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Two new SmII-azacryptates are reported that differ in steric 
hindrance and Lewis basicity of donor atoms. The sterically 
hindered complex has a smaller coordination number and a more 
negative electrochemical potential than the complex with less 
steric hindrance. 

Complexes of divalent lanthanide (LnII) ions have attracted 
attention in recent years owing to their interesting 
luminescence, magnetic, and electrochemical properties.1–25 
One such group of LnII complexes that have been the subject of 
extensive investigation with regard to their structural, 
photophysical, and electrochemical properties is the LnII-
cryptates.2,26–42 In many studies, cryptands such as 
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane 
(222) and 5,6-benzo-4,7,13,16,21,24-hexaoxa-1,10-
diazabicyclo[8.8.8]hexacos-5-ene are used to encapsulate LnII 
ions,26–32,37–42 and reported LnII-cryptates have luminescence 
and electrochemical properties that are useful in applications 
including light-emitting diodes, imaging, and catalysis.2,35,43 The 
luminescence and electrochemical properties of LnII-cryptates 
are dependent on both the LnII ion and the type of donor atoms 
in the cryptand.28,42 As such, it is critical to study the impact of 
donor atoms on the structural, spectroscopic, and 
electrochemical properties of LnII-cryptates. To address this 
need, the impact of strong Lewis base donors (amines) on the 
properties of LnII cryptates has been investigated with divalent 
europium and ytterbium2,28,32,34–36 using two nitrogen 
containing azacryptands: 1,4,7,13,16,21,24-
octaazabicyclo[8.8.8]hexacosane (1) and 4,7,13,16,21,24-
hexamethyl-1,4,7,13,16,21,24-
octaazabicyclo[8.8.8]hexacosane (2).2,28,32–36 However, reports 

to date with azacryptates have focused only on complexes of 
EuII and YbII. To enable the study of periodic trends relative to 
bonding in divalent lanthanides, the study of ligands 1 and 2 
with SmII is a critical next step because SmII has the most 
positive electrochemical potential after EuII and YbII. Acquiring 
structural, spectroscopic, and electrochemical data of SmII-
cryptates with cryptands 1 and 2 is expected to aid in the design 
of new cryptands and other macrocyclic ligands for LnII ions. 
Herein, we present solid-state characterization of [Sm1I]I and 
[Sm2]I2 and compare trends in bonding with previously 
reported [Eu1I]I, [Yb1]I2, [Eu2]I2, and [Yb2]I2.28,34 We also report 
spectroscopic studies of [Sm1I]I and [Sm2]I2 in acetonitrile and 
N,N-dimethylformamide and the electrochemical potentials of 
the two complexes in N,N-dimethylformamide.

We sought to obtain structural information of SmII-cryptates to 
compare trends in bonding with reported EuII- and YbII-containing 
cryptates of cryptands 1 and 2.28,34 Reaction of SmI2 with 1 in chilled 
isopropylamine afforded a red–brown precipitate, [Sm1I]I. Vapor 
diffusion of tetrahydrofuran into a solution of [Sm1I]I in acetonitrile 
produced red crystals of [Sm1I]I that were suitable for X-ray 
crystallography. [Sm1I]I is nine coordinate (Figure 1, Figure S2) and 
adopts a capped cubic geometry, as determined by SHAPE analysis 
(Figure S5).44 One Sm–Ncap distance in [Sm1I]I is slightly elongated 
[2.934(6) Å] relative to the other [2.904(6) Å], placing SmII slightly off-
center inside the cavity of 1. The Sm–Narm distances vary from 
2.710(5) to 2.802(6) Å with an average of 2.765 Å. The Sm–Ncap and 
Sm–Narm distances in [Sm1I]I are similar to Eu–Ncap [2.901(2) and 
2.942(2) Å] and Eu–Narm distances [2.702(2)–2.807(2) Å] of [Eu1I]I,34 
consistent with the similarity of ionic radius between SmII and EuII.45 
The Sm–I bond length [3.6397(5) Å] in [Sm1I]I is also similar to the 
Eu–I bond length [3.6300(6) Å] in [Eu1I]I.34 SmII is off-center in 1 by 
0.030 Å, similar to EuII in [Eu1I]I that is off-center by 0.041 Å.34 In 
contrast, YbII in [Yb1]I2 is centered inside 1, with Yb–Ncap (both 2.719 
Å) and Yb–Narm (all 2.593 Å)28 distances that are shorter than Ln–N 
distances in both [Sm1I]I and [Eu1I]I.34 The differences in bond 
lengths are consistent with LnII ion contraction across the series from 
Sm to Yb.45 Overall, YbII coordinates more uniformly to 1 than both 

a.Deparptment of Chemistry, Wayne State University, 5101 Cass Ave., Detroit, MI 
48202, USA. Email: mallen@chem.wayne.edu

b.Lumigen Instrument Center, Wayne State University, 5101 Cass Ave., Detroit, MI 
48202, United States.

