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Abstract: New three-dimensional (3D) lanthanide framework compounds supported by bridging 
thiocyanate ligand and K+ cations, K4[Ln(NCS)4(H2O)4](NCS)3(H2O)2(1: Ln = Dy, 2: Ln = Tb, 
3: Ln = Gd) have been synthesized. A single-crystal X-ray diffraction study showed that all three 
compounds were isostructural and crystallized in the I 2 /a  space group. The K+ ion form 2D layers 
with thiocyanates which are further linked by [Ln(NCS)4 (H 2 O)4 ]- complexes and additional thio­
cyanate ions to generate an interesting 3D framework structure. Compound 1 shows slow magnetic 
relaxation behavior under a zero direct current (DC) field, indicating that 1 behaves as a single-ion 
magnet (SIM). As estimated from AC magnetic measurements, the effective energy barrier for spin 
reversal in 1 was Ueff = 42 cm-1 . Slow relaxation of magnetization under a small external DC field 
was also detected for 2 and 3 at 1.8 K.

Keywords: Dy(III); 3D coordination framework; SIM

1. Introduction

Single-molecule magnets (SMMs) and single-ion magnets (SIMs) are usually composed 
of 3d and/or 4f discrete com plexes w ith significant energy barriers to prevent spin reversal 
behaviors at the m olecular levels [1- 4 ]. SM M s/SIM s show  prom ising applications such 
as high-density inform ation storage, quantum  com puter, and m olecular spintronics [1- 3] . 
The large m agnetic m om ents and  rem arkable m agnetic anisotropy of lanthanide ions, 
particularly  for the D y3+ ions, m ake them  potential candidates for SM M s/SIM s [3,5 ]. 
However, in the literature, most lanthanide SM M s/SIM s are based on isolated polynuclear 
or m ononuclear com plexes, and few  Ln-type coordination fram ew orks are reported to 
behave as SM M s/SIM s so far [6- 14].

Com pared to discrete m olecules, m etal-coordination fram ew orks have higher struc­
tural stability, and this advantage has been  utilized in constructing som e m etam agnetic 
m aterials [15,16]. H ow ever, slow  m agnetic relaxations in m ost of these fram ew ork com ­
pounds are absent due to the existence of 3D  ordered exchange interactions am ong m etal 
ions such as Ru and Co in the coordination framework [15- 17]. For lanthanide coordination 
fram ew orks, the exchange interactions betw een lanthanide ions are usually w eak, as the 
shielding of unpaired electrons in the 4f orbitals is strong [18]. W e considered that such 
w eak interatom ic exchange interactions in Ln-fram ew orks can be utilized to prom ote the 
appearance of slow  m agnetic relaxation behaviors, leading to the efficient construction of 
SM M s/SIM s based on rigid and stable Ln-fram eworks.
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Som e lanthanide m etal-organic fram ew orks (M O Fs) have been  reported in the lit­
erature, w here the organic linkers are usually madri by carboxylate-type ligands [ 19 ]. 
Thiocyanate is a versatile inorganic ligand w ith a delrcalized charge and polarizable n  sys­
tem [20,a i ] . Moreover, thiocyanata has ewo donor atoms of nitrogen and sulfur, which can 
coordinate w ith m etals, leading; to the ferm ation of hom o- or hetero-m etallic MOF involv­
ing various com binations of m etal ion node points, such as C u-thiocyanate coordination 
polym er [20], Zn-K -thiocyanate M O F [22], C d-thiocyanate M O F [23], C d-H g-thiocyanate 
and M n-H g-thiocyanate coordination polymers [21], and so on. These combinations lead to 
the formation of m aterials w ith interesting solid-state structures and hetero-metallic arrays. 
In the present w ork, w e report three new D y3+, Tb3+, and G d3+ based coordination fram e­
w orks linked by inorganic SCN  ligands and K+ sons. Tc the best of our know ledge, ahis is 
the first report of Dy-type casrdm ation frameworla bridged by thiocyanate ligands [2-4]. By 
exam ining itc m agnetic m easurem ent, w e found thad 1 show s SIM  properties w ith  slow  
m agnetic relaxation behavior under a zero DC field.

