temperature dependence of χMT for 1 and 2 at 1 KOe 

between 2 and 300 K. 20 

 

Fig. 11 Field dependence of the magnetization for 1 and 2 at 2K. 

 

Fig. 12 Temperature dependence of the in-phase (χ′) and out-

of-phase (χ″) ac susceptibility for 1. 25 

The dynamics of the magnetization of compounds 1 

and 2 were investigated using alternating-current (ac) 

susceptibility measurements in the zero dc field. Both 

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

susceptibility showed frequency dependence in 30 

compound 1 (Fig. 12). The frequency-dependent out-of-

phase χ″ tails of signals at temperatures below ∼10 K 

indicating the slow magnetization relaxation of an SMM 

with a small energy barrier for magnetization reversal. 

Such behavior most likely arises from predominant 35 

single-ion effects of the individual Dy3+ Kramer ions 

within 1. 18a, b Unfortunately, the maximum of χ″ signals 

were not observed above 2 K as the result of the fast 

quantum tunneling effects. Based on the assumption that 

a single relaxation process exists in 1, the energy barrier 40 

and relaxation time can be roughly estimated from 

fitting the ac susceptibility by adopting the Debye 

model and equation, ln(χ″/χ′) = ln(ωτ0)+ Ea/kBT, 

yielding the energy barrier Ea/kB ≈ 2.16 K and the 

relaxation time τ0 ≈ 8.8 × 10−6 s (Fig. 13), consistent 45 
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with the expected τ0 values for an SMM.33-36 This 

method is recently developed by Bartolomé et al, and 

has been applied in many compounds. 18 As for 2, both 

in-phase (χ′) and out-of-phase (χ″) signals are very weak, 

hardly showing frequency dependence (Fig. 14). 5 

 

 

Fig. 13 Plots of  ln( χ″/χ′) vs T−1 for 1; the solid line represents 

the fitting in the range of 1.8−4 K. 

 10 

Fig. 14 Temperature dependence of the in-phase (χ′) and out-

of-phase (χ″) ac susceptibility for 2. 

Magneto-structural correlation studies 

The magnetic exchange system in Ln-MOFs is very 

intricate in nature, and the SMM behaviour has proven 15 

to be governed by the interplay between the ligand field 

effect, coordination geometry and the strength of the 

magnetic interactions between the lanthanide sites. 19b,c 

Recently, it has been increasingly identified that the 

observation of SMM properties in most lanthanide 20 

complexes is inherently related to the ligand field of the 

isolated lanthanide ion, 19-23 and effects of even subtle 

ligand field perturbations have shown to be of crucial 

importance in the observation of magnetization slow 

dynamics.24-26 It is necessary to analyze the geometry 25 

exactly because the local anisotropy of the magnetic ion 

is strongly affected by the coordination geometry of the 

metallic center. The program SHAPE 2.1 was used to 

analyze the coordination geometries of the Dy3+ ions.40 

Table S2 reveals that the coordination geometries of 30 

Dy1 in 1 and Dy2 in 2 are closest to the triangular 

dodecahedron (D2d), while that of Dy2 in 1 and Dy1 in 2 

are very similar to the bicapped trigonal prism (C2v), all 

of which are with some deviations. However, further 

analysis of Table S1-2 can find apparent differences in 35 

the coordination geometries around Dy3+ ions in 1 and 2. 

The Dy–O bond distances  around Dy1 and Dy2 in 1 are 

in the range of 2.286(2)–2.488(2) and 2.314(2)–2.476(3) 

Å, while that of the Dy3+ ions in 2 are in the range of 

2.343(3)–2.454(3) and 2.269(3)–2.676(3) Å, 40 

respectively.  In addition, the intra-molecular Dy⋯Dy 

distance of 2 (4.0045(1) Å) is slightly shorter than that 

in 1 (4.3721(0) Å), and the shortest Dy···Dy distance 

between adjacent SBUs is 6.6805(1) Å for 1, while that 

in 2 is 11.3725(1) Å, possibly ruling out interactions 45 

between adjacent SBUs in 2. 2b, 9b Murugesu and co-

workers have reported that minute differences in Dy–O 

bond lengths can result in clear changes to the local 

anisotropy of the Dy3+ ions and lead to distinct magnetic 

behaviors in a dinuclear system. 9b We speculate that it is 50 

the differences in the local coordination sphere of each 

Dy3+ ions that leads to the distinct magnetic behaviors in 

1 and 2.  