Electronic Supplementary Information (ESI) available: Experimental procedures, X-
ray data for [Sm1I]I and [Sm2]I2, and Shape analyses of SmII in [Sm1I]I and [Sm2]I2. 
See DOI: 10.1039/x0xx00000x

Page 1 of 4 Dalton Transactions



COMMUNICATION Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

SmII and EuII. However, coordination of YbII to 1 requires shrinking of 
the cavity of 1 to match the smaller ionic radius of YbII compared to 
EuII and SmII. 

Figure 1. Molecular structures in crystals of (left) [Sm1I]I and (right) 
[Sm2]I2 with displacement ellipsoids at 50% probability. Hydrogen 
atoms, solvent molecules, and noncoordinating counter-ions are 
omitted for clarity. Blue = nitrogen, green = samarium, purple = 
iodine, and gray = carbon. Crystallographic data for the two 
structures have been deposited at the Cambridge Crystallographic 
Data Centre under deposition numbers CCDC 2162698 and 2157499.

We suspect that the observed differences in placement of YbII 
inside 1 relative to that of EuII and SmII are a result of differences 
in geometry and coordination number in addition to ionic radii. 
Thus, to gain insight of the role that coordination number or 
ionic radii plays on the placement of LnII ions inside 
azacryptands, it is crucial that the geometry be held constant. 
To this end, we synthesized [Sm2]I2 because the steric 
hindrance in 2 limits the coordination number for both EuII and 
YbII to eight and produces LnII-cryptates that are nearly 
isostructural. Reaction of SmI2 and 2 in tetrahydrofuran 
produced a green precipitate, and subsequent crystallization 
from acetonitrile/tetrahydrofuran yielded dark-green crystals 
suitable for X-ray crystallographic analysis. [Sm2]I2 is eight 
coordinate (Figure 1, Figure S4) and the geometry of the SmII ion 
in [Sm2]I2 is best described as a cube using SHAPE analysis 
(Table S6).44 The orientation of the methyl groups on either side 
of the cavity of 2 sterically limits the coordination number of 
SmII to eight in the solid state even in the presence of a small, 
linear solvents such as acetonitrile. The Sm–N bond distances in 
[Sm2]I2 display small variations of the Sm–Narm bond lengths 
between 2.840(5) and 2.872(5) Å with an average length of 
2.857(5) Å. The Sm–Ncap distances are both 2.931(4) Å.

With the solid-state structural data for [Sm2]I2 in hand, we 
compared bonding trends with nearly isostructural [Eu2]I2 and 
[Yb2]I2 cryptates.28,34 The Sm–Narm distances in [Sm2]I2 are 
similar to Eu–Narm bond distances of [Eu2]I2 (2.832–2.917 Å),34 
consistent with the similarity in ionic radius between the two 
ions.45 Interestingly, the Sm–Ncap distances are both the same in 
[Sm2]I2, placing SmII in the center of the cage. In contrast, the 
Eu–Ncap distances (2.974 and 2.821 Å) place EuII off-center 
within the cage by 0.153 Å.34 Furthermore, [Yb2]I2 shows the 
greatest preferential binding of YbII to one side of 2, as 
evidenced by Yb–Ncap distances of 2.886(7) and 2.719(7) Å and 

Yb–Narm bond lengths between 2.687(7) and 3.010(7) Å,28 
resulting in YbII being off-center in 2 by 0.167 Å. Based on these 
trends in LnII ion placement inside 2, smaller LnII ions are more 
off-centered in 2 compared to larger LnII ions. We suspect that 
this observation is based on better matching between metal 
ionic radius and ligand cavity size for SmII and EuII relative to YbII. 
For example, the difference in YbII placement inside 1 relative 
to 2 is most likely caused by steric factors that limit the ability 
of 2 to shrink to match the size of YbII. The data for SmII suggest 
that coordination number is also an important factor to 
consider when matching ligands to divalent lanthanides.

The preference for YbII in [Yb1]I2 to form an eight-coordinate 
complex upon chelation by 1 appears to differ from the 
coordination number of nine observed in analogous complexes 
with 222.28,31 Reported structures of Yb(222)I2, in which the Yb–
Ncap distances are similar to Yb–Ncap distances in [Yb1]I2, contain 
either an inner-sphere iodide or molecule of N,N-
dimethylformamide.28,31 Furthermore, encapsulation of EuII and 
SmII by 222 produces ten-coordinate complexes that have two 
inner-sphere molecules of N,N-dimethylformamide and two 
outer-sphere iodide counterions.31 Additionally, a ten-
coordinate SmII(222) complex that contains two inner-sphere 
triflates is also known.29 It is thus possible that one source of the 
observed differences in coordination number between Ln1I2 
and Ln(222)I2 for EuII and SmII is the choice of solvent system 
employed for crystallization. 