2 . M aderials and M ethods
2.1. SyntCssis

LnCl3 -6 H t O (Ln = Dy, Tb, Gd), potassium thiocyanate salts, and orgcmc solvents were 
o f anolytical quahty, com m ercially purchased, and used w ithout any further purification.

b n Q 3 6 H 2 O (1 mmol]) and potassium  thiocyanade (b m m ol) w ere m ixed wich 10 mL 
of M eO H  and stirred in an u ltrasound bath  for 10 m in (Scliem e 1). "To precipitate KCl 
completely, the resulting white suspensios w as diluted w ith 110 mL of acetant and stirred 
for another 30 min. The resulting solution w ith w hite. slow ly settling KCl psecipitate w as 
filtered. Filtrate w as evapofated  at a rotary evaporator to a slightly w et w hite precipitate;. 
This product w as dicsolved ini 1 m L of H 2 O, transferred to a sm all petri dish, and recrys­
tallized by evaporation of water. D ue to high solubility in water, csystals form  only w hen 
a very  sm all am ount of solvent rem ains. Therefore, the product is not filtered, bu t the 
obtained largetransparent needle csystols are crushed and trsnsierred as a w et slurry to a 
filter paper, where chey are pressed against a paper to remove rhe remaining mother liqear. 
The collected product w as dried in air to obtain 1, 2, or 3 . A  yield of approxim ately 0.5 g, 
60%  (based on LnC l3 6 H 2 OÌ is obtained for all studied lanthanides. E lem ental analysts: 
(1 ) C tH i2S 7 N 7 O 6 D yK 4, C alcd. (%,): C, ,0 .0 9 ; m, 1.45; IM, 11.176. Found (%,): C, 10.109; H, 
1.474; N, 11.819. (2 ) C 7 Hc2 S7 N 7 O 6 TbK4, Calcd. 1%s): C, 10.73; H, 1.4(5; N, 11.81. F ru nd  (%)i 
C, 10.203; H, 1.555; N, 11.5)82. (3 ) C cH uS/N /O iG dK i, Calcd. (%s): C, 10.15; H, 1.46; N, 11.84. 
Found (%): C, 10.242; H, 1.468; N, 11.898.

Scheme 1. Synthesis of the Ln-framework of 1-3.

C om pounds 1, 2 and 3 subjected to a vacuum  lose an unidentified num ber of w ater 
m olecules. Sam ples partially  rehydrated w hen exposed to air. E lem ental analysis of 
dehydrated in vacuum  and then rehydrated in air com pounds: (1 ) (by m issing one w ater 
molecule) C 7 HloScN 7 0 5 D yK l, Calcd. (%): C, 10.31; H, 1.24; N, 12.02. Found (%): C, 10.388; 
H, 0.844; N, 12.210. (2 ) (by m issing one w ater molecule) ^ H ^ S ^ ^ ^ b K ^  Calcd. (%): C, 
10.35; H, 1.24; N, 12.08. Found (%): C, 10.281; H, 1.188; N, 12.043. (3 ) (by missing two water 
molecules) Q H g ^ N ^ G d K ^  Calcd. (%): C, 10.61; H, 1.02; N, 12.38. Found (%): C, 10.675; 
H, 0.788; N, 12.445.

a. MeOH/Acetone
b. Filtration (removal of KCl)

c. Evaporation of solvent
d. Recrystallization from H20



2.2. Physical M easurem ents

Single-crystal X-ray crystallographic data of compound 1- 3 were collected at 120 K on 
equipm ent of a Rigaku Saturn 70 CCD Diffractometer (Rigaku, Tokyo, Japan) w ith graphite- 
m onochrom ated M o K a  radiation (À = 0.71073 A) produced by a VariM ax m icrofocus 
X -ray  rotating anode source. D ata processing w as perform ed using the C rystal-C lear 
crystallographic softw are package. The structures w ere solved u sing direct m ethods 
of SIR-92, and the refinem ent w as carried ou t using SH ELX L-2013 [25- 27]. The non-H  
atom s w ere refined anisotropically using w eighted full-m atrix least squares, and H atoms 
attached to the O  atom s w ere positioned using idealized geom etries and refined using a 
riding model.

Pow der X-ray diffraction m easurem ents w ere perform ed on  a R igaku  Sm art Lab 
diffractom eter equipped w ith  a plate stage u sing C u K a  radiation source (A = 1.5456 A) 
in  a range 20 = 3 -60° before presentation data w ere corrected for background and K a2  
secondary reflections.

