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a b s t r a c t   
 

Ferrocenyl betadiketones were reacted with hydrated lanthanide trihalides in presence of a base to yield 
red color solids, whose structures were characterized by single crystal X-ray diffraction technique. 
Structural analysis revealed the formation of nona- and tetranuclear lanthanide oxo–hydroxo clusters 
[Dy9(l4-O)2(l3-OH)8(l-Fca)8(Fca)8])[HN(C2H5)3]+   (1),   [Ln4(l-OH)2(l-OCH3)4(CH3OH)2(Fctfa)6]   Ln = Yb 
(2), Lu (3), and [Ln4(l-OH)2(l-OCH3)4(CH3OH)2(Fcpfa)6] Ln = Yb (4), Lu (5). Magnetism studies revealed 
that 1 shows slow relaxation of magnetisation. Cyclic voltammetry studies of 1 reveal electrochemically 
stable quasi reversible oxidation systems whereas 2–5 showed irreversible nature. 

. 

 
 

 
 

1. Introduction 
 

Periphery and core functionalization of macromolecules/nano 
particles with redox active ferrocene [1] and synthesizing new 
SMMs [2] are two areas of contemporary research owing to the 
potential applications of these systems in the field of optics, 
electronics and in designing new generation magnetic data storage 
devices [3]. Multiferrocene architectures have been assembled 
primarily by using coordination driven self-assembly approach 
[4] or by following multi step synthetic pathways for synthesizing 
dendrimers decorated with ferrocenyl periphery [5]. Recently syn- 
thesis and structural characterization of a fascinating molecular 
cluster built on Ag2S framework [Ag48(l4-S)6(l2/3-SCH2Fc)36] 
anchoring thirty six ferrocenes have been reported [6]. In fact till 
date this is the largest multiferrocene architecture that has been 
characterized by using single crystal X-ray diffraction technique. 
By reacting silylated ferrocenyl chalcogenide reagents with metal 
acetates, it has been shown that eighteen and twelve ferrocenes 
can also be anchored on silver sulfide cluster surfaces [7]. Various 
other metal oxo clusters anchoring multiferrocene assemblies [8] 
are known. An interesting cubane shaped lanthanide based oxo 
cluster anchoring eight ferrocenes has been reported form Peter 
Roesky et al. [9]. In this article, results obtained in synthesizing 
bi-functional/multiferrocene architectures are presented. 
Synthesis, structure, magnetism (for 1) and cyclic voltammetry 
studies   of   [Dy9(l4-O)2(l3-OH)8(l-Fca)8(Fca)8][HN(C2H5)3]   (1) 
[Ln4(l-OH)2(l-OCH3)4(CH3OH)2(Fctfa)6] Ln = Yb (2),  Lu (3),  and 
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[Ln4(l-OH)2(l-OCH3)4(CH3OH)2(Fcpfa)6] Ln = Yb (4), Lu (5) are 
presented herein. 

 
2. Experimental section 

 
2.1. General procedures 

 
The ferrocene  b-diketone  ligands  were  prepared  according  to 

the literature procedures  [10,11].  A  Thermo  Finnigan  Flash 
EA1112 series elemental analyzer was  used  for  the  microanalyses 
(C, H, N). The infrared spectra of all the compounds were recorded    
in KBr pellets on a Jasco-5300 FT-IR spectrophotometer. Transmis- 
sion electron microscope (TEM) imaging and selected area electron 
diffraction were carried out on a Tecnai G2FEI F12 TEM at an accel- 
erating voltage of 200 kV. Carbon-coated copper grid loaded with 
crystalline powder sample has  been  used  to  record  the  TEM 
images. Mass spectra were recorded on HRMS-ESI-TOF-MAXIS 
BRUKER instrument. Cyclic voltammetric measurements for com- 
pounds (1–5) were performed with the help of a CH-Instruments 
model 620A electrochemical analyzer using  dichloromethane 
solutions of the complexes containing tetrabutylammonium per 
chlorate (TBAP) as the supporting electrolyte. A platinum disk 
working electrode, a platinum wire auxiliary electrode  and  an 
Ag/AgCl reference electrode were used in the three electrode mea- 
surements  at  298 K  under  dinitrogen  atmosphere.  NETZSCH  STA 
409 PC model is used for thermogravimetric analysis (TGA) to 
examine the thermal stability. Magnetic measurements were 
carried out on polycrystalline sample (circa 30 mg) of 1 with a 
Quantum Design SQUID MPMS-XL magnetometer equipped with 
a  5 T  magnet.  Diamagnetic  corrections  were  calculated using 
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Pascal’s constants and an experimental correction for the sample 
holder was applied. 