Luminescence properties 

The UV−vis absorption spectra of the free ligand and 55 

complexes 1 and 2 are measured in dimethylformamide 

(DMF) solution (c =1 × 10−5 mol/cm3) and are displayed 

in Fig. 15. The absorption bands of H2PA located in the 

region 275−290 nm can be primarily attributed to the 

π−π* electronic transitions of the ligand. The broad 60 

lower energy transition is associated with the shift of 

electron density from the phenolate oxygen to the π* 

orbital of the aromatic rings with a maximum at about 

350 nm. The complexation with lanthanide does not 

have a significant influence on the singlet excited state 65 
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of the ligand. As expected, the absorption profiles of 1 

and 2 are dominated by the ligand with the bands 

slightly red-shifted. Upon excitation at 365 nm (the 

lower energy absorption bands), the free ligand H2PA 

features a broad emission band with the maximum at 5 

472 nm (Fig. 16a). However, the solid-state 

photoluminescent spectra of complexes 1 and 2 display 

the typical bands of Dy3+ upon excitation at 365 nm.  As 

shown in Fig. 16b, the two main bands of 1 and 2 are 

situated at 483, 575 nm and 485, 578 nm, respectively, 10 

which can be ascribed to the 4F9/2 → 6H15/2 and 4F9/2 →
6H13/2 transitions. The 4F9/2 →  6H13/2 transition is 

assigned to a hypersensitive transition with ∆J = 2, 

which is extremely sensitive to the nature and symmetry 

of the coordinating environment of Dy3+ ion. It is well- 15 

known that luminescences from trivalent lanthanide ions 

arise from electronic transitions between the 4f orbitals, 

which are forbidden on symmetry grounds. There are 

usually two general approaches for attaining good 

luminescence. The first involves the addition of an 20 

organic ligand with strong light harvesting for efficient 

sensitizing the Dy3+ ion through intramolecular energy 

transfer. The second approach is to reduce the non-

radiation processes of the centre ion’s excited state by 

protecting the ion from high energy O–H oscillators. 38 25 

Consequently, the little stronger emission intensity of 

compound 2 than that of compound 1 is reasonable in 

considering the fact that compound 1 contains three 

coordinated water molecules, while compound 2 has 

two.  30 

 
Fig. 15 UV−vis absorption spectra of the ligand and the 

corresponding compounds. 

 

Fig. 16 Solid-state emission spectra of the ligand (a) and the 35 

corresponding compounds (b) ( λex = 365 nm). 

Conclusions 

In summary, we report here the pH-dependent synthesis, 

structures, magnetic and luminescent properties of two 

unprecedented dinuclear Dy-MOFs. Interestingly, both 40 

the complexes were obtained simultaneously within the 

pH range of 5.0-6.2, while higher pH values promote 

the formation of compound 1, and lower pH values 

prefer to produce pure complex 2. The slight structure 

difference in compounds 1 and 2 results in distinct 45 

magnetic properties. Compound 1 demonstrates a 

ferromagnetic interaction and slow magnetic relaxation 

behavior which is typical of single-molecule magnets, 

while antiferromagnetic interaction and no out-of-phase 

alternating-current signal were observed in compound 2. 50 

Furthermore, both 1 and 2 exhibit characteristic 

luminescence of Dy3+ with different intensities upon 

excitation at 365 nm, which could find application as a 

potential light-emitting material. Our present findings 

will further enrich the crystal engineering strategy and 55 
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may be helpful to the rational design and assembly of 

novel Ln-MOFs with interesting magnetic and 

luminescent properties.  
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