M agnetic m easurem ents w ere perform ed using a m agnetic property m easurem ent 
system  (M PM S-XL, Q uantum  D esign, Baton  Rouge, LA , U SA ) in the D C  m ode and the 
alternating current (AC) m ode. Sam ple of com pound 2  w as m easured in an R SO  m ode. 
The sam ples w ere measured in gelatin capsules (Matsuya). They w ere m ixed w ith a small 
am ount of melted eicosane (melting point = 37 °C) to additionally im m obilize the sam ples 
and protect them  from loss of crystalline solvent m olecules during the m easurem ent. The 
gelatin capsule w as glued to a straw  w ith a sm all piece of Kapton tape.

The elemental analysis w as performed using J-Science Lab Co. Ltd. JM11 in collabora­
tion w ith the Research and A nalytical Center for Giant M olecules (Tohoku Univ.).

Fourier transform  infrared spectra (FTIR ) of pow dered air-dried sam ples of 1, 2, and 
3 w ere m easured on a Jasco FT/IR -4200 equipped w ith  an ATR PR 0450-S system  over 
a range of 4000 -500  cm - 1 . For ATR (attenuated total reflection), a d iam ond crystal w as 
used w ith a 1.5 mm diam eter of the sam ple contact area. KSCN  spectra (Wako guaranteed 
reagent) w ere also m easured for com parison w ith  com pounds 1- 3 . The results w ere 
presented and discussed, in the context of SC N  vibrations, in supporting inform ation in 
Figures S10 and S11.

C ontinuous Shape M easure A nalysis (CSH M ) of all lanthanide ions in 1, 2 and 3 
residing in eight-coordinate environm ents w as perform ed using SH APE program  [28- 30].

3. Results
3.1. Crystal Structures

C om pounds 1- 3 are isostructural and crystallize in the sam e 12/ a (15) space group 
(Tables S 1-S3). The structures w ill be described using the 1 as an exam ple. Bond lengths 
of Ln com plexes in 1, 2, and 3 can be found in ESI Tables S7, S8 , and S9, respectively. The 
crystal structure of com pound 1 is show n in  Figure 1 . The fram ew ork is com posed of 
the D y cation, K  cation, th iocyanate anion, and w ater m olecules. The D y atom  is eight- 
coordinated, w here the coordinated ligands include four N C S ligands and four w ater 
m olecules (Figure 2).

The asymmetric unit (ASU) comprises only half of the Dy ion and its ligands (Figure S1). 
The other half can be obtained by  rotation around the C 2 axis running through D y ion 
along the crystallographic b  axis. Apart from the Dy complex, A SU  contains two potassium 
ions, K 1  and K2, four thiocyanates, and three w ater m olecules. Two w ater m olecules are 
coordinated to Dy and one is in contact w ith K1 and K2 atoms. In following discussion, four 
thiocyanate ions, contained in the asymmetric unit will be referred to by the num ber 1, 2, 3, 
and 4, which reflects the atom label in the CIF file and presented figures (i.e., thiocyanate 4 
is m ade of atom s labeled S4 N 4 and C4). Thiocyanates 1 and 2 are coordinated by  the N 
atom  to D y ions (Figure 2 ). As presented in Figure 1b , th iocyanate 3 bridges m ultip le K 
ions: tw o K1 and one K2 on the N  side and furtherm ore one K1 and one K2 on the S side 
(note that in Figure 1b atoms K1 and K2 are show n w ith distinctive colors).



Figure 1. Structural motifs identified in 3D frameworks are reported here. (a). Crystal structure view 
along the b-axis. Particular components of the crystal structure are color coded for better clarity: 
[Dy(SCN)4(H2O)4]- green; S4, C4, N4 orange; O3 red; K1, K2, S3, C3, N3 violet. Single [K4(SCN)2]2+ 
layer viewed along the c-axis (b). Purple atom: K l, magenta K2, ye)1ow: S3, grey: C3) blue: N3, 
red: 0 3 . For clarity, [Dy(SCN)4(H20)4]" complexes, thiocyanate 4 (atoms S4, Cn, N4) and H atoms 
were omitted.

Figure 2. Geomerry of tire Dy complex and potassium K1 ions (a) geo metry o f K2 ions (b). The lbond 
lengths are gtven in A.

Potassium ions are assembled around thiocyanate 3, forming a distinclivy [K4 (SCN)2 ]2+ 
lry e r (Figure 1a,b). This layer spreads across a and b crystallographic directions and is 
supported from  the stdes bh other thlocyanates ar w ell as w ater m oleculaf present in the 
structure (Figure 1a). Thiocyanate num ber 4  is only  partially  50°% occupied and reveals 
a disoeder in  w hich  the NX and S ends of the m olecule exchange positions w ith  a 50°% 
probability. This thiocyanate stretches betw een and bridges two neighboring [K4 (SCN)2]2+ 
layers by  bonding to potassium  K 2 atom s. This arrangem ent is clearly  illustrated in 
Figure 1a w ith  the orange color of bridging thiocyanate 4, purple color of [K4 (SC N )2]2+ 
layers, and green [D y(SCN )4 (H 2O )4 ] -  com plexes. The red color in  Figure 1 highlights 
uncoordinated w ater m olecules on the D y atom.

As shown in Figure 2 a, for the Ln coordination geometry, the distance between D y and 
coordinating N atoms is 2.39 and 2.41 A, and the Dy-O distance is 2.49 and 2.43 A. K1 cation 
interacts w ith the S and N atom s of the thiocyanate ligands, w ith the K1-S distance falling 
in the range of 3.25 to 3.47 A and the shortest K-N distance of 2.82 A  (Figure 2a). The K1-O3 
distance is 3.08 Ä, w hile K2-O 3 is 3.31 Ä  (Figure 2a,b). The shortest distances betw een 
D y centers in  the fram ew ork are 10.7 and 11.1 A, along the a and c axis, respectively. 
The shortest distances betw een K 1  centers is 4.82 A  and 4.03 A  along the a and c axis,



respectively. The shortest distance betw een K2 atom s is 4.82 Ä, w hile it is 4.52 Ä betw een 
K1 and K2.

3.2. M agnetic Properties

Direct current (DC) magnetic susceptibilities of poly crystalline samples 1 , 2 , and 3 -were 
m easured in the range of 1 .8-300  K  et the m agnetic field of 0.1 T. As show n in  Figure 3e, 
the x T  values arouad room  tem perature are 15 cm 3 K m o l-1  (1 ), 11 cm 3 K m o l- 1 (2 ), and 
7.9 cm 3 K m ol-1  (3), which is consistent with those of the single ionr of Dy3+ (6H i5 /2 : = 15/2 
andg| = 4/3), Tb3+ (7F6: J  ^ 6  an d g j  = 3/2), and Gd3+ (8S7 /2 : = 7/2 and g j  = 2), respec­
tively [3]. The? decrease of the XT  of 1 and 2 w hen low ering -the tem perature is considered 
to lie due to the therm al depopdlation of the sublevel exeited states of Ln3+ ions [6], 
w hich m ainly  relates to zero-field  splitting. A dditionally, antiferrom agnetic interactions 
betw een Ln3+ ions are considered to be relatively w eak due to the efficient shielding ef­
fect of unpaired electrons in  the Ln-4f orbitals, thereby m aking sm all contributions to the 
m agnetization process. Please note that the sm all increase of x T  around 10 K in  3 and 
17 K fn 2 and 3 is a measu/em ent artifact due to "em u -ran g e" change, not a property of 
the sam ples [31]. Th/ m agnetizati/n-field  loops show  no -visible hysteresis at 1.8 IK in  all 
com pounds (Figure 3b ).

Figure 3. Plots of (a ) xT  vs. T and (b) normalized magnetization (M /M s)-field loops at 1.8 K for
e (retd), 2 (blue), and 3 (black).

Alternating current magnetic susceptibilities of 1 , 2, and 3 were measured lor the study 
of their SIM  behavioro. The Tb aod Gd fram ework compounds 2 and 3 show sldw magnetic 
relax etiti on but only und/r a m agnetic fielg  (Figure S1(. A t zero m agnetic field, no slow  
m agnetic relaxation phenom enonw as observed for ehese two systems. Additionally, tdese 
tw o cem pounds show  m ultiple D ebye relaxations under a  m sgnetic DC field, indicating 
the existence of second faster magnetic relaxaaion processes. Recently, in similar case, one of 
the two relaxation processes observed in the )Gd(phendo)4 ]3+ com plex w as show n to fade 
aw ay upon dilution w ith  diam agnetic Y3+ ions, suggesting that it w as due to correlated 
spin movements arising from the dipole-dipole interactions between Gd3+ ions [32]. It was 
suggested that Gd3+ com plexes m ight be a ood qubit candidates. Sim ilar behavior of 3 is 
expected; however, w e did not pursue tliat research pathw ay here. All in  all, com pounds 
2 and 3 /ire not desirable SIM  m eterials. (On the other hand, for com pound 1, show n in 
Figure 4 and F igure S2 , clear peaks appeared in  the frequency dependence of the out-of­
phase (x ") susceptibilities in the range ait 1 .8 -4 .5  K at zero ffeldo (Figure 4 a) und in the 
range of 3 .0 -4 .5  K at the m agneti) fieM  of 0.1 T (Figure 4b / The peaks in  the frequency 
dependence x "  plot indicate the SIM  behaviors of com pound 1 .



Figure 4. Frequency dependence of the out-of-phase magnetic susceptibility x "  at (a) zero field in the 
temperature range of 1.8-4.5 K, and (b) 0.1 T in the tempeaature range of 3-4.5 K of compound 1.

C urve fitting w as carried  ou t using the Debye relaxation m odel (Equation (1)) for 0.1 T 
an d  H av riliak -N eg am i m od el (c quations (2) and (3)) for zero-field [3 3 ] :

w here c  (= 27if), f ,  X t , Xs , t , a  and ß  refer to the A C  angular froquency and the A C  frequency, 
iso th erm al susceptibility, giciigilocitic susceptibility, re laxatio n  fim e, d isp ersio n  coefficient, 
an d  asy m m etric  coefftcient, respectively. T hese fitting; p aram eters  are  su nfntarized  in  
Tables S4 and S5. The fitting a t 0.1 T w as  carried  f u t  using) a  D ebye relaxation  m od el. O n  
th e o th er h an d , th e p lots m easu red  a t zero-field  sh ow  asy m m etric  p e a k t th at require a  
H avriliak -N eg am i m od el w ith  ß. A t the h igh -tem p eratu re region  (> 3.9  K), the p aram eter  
of ß  w a s  assu m ed  from  th e ten d en cy  of th e p lo t a t the n ear tem p eratu re  reg io n  (~ 3 .9  K, 
Figure S3) and fixed durin g the fitting (Table S4) because the opposite side of the peak w as  
ou t of th e m easu rem en t ran ge. This assu m p tio n  w as  ap p ro p ria te , as the re laxation  tim e  
plots con verg ed  a t a high er tem p eratu re region w ith /w ith o u t field (vide infra).

F ig u re  5  sh ow s th e A rrh en iu s p lots of th e re laxation  tim es of co m p o u n d  1. The  
A rrh en iu s p lot (blue line) m easu red  u n d er an  ap p lied  field of 0.1 T sh ow s a  straigh t 
line, in d icatin g  th at co m p o u n d  1 follow s th e m agn etic  re laxatio n  of th e O rb ach  p rocess  
(Ecqua tion (4)):

(1)

(2)

(3)

(4)

w h ere  t 0, U e ff, an d  kß  refer to the p reexp o n en tial activ atio n  en erg y  of sp in -reversal, 
an d  B o ltzm an n  co n stan t, respectively. The linear fitting affords U e ft = 4 2  cm - 1 an d  
b0 i= 3 .6  e  10 - 1 0  s. The r 0  of 1 is a  typ ieal v alu e  for th e S M M s/S IM s w ith  a  re laxation  
tim e of 1 0 - 6  to 1 0 - 1 s [3 4 ] . A t zero-field , the red  pilot cu rv e  sh ow s n early  co n stan t re ­
laxation  tim e a t a  tem p eratu re  b elo w  aro u n d  3 K, su ggestin g  the existen ce of q uan fu m  
tunneling m agn etization  (QTM ) a t low  tem peratu res [35 ,3 6 ] .