 
2.2. General synthetic procedure 

 
Hydrated LnCl3 [Ln = Dy (1), Yb(2, 4), Lu(3, 5) and ligands (HFca, 

HFctfa, HFcpfa) were dissolved in 20 ml of methanol; excess 
triethtylamine was added slowly stirring continued for 12 hrs at 
room temperature. The precipitate formed was filtered and washed 
with methanol. The crystals suitable for X-ray diffraction were 
grown from chloroform/hexane (1) and methanol/hexane diffusion 
(2–5). The stoichiometry and the amounts of reagents used are as 
follows, 

1: DyCl3 6H2O 0.174 g (0.46 mmol), HFca 0.25 g (0.92 mmol), 
Et3N  0.18 g (1.85 mmol). Yield: 0.15 g (46%). IR  (KBr cm)1): 3424 
(b),  3090(w), 1577  (s), 1517(m), 1415(m), 1380(s), 1287(w), 1139 
(s),  1029(w),  958(s),  799(m),  777(s).  Decompn  temp:  251 °C. 
Elemental Anal. Cal. for  C230H226O43NFe16Dy9:  C,  45.67;  H,  3.76; 
N, 0.23. Found: C, 45.81; H, 3.71; N, 0.28. 

2: YbCl3 6H2O 0.119 g (0.30 mmol), HFctfa 0.199 g (0.61 mmol), 
Et3N  0.12 g  (1.23 mmol). Yield: 0.12 g (54%). IR  (KBr cm)1):  3402 
(b),  2920(w), 1610  (s), 1523(m), 1430(m), 1375(s), 1254(w), 1134 
(s),  1024(w),  947(s),  789(m),  663(s).  Decompn  temp:  240 °C. 
Elemental Anal. Cal. for C92H90F18Fe6O22Yb4: C, 37.88; H, 3.10. 
Found: C, 37.72; H, 3.06. 

3: LuCl3 6H2O 0.120 g (0.30 mmol), HFctfa 0.199 g (0.61 mmol), 
Et3N  0.12 g (1.23 mmol). Yield: 0.11 g (49%). IR  (KBr cm)1): 3339 
(b), 2925(w), 1621(s), 1528(m), 1435(m), 1380(m), 1293(s), 1134 
(s) , 942(s), 799(m), 663(s). Decompn temp: 244 °C. Elemental Anal. 
Cal. for C92H90F18Fe6O22Lu4: C, 37.78; H, 3.10. Found: C, 37.61; H, 
3.16. 

4: YbCl3 6H2O 0.091 g (0.23 mmol), HFcpfa 0.175 g (0.46 mmol), 
Et3N  0.095 g  (0.94 mmol).  Yield:  0.12 g  (58.5%).  IR  (KBr  cm)1): 
3433(b),  2921(w),  1602(s),  1521(m),  1428(m),  1374(s), 1292(s), 
1145(s), 1041(w), 933(s), 791(m), 666(s). Decompn temp: 249 °C. 
Elemental Anal. Cal. for C98H90F30Fe6O22Yb4: C, 36.58; H, 2.81. 
Found: C, 36.65; H, 2.91. 

5: LuCl3 6H2O 0.091 g (0.23 mmol), HFcpfa 0.174 g (0.46 mmol), 
Et3N  0.094 g  (0.94 mmol).  Yield:  0.13 g  (69.1%).  IR  (KBr  cm)1): 
3331(b), 3089(w), 1602 (s), 1515(m), 1439(m), 1379(s), 1281(w), 
1150(s), 1036(w), 1009(s), 818(m), 671(s). Decompn   temp:  
256 °C. Elemental Anal. Cal. for C98H90F30Fe6O22Lu4: C, 36.50; H, 
2.81. Found: C, 36.62; H, 2.75. 

 
2.3. X-ray crystallography 

 
Important crystal data parameters are given in Table 1 (S10). 

Selected bond lengths and bond angles for 1–5 are given in Tables 
2 and 3 (S11–S12). Single crystal X-ray diffraction studies were 
carried out at 100 K (1 and 5) and 298 K (2, 3, 4) on a Bruker SMART 
APEX I CCD single core area detector system equipped with a 
graphite monochromatic  and  a  Mo  Ka  fine-focus  sealed  tube  
(k = 0.71073 Å) operated at 1500 W power (40 kV, 30 mA). All 
non-hydrogen  atoms  with  full  occupancy were refined anisotropi- 
cally. Hydrogen atoms were included in the structure factor calcu- 
lations by using a riding model. Structure solution and refinement 
were performed with the help of SHELX-97 [12] programs available 
in the WinGX package. In 1 solvent voids were noticed but the 
identity of the corresponding solvent molecules of crystallization 
were not recognized due to poor quality of the crystal data. The 
solvent contributions however were removed by the SQUEEZE 
[13] command in the PLATON program. In 2 and 3 one of the disor- 
dered CF3 groups of ferrocene b-diketone were fixed by using PART 
and SADI commands and large ADP max/min ratios in structures 
1–4 are removed by using EADP command. Large distance atom 
pairs were fixed by DFIX command. The large residual electron 

densities adjacent to heavy metal atoms are observed in 1–5. The 
structure 1 has a Flack parameter of 0.5, which probably suggests 
that it could be a racemic twin. Crystallization was tried in variety 
of solvents but 1, suitable for single crystal diffraction could be 
crystallized only from chloroform/hexane diffusion methods. It 
has to be mentioned here that this Flack parameter of 0.5 does 
not alter the molecular structure as has been confirmed by elemen- 
tal analysis, magnetic measurements studies and also the HRTEM 
image which shows the d spacing similar to that of the single 
crystal structure reported herein. 

 
 

3. Results and discussion 
 

Hydrated DyCl3 and HFca were dissolved in 20 ml of methanol; 
excess triethylamine was added slowly and stirring continued for 
12 h at room temperature (Scheme 1). The precipitate formed 
was filtered and washed with methanol. The crystals suitable for 

X-ray diffraction of 1 were grown from chloroform/hexane diffu- 
sion method. It has to be mentioned here that the crystals of 1 
were weakly diffracting, never the less satisfactory refinement of 

the crystal data was possible. The  solid  state  structure  of  1 
(Fig. 1) is similar to a series of Ln9 clusters reported previously [14]. 

The anionic metal oxo core resembles a sandglass structure. The 
cluster can also be described as the one containing a central Dy at 
the apex position sharing the two square based pyramids contain- 
ing Dy atoms at the vertices. Further the metal centers are held 
together by oxo bridges. Each triangular face of the square pyramid 
is capped by a l3-O atom (O5, O12 and their symmetry related 
counterparts) and {Dy4} base of the square pyramidal unit are con- 
nected through two l4-O atom (O4, O3). The average Dy–O bond 
distances are of the order of 2.293(10)–2.566(16) Å. The eight Dy 
atoms on the edges of {Dy4} square bases are coordinated by 16 
ferrocene b diketone (Fca) ligands of  which eight are chelating  
and eight are bridging (l-Fca).  The  bridging  diketones  connect 
the adjacent metal atoms at the corner of the square base. The 
exquisiteness of the structure lies in the fact that sixteen 
ferrocenes decorate the central Dy oxo/hydroxo core which is 
unprecedented.  The  approximate  molecular  dimension  of  1  is 
2.24   2.01   1.37 nm3. On analyzing HRTEM image of 1 (Fig. S1), 
d spacing of 14.40 Å was found which correlated well with the 
generated powder pattern’s d spacing from the single crystal 
diffraction data. The presence of triethylammonium   cation   
was confirmed by ESI mass spectral measurements by a peak  at 
m/z = 102 which accounts for the charge neutrality. 

Magnetism  studies  showed  the  vT  value  for  1  at  300 K  is 
122 cm3 K mol)1,  which  is  in  agreement  with  the  expected  value 
of     127 cm3 K mol)1     for     nine     non-interacting     Dy(III)     ions 
(14.16 cm3 K mol)1  per  Dy(III)  ions  (6H15/2,  S = 5/2,  L = 5,  J = 15/2 
and gJ = 4/3) (Fig. 2). As temperature decreases, the vT product 
decreases due to the depopulation of the Stark sub-levels of Dy 
(III) until it reaches a minimum at 25 K, and then it rises again. 
The rise is field dependent and more accentuated with the smaller 
applied field of 197 Oe due to Zeeman effect, and indicates the pop- 
ulation of a ferromagnetically coupled ground state. The magneti- 
zation versus field plot at 2 K clearly shows saturation at 45 lB and 
can be modeled with the software PHI [15] using the giant spin 
model of S = 45/2 and D =    0.030 cm)1 (Fig. S5). 

The AC magnetic susceptibility data for complex 1 at 1000 Hz 
applied frequency is shown in Fig. 2. Clearly, the tail of an out-of-
phase peak can be seen, indicating the onset of a slow relaxation 
process taking place below 2 K. X0 /X00  AC susceptibilities with 
Argand plot (Fig. S8) for 1 at 1.8 K (red) and 4.0 K (white) at 1–
1500 Hz applied frequencies are included in the supporting 
information which are added data for suggesting 1 does show slow 
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Scheme 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Solid state structure of 1 (ball and stick representation) viewed through the Z 
axis. Color code: blue (Dy), red (O), green (Fe). (Color online.) 

 
 

relaxation of magnetization. Further studies investigations to 
confirm SMM behavior in 1 are in progress. 

Cyclic voltammetric studies of 1 (Fig. S9) were carried out in 
oxygen free dichloromethane at room temperature with tetrabuty- 
lammonium perchlorate (TBAP) as the supporting electrolyte (Vs 
Ag/AgCl). Platinum was used as working electrode. Cyclic volta- 
grams of 1 reveals quasi reversible oxidation waves at E1/2 values 
1.12 V with DE values being 342 m.v, which was assigned to 
Fc+2/Fe+3 couple. The oxidation of various ferrocene units at single 
unique potential indicates that ferrocenes behaves similarly. 
Another interesting feature is the reversibility of the voltagram 
even after five continuous cycles which indicates that the cluster 
does not decompose upon oxidation. 

Replacing the methyl in beta diketone used in 1 with a CF3 leads 
to a complete change in the self-assembly of the end product 
obtained on reaction with hydrated lanthanum trihalides  (Yb, 
Lu). Structural analysis of 2 reveals the formation of a tetranuclear 
core [16] and so are the clusters 2–5 which also have identical 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. vT vs T plot at 197(a) and 3000 Oe (b) applied fields and AC magnetic 
susceptibility plot at 1000 Hz for 1. 

 
 

structures in solid state. Structure of 2 is considered for discussion 
(Fig. 3). Compound 2 crystallizes in monoclinic P21/c space group 
with Z = 2. The asymmetric crystallographic unit shows only half  
of the cluster, i.e. a methoxy bridged lanthanide dimer coordinated 
by three Fctfa ligands, two methanol molecules and a symmetry 
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be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/ 
retrieving.html, or from the Cambridge Crystallographic Data Cen- 
tre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336- 
033; or e-mail: deposit@ccdc.cam.ac.uk. Supplementary data asso- 
ciated with this article can be found, in the online version, at 
http://dx.doi.org/10.1016/j.poly.2015.10.017. 
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Fig. 3. Solid state structure of 2 in ball and stick representation. Color code: blue 
(Yb), red (O), green (Fe). (Color online.) 

 
 

generated oxygen atom (O10). (1 x, y, z) symmetric 
operation is required to generate the cluster 2. The cluster can be 
described  as  a  butterfly  structure  with  Yb(1)  and  Yb(1)⁄  located 
at  the  center  and  Yb(2)  and  Yb(2)⁄ situated  at  the  wing  tips  and 
all the metal atoms being 7 coordinate. The metal atoms are 
present  in  a  planar  fashion  and  are  bound  together  by  two 
l3-hydroxide groups and four l2-methoxide bridges. These two 
l3-OH groups are located on the opposite sides of the Yb4 plane   
and displaces out of the plane by 0.906 Å. The average Yb–O bond 
distances are in the range of 2.196(3)–2.344(11) Å. The peripheral 
part of the cluster contains six b-diketone ligands which are bound 
to the metal atoms in a chelating manner and hence assembling six 
ferrocenes on the surface of the cluster. The selected bond lengths 
and bond angles are shown in Table 2. The approximate molecular 
dimensions of compounds 2 are 1.44 1.84 1.98 nm3. 

Cyclic voltammetric studies shows the appearance of sharp 
anodic peaks at 1.16, 1.44, 1.28, 1.42 V for compounds (2–5) 
respectively. On increasing the number of cycles, the peaks 
vanishes indicating the irreversible nature and also that 2–5 
decompose up on oxidation (Fig. S10). 

 
4. Conclusion 

 
To summarize, nano-sized clusters incorporating sixteen (1) 

and six (2–5) have been synthesized and structurally character- 
ized. Lanthanide oxo cores displaying interesting magnetic proper- 
ties can anchor a second/third functionality and hence can act as 
scaffolds for assembling poly-functional molecular architectures. 
Investigations in this direction are in progress. 
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Appendix A. Supplementary data 

 
Magnetic Studies, Cyclic voltammetry, TGA plots, crystallo- 

graphic data and selected bond lengths and bond angles for 
compounds 1–5. CCDC 973492, 984496–984499 contain the sup- 
plementary crystallographic data for this paper. These data can 
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