With the solid-state data of SmII-azacryptates in hand, we 
investigated the effect of steric hindrance on the solution-phase 
coordination environment of SmII using UV–visible spectroscopy. 
UV–visible absorption spectra of SmI2, [Sm1I]I, and [Sm2]I2 were 
recorded in either acetonitrile or N,N-dimethylformamide. These 
two solvents were selected because they dissolve all three 
complexes of SmII. The UV–visible spectra of [Sm1I]I in acetonitrile 
and N,N-dimethylformamide show two broad absorptions in the 
visible spectrum arising from f–d transitions and a shoulder that trails 
into the UV region (Figure 2). The absorption maxima of [Sm1I]I in 
acetonitrile (760 nm) and N,N-dimethylformamide (750 nm) are red-
shifted by 72 and 156 nm, respectively, relative to the absorption 
maxima of SmI2 in the same solvents. The observed red-shift in the 
UV–visible absorption of [Sm1I]I is consistent with the presence of 
strong-field amine donors lowering the energies of the f–d 
transitions by increasing 4d orbital splitting.34,37 The nearly identical 
UV–visible spectra of [Sm1I]I in acetonitrile and N,N-
dimethylformamide suggests similar coordination environments for 
SmII in both solvents.

The UV–visible spectra of [Sm2]I2 show one broad absorption in the 
visible region (602 and 580 nm in acetonitrile and N,N-
dimethylformamide, respectively) and a shoulder (374 nm in both 
solvents) in the UV region (Figure 2) arising from f–d transitions. 
These spectra are blue shifted compared to those of [Sm1I]I. The 
blue-shifted absorptions of [Sm2]I2 relative to [Sm1I]I are consistent 
with reported spectra of [Eu1I]I2 and [Eu2]I2 in methanol that show 
similar trends.27–29 Thus, it is likely that the observed blue-shifted 
UV–visible absorptions of [Sm2]I2 are a result of differences in 
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geometry between [Sm1I]I and [Sm2]I2 in solution, similar to [Eu1I]I 
and [Eu2]I2.34 Altogether, the UV–visible data suggest similar 
coordination environments for [Sm2]I2 in both solvent media.

Figure 2. UV–visible spectra of SmI2 (--), [Sm1I]I (—), and [Sm2]I2 (—.) 
in A. acetonitrile (SmI2 = 1.1 mM, [Sm1I]I = 0.98 mM, and [Sm2]I2 = 
1.3 mM) and B. N,N-dimethylformamide (SmI2 = 0.95 mM, [Sm1I]I = 
0.99 mM, and [Sm2]I2 = 0.97 mM) at ambient temperature.

We also compared the ground-state electrochemical potentials of 
[Sm1I]I and [Sm2]I2 to the reported potentials for [Yb1]I2, [Yb2]I2, 
[Eu1I]I, and [Eu2]I2. We performed cyclic voltametric experiments 
with SmI2, [Sm1I]I, and [Sm2]I2 in N,N-dimethylformamide. We 
selected N,N-dimethylformamide to enable direct comparison with 
reported electrochemical potentials data for [Yb1]I2, [Yb2]I2, [Eu1I]I, 
and [Eu2]I2 that are all reported in N,N-dimethylformamide. The 
cyclic voltammogram of SmII-cryptates and SmI2 show quasi-
reversible profiles for SmI2 and [Sm2]I2 centered at –1.58 and –1.62 
V vs Ag/AgCl, respectively (Figure 3). [Sm1I]I has a reversible profile 
centered at a slightly more positive potential (–1.41 V vs Ag/AgCl) 
than both SmI2 and [Sm2]I2, consistent with EuI2, [Eu1I]I, and [Eu2]I2 
analogues that display a similar trend.34 The electrochemical 
potentials of [Sm1I]I and [Sm2]I2 also follow the expected trend in 
reactivity based on the strength of Lewis basicity of the donor atoms 
in 1 compared to 2, similar to trends observed with reported YbII- and 
EuII-containing cryptates.28 Overall, [Sm1I]I and [Sm2]I2 are more 
reducing than reported analogues containing YbII and EuII, and the 
trends in reducing power are [Sm1I]I > [Yb1]I2 > [Eu1I]I and [Sm2]I2 > 
[Yb2]I2 > [Eu2]I2.28,34

Figure 3. Cyclic voltammogram of SmI2 (--), [Sm1I]I (—), and 
[Sm2]I2 (—.) in N,N-dimethylformamide.

In conclusion, we investigated the structural properties of two 
SmII-azacryptates in the solid state and in solution. Overall, 
encapsulation of SmII in 1 in forms a nine-coordinate complex, 
and chelation of SmII by 2 produces an eight-coordinate 
complex. Cyclic voltammetry and UV–visible absorption studies 
followed the trend in Lewis basicity of donor atoms where the 
SmII-cryptate with tertiary-amine donors produces a more 
reducing complexes than the SmII-cryptate with secondary 
amine donors. Our results provide a valuable step forward 
establishing bonding and reactivity trends across the series of 
LnII-cryptates with systematic changes in electronic and steric 
properties of cryptands.
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