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Construction of a robust pillared-layer framework based on the 

rare paddlewheel subunit [Mn
II

2(µµµµ-O2CR)4L2]: synthesis, crystal 

structure and magnetic properties† 

Vijay Gupta#a, Sadhika Khullar#b, Sandeep Kumara and Sanjay K. Mandala* 

With numerous examples of heavier congeners as well as neighbors, only four paddlewheel 

compounds, including one coordination architecture, of manganese with the [MnII
2(µ-O2CR)4L2] core 

were reported in the literature. We report here a robust pillared-layer framework with an α-Polonium 

topology comprised of such core as a subunit, {[Mn2(O2CC6H4Si(CH3)2C6H4CO2)2(4,4'-bpy)]}n (1), where 

4,4'-bpy = 4,4'-bipyridine, with an Mn⋅ ⋅ ⋅⋅ ⋅ ⋅⋅ ⋅ ⋅⋅ ⋅ ⋅Mn distance of 3.005(2) Å, which does not vary with 

temperature. For the first time, the variable temperature magnetic data (2-300 K) and crystal structures 

at two different temperatures (100 K and 296 K) are combined for the same example to support the 

fact that there is no metal-metal bond in such compounds like 1. Based on the magnetic measurements, 

an antiferromagnetic interaction (2J = -12.4 cm-1 with g = 2.014 (H = -2JS1.S2)) between two S1 = S2 = 5/2 

spin centers exists in 1. 

  

Introduction 

With the discovery of a quadruple bond between two metal centers 
in Re2Cl8

2- five decades ago,1 the field of multiple bonds between 
metal atoms has seen an exponential growth.2 Out of the two major 
structural types for such compounds, paddlewheel structures with 
four bridging ligands (carboxylates being the most common) 
between two metal centers have been observed for M2

n+ units, 
where n = 4, 5 or 6, with 0, 1 or 2 axial ligands. For those with two 
axial ligands per dimetal unit, the most classic example is the 
copper acetate structure.3 And the bond order that varies between 
4 and 0 in all known paddlewheel compounds has been determined 
based on the metal-metal bond distances and their magnetic 
behavior as well as spectroscopic and theoretical studies. 
These classes of molecules are commonly observed for group 
6, 7 and 8 metals with +2 and +3 oxidation states as mentioned 
above. Among the group 7 metals, it is further observed that 
Re has a lot more examples than Tc; the oxidation state of Re 
in these compounds is +3 (each metal ion providing four 

electrons for the quadruple bond between them) and both 
homovalent (+3/+3) and mixed-valent (+2/+3) species are reported 
for Tc. On the other hand, the rich carboxylate chemistry of Mn(II) is 
dominated by mostly mono or bis(carboxylato)-bridged discrete and 
polynuclear species4 with very limited examples of tris(carboxylato)-
bridged5-6 and tetrakis-(carboxylato)-bridged7-11 compounds. For the 
tetrakis(carboxylato)-bridged compounds, there are only three 
discrete dinuclear7,8 and one polymeric9 compounds with the 
paddlewheel core, [MnII

2(µ-O2CR)4L2], where the Mn⋅ ⋅ ⋅Mn distance 
varies between 3.058 and 3.168(1) Å; the other two compounds10,11 
with two axial ligands per manganese have an Mn⋅ ⋅ ⋅Mn distance of 
3.502(1) Å. 
    In recent years, one of the strategies for the rational design of 
coordination architectures is the use of N-donor ligands as pillars to 
link the well-defined 2D metal carboxylate layers for their structural 
diversity and intriguing molecular topology,  and more importantly 
for their potential applications in the fields of gas storage, 
separation, catalysis, magnetism, drug delivery, etc.12-15 Thus, the 
pore size and chemical functionality of a wide variety of open 
frameworks can be modulated by the nature of the pillars. For 
developing such pillared-layer frameworks with high surface area, 
one of the best-used 2D metal carboxylate layers is the paddle-
wheel [MII