Figure 5. Plots of ln(T) versus 1 /T  for 1 at 0.1 and 0 T, the solid blue line and the red dotted line rep­
resent the best fit with trine Arrhenius law and the simulation with Ueff = 41.8 cm 1, T0  = 3.6 x 10 10 s, 
C = 40 K7 s, and Q = 0.0035 s, respectively.

The red pilot of Figure 5 m easured under zero-field can be simulated using a com bina­
tion of the Orbach, Ram an, and Q TM  processes (Equations (5)-(7)):

(5)

(6)

(7)

w here C and Q refer to the coefficient of the Ram an and Q TM  processes, respectively, the 
red line at the low-tem perature region is distinctly dfiferent from the straight line measured 
at 0.1 T, indicating that applying the m agnetic field effectively suppresses the Ram an and 
Q TM  processes of 1 . These resuh s clearly  indicate that D y(III) ions in  1 perform  as SIM s 
w ith  the/m o-activation energy.. It should be noted  that the studied com pounds could be 
partially  dehydrated due to the vacuum  conditions of the m agnetic m easurem ents. The 
effect o l hydration/de-hydration  on  the m agnetism  of com pounds 1, 2, and 3 w as not 
studied at this stage. Further research in this direction is required and w ill be conducted in 
the future.

4. Conclusions

In summary/, w e have successfully synthesized three D y/Tb/G d fram ew orks linked 
b y  thiocyaoate ligands. M agnetic investigation/ reveal that the D y(III) ion  in  a fram e­
w ork com pound 1 behaves as SIM , show ing suppression of the Ram an and the quantum  
tunneling m agnetization processes by  applying a m agnetic field.

Supplementary M ateriali : The following supporting information can tie downloaded at: https: 
//w w w .m d p i.com /article/10.3390/ch em istry5020067/s1 . Table S1. Crystal data and structure 
refinement for 1 at 120 K. CCDC: 2249738. Table S2. Crystal data nndstructure refinement for 2 
at 120 K. CCDC: 2249739. Table S3. Crystal data and stoucture refinement for 3 at 120 K. CCDC: 
2249740. Figure S1. Asymmetric unit ol / .  Figure S2. The real part (x  ) and the imaginary part (x " ) 
of AC susoeptibility o( (a, b) 2 and (c, d) 3, measured at 1.8 K under the magnetic field of 0, 0.1, and
0.2 T. The cu rie  lines for x "  show a dual Dnbye model. Figure S3. The real part of AC magnetic 
susceptibility (x ') of 1 under the static magnetio fieki of 0 T and 0.1 T, respectively. Table S4. AC 
susceptibility fitting data of the imaginary part of 1 at 0 T. Tab(e S5. AC susceptibility fitting data 
of the imaginary part of 1 at 0.1 T. Figure S4. Plots of the temperature dependence of b of 1 at 0 T 
fitted using Equations (2) and (3) in the manuscript. Figure S5. Crystal structure of compound 1- 3
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along (a) a-, (b) b- and (c) c-axis. Figure S6. PXRD pattern of compounds 1, 2, and 3 measured at 
293 K— crystals were ground before measurements. Figure S7. Comparison of calculated (on the 
basis of single crystal structural data at 120 K) and measured (at 293 K) PXRD patterns of compound 
1. Figure S8. Comparison of calculated (on the basis of single crystal structural data at 120 K) and 
measured (at 293 K) PXRD patterns of compound 2. Figure S9. Comparison of calculated (on the 
basis of single crystal structural data at 120 K) and measured (at 293 K) PXRD patterns of compound 
3. Table S6. Bond lengths of Dy1, K1, and K2 centers. Table S7. Bond lengths of Tb1, K1, and K2 
centers. Table S8. Bond lengths of Gd1, K1, and K2 centers. Table S9. Results of the continuous shape 
measure analysis of lanthanide ion coordination spheres in compounds 1, 2, and 3 and symmetry 
of the corresponding ideal shapes. Figure S10. IR spectra of 1 (red), 2 (blue), 3 (green), and KSCN 
(black) in the range of 4000-500 cm - 1 . Selected vibration peaks are marked. Figure S11. IR spectra 
of 1 (red), 2 (blue), 3 (green), and KSCN (black) in the range of 2200-1900 cm - 1 . Selected vibration 
peaks are marked. References [28- 30,37] are cited in the supplementary materials.
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