2(µ-O2CR)4L2] core (where M = Co,16 Ni,16b,17 Cu18 and 
Zn19). Unfortunately, there is only one such example for Mn.9 Thus, 
there is an urgent need for the design and development of more 
examples of Mn with the paddlewheel core. Further importance 
comes from the fact that the Mn(II) ions in the paddle-wheel 
subunit are expected to provide interesting magnetic properties 
targeted for such materials. In our effort to develop novel 
coordination architectures of Mn(II), we chose to employ a bent 
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multitopic dicarboxylate (CH3)2Si(C6H4CO2)2 with the C(Ph)-Si-C(Ph) 
angle of 105.8° along with a linear bifunctional 4,4'-bipyridine pillar 
(see Scheme 1). Herein, we report a pillared-layer framework with 

an α-Polonium topology, {[Mn2(O2CC6H4Si(CH3)2C6H4CO2)2 (4,4'-
bpy)]}n (1), where 4,4'-bpy = 4,4'-bipyridine. More importantly, for 
the first time using the same example no metal-metal bond in such 
paddlewheel core has been established combining its X-ray 
structure at two different temperatures (100 K and 296 K) and the 
variable temperature (2-300 K) magnetic susceptibility data. 

Results and discussion 

Treatment of a mixture of Mn(OAc)2
.4H2O and 4,4’-bipyridine (2:1 

ratio) in EtOH/H2O (1:3, v/v) with a solution of (CH3)2Si(C6H4COOH)2 
in DMF under either hydrothermal or reflux condition afforded 1 in 
54-63% yields. Using FTIR spectroscopy, the asymmetric and 
symmetric stretch for the carboxylate of the ligand that appear at 
1619 cm-1 and 1410 cm-1, respectively, (∆ν = νasym − νsym= 209 cm-1) 
confirm its bridging binding mode in 1 (Fig. S1, ESI†).20  
 
 
 
 
 
 

 

Scheme 1. Schematic representation of the self-assembly of 1. 

Single crystal structure analysis 

 
Crystals of 1 for single crystal X-ray studies were obtained from the 
hydrothermal reaction. The crystal structure of 1 (Fig. 1) was 
determined at two different temperatures, 296 K and 100 K. 
Crystallographic parameters and basic information pertaining to 
data collection and structure refinement for 1 are summarized in 
Table 1. We describe here its structure at 296 K and provide crystal 
data for both temperatures. Compound 1 is a neutral polymer with 
centrosymmetrical dinuclear repeat units (Fig. S2, ESI†). The dimetal 
repeat unit of 1 is similar to [Cu2(OAc)4(H2O)2]. The Mn⋅ ⋅ ⋅Mn 
distance is 3.005(2) Å and does not change upon cooling down to 
100 K [2.989(4) Å]. In 1, each metal lies in a distorted square-
pyramidal environment formed by four O atoms of four carboxylate 
groups of four different ligands, while the apical position is 
occupied by the N atom of the pyridyl group of 4,4'-bpy. The τ 
parameter, which is an indicator21 for the deviation from the ideal 
square-pyramidal (τ = 0) and trigonal bipyramidal (τ = 1) geometries 
for five coordinate metal centers, is found to be 0.028 (at 100 K) 
and 0.025 (at 296 K) for 1. While the average Mn-O distance is 
2.127(4) Å, the Mn-N bond length is 2.156(5) Å (see Table S1, ESI†). 
Prominent distortions around the Mn(II) center are evident from 
the bond angles as well as the distance (2.215 Å) between the O 
atoms of the bridging carboxylate groups. Furthermore, the N-Mn-
Mn angle is 156.5(2)° showing a large deviation from linearity. In the 
only other polymeric compound with the paddlewheel core 
containing the flexible neutral linker 1,2-bis(4-pyridyl)ethane (bpe)9 
compared to the rigid 4,4'-bpy linker in 1, no such deviation is 
observed.  

       Interestingly, a similar Mn⋅ ⋅ ⋅Mn distance (3.058 Å) observed in 
the bpe example9 has been termed as a single bond. However, no 
magnetic measurement was carried out for this example. As it will 
be evident with further discussion below, the Mn⋅ ⋅ ⋅Mn distance in 
this example is also indicative of having no metal-metal bond (vide 

infra). Compared to the Cu⋅ ⋅ ⋅Cu distance of 2.64 Å in the dicopper 
system3 with no metal-metal bond where nine electrons are 
available per copper center, the Mn⋅ ⋅ ⋅Mn distance in 1 as well as  
 

 

Fig. 1 Crystal structure of 1 with the paddlewheel core. Hydrogen atoms are not 

included for clarity. 

Table 1. Crystal structure data and refinement parameters for 1.a 

  
at 100 K at 296 K 

Chemical formula C42H36Mn2N2O8Si2 C42H36Mn2N2O8Si2 
Formula Weight 862.79 862.79 
Wavelength (Å) 0.71073 0.71073 
Crystal system Triclinic Triclinic 
Space group P-1 (No. 2) P-1 (No. 2) 
a (Å) 

 
8.532(12) 8.6185(17) 

b (Å) 
 

10.794(15) 10.683(2) 
c (Å) 

 
11.375(16) 11.709(2) 

α (°) 
 

73.276(16) 73.176(3) 
β (°) 

 
82.708(16) 81.737(3) 

γ (°) 
 

87.105(18) 86.247(3) 
Z                                             1 1 
Volume (Å3) 995(2) 1020.9(3) 
Density (g/cm3) 1.44 1.397 
μ (mm-1)                                  0.750 0.731 
Theta range 1.88° to 23.74° 1.83° to 25.00° 
F(000)     

 
444 444 

Reflections collected    10571 5838 
Independent reflections         2970 3461 
Reflections with I >2σ(I) 1595 2153 
Rint 

 
0.1440 0.0845 

Number of parameters         255 255 
GOF on F2 

 
1.023 0.987 

Final R1
a/wR2

b (I >2σ(I))        0.0903/0.2182 0.0733/ 0.1745 
R1

 a/wR2
b (all data)  0.1679/0.2625 0.1167/0.2009 

Largest diff. peak  
and hole (eÅ-3)    

0.708 and -0.975 0.440 and -0.607 

_____________________________________________________________ 
aR1 = Σ||Fo| − |Fc||/Σ|Fo|. bwR2 = [Σw(Fo

2 − Fc
2)2/Σw(Fo

2)2]1/2,  
 where w = 1/[σ2(Fo

2) + (aP)2 + bP], P = (Fo
2 + 2Fc

2)/3. 

Metal

ion
Carboxylate

ligand

N-spacer

+

pillared-layer framework

+
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through-bridge super-exchange interactions as observed from the 
magnetic susceptibility measurements (vide infra) can be used to 
understand the extent of metal-metal bonding. Additionally, the 
description by theoretical calculations of such a core reported 
earlier22 for the anhydrous manganese(II) formate did get the same 
Mn⋅ ⋅ ⋅Mn distance but no mention of metal-metal bonding; on the 
other hand, based on one of the reports23 the Mn⋅ ⋅ ⋅Mn distance 
obtained for the +3/+3 oxidation states is 3.04 Å as well. 
Furthermore, in [Mn2(tda)2(bpy)2] with a D3h symmetry the metal-
metal separation is 3.5 Å.10 The ordering of the orbitals and the 
arrangement of the d-electrons in 1 for the prominent distortions 
around the metal centers and the metal-metal distance can be 
understood if the bonding considerations reported earlier for the 
Mn(I) dimers24 are used. As it is described in the examples of Mn(I) 
dimers where the Mn⋅ ⋅ ⋅Mn distance is about 2.72 Å, the Mn-Mn 
single bond is mainly formed by the half-filled 4s orbitals of the Mn 
atoms. This distance in the Mn(I) examples is much shorter than 
that in Mn2(CO)10, 2.92 Å,25 where Mn exists in zero oxidation state. 
        In the polymeric structure of 1, as shown in Fig. 2 and Fig. S3 
and Fig. S4 (ESI†), the distance between two neighboring dimetal 
subunits bridged by the 4,4'-bpy ligand is 11.386 Å while the 
distance between the two Si atoms of two carboxylate ligands that 
bridge two dimetal units forming a square-type pattern is 11.645 Å 
(see Fig. S5, ESI†). It shows a two-fold parallel interpenetration 
framework featuring a 6-c net with {3^6.4^6.5^3} Schlafli 
topological symbol (see Fig. S6, ESI†).26 Based on this analysis, its 
interwoven network where one layer runs through the other is 
shown in Fig. 3. Due to the presence of this interpenetrating 
framework, 1 did not show any nitrogen gas adsorption. 
 

 

Fig. 2 A view of 1 showing the connectivity of the 2D metal-carboxylate layers 

by the pillars. 

Powder X-ray data analysis 

In order to confirm that the single crystal structure of 1 
corresponds to the bulk material as well as its phase purity, 
the powder X-ray data of 1 was recorded at room 
temperature. The experimental and simulated (from the single 
crystal data) patterns shown in Fig. 4 provide a very good 

match indicating that the single crystal and bulk material are 
the same. Additionally, compound 1 isolated from two 
different methods (hydrothermal and reflux) was further 
confirmed to be the same through comparison of their 
experimental powder patterns. 

 

Fig. 3 A schematic representation of 1 indicating inter-woven networks of the   

2-D sheets. 

 
Fig. 4 Simulated and experimental powder patterns of 1. 

Thermal properties and framework stabilities 

Due to the polymeric nature, it is insoluble in all organic 
solvents but shows an extraordinary thermal stability - no 
mass loss until 340 oC based on the TGA (see Fig. S7, ESI†). 

     Based on the distinct thermal behavior, compound 1 was 

further investigated to provide insight into its crystalline 

properties at different temperatures (with a profile from 25 °C 

to 350 °C). As can be seen from Fig. S8, ESI† where the 
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patterns for each step are found to be similar, compound 1 

retains its crystallinity and overall structure up to 300 °C which 

corroborates well with the thermogravimetric analysis.  
 

Magnetic properties 

For understanding its magnetic behavior, the magnetic 
susceptibility data of a polycrystalline powder sample of 1 in 
the temperature range 2-300 K was measured. The effective 
magnetic moment per Mn atom is 5.13 µB at 300 K indicating 
that the Mn(II) ions are in a high spin state. However, this 
value is much smaller than the expected spin-only value for 
the noninteracting Mn(II) ions with five unpaired electrons 
each. This implies that an antiferromagnetic interaction 
between the metal centers is present. This is confirmed with 
the fact that the value of χT (6.58 cm3K/Mn dimer mol at 300 
K) decreases continuously down to 0.10 cm3K/Mn dimer mol at 
2 K (Fig. 5). Furthermore, it points to an S = 0 coupled ground 
state at 0 K for the dimeric subunit in 1. A good fit of the 
experimental data to an S = 5/2 (per Mn) with a Bleaney–
Bowers-like equation27 yielded a magnetic coupling constant 2J 

= -12.4 cm-1 with g = 2.014 (H = -2JS1.S2). The S = 0, 1, and 2 
coupled states are the ones thermally populated up to 300 K. 
This value of 2J is similar to what were observed for discrete 
[MnII

2(µ-O2CR)4L2] complexes, where R = (C6H5)2CH or 
(C6H5)2C(CH3) and L = quinoline;8 for [Mn2(tda)2(bpy)2]11, a 
value of -8.2 cm-1 was observed due to a much longer 
Mn⋅ ⋅ ⋅Mn distance. On the other hand, the calculated value21 
for anhydrous manganese(II) formate as the model was about        
-20.0 cm-1 with an Mn⋅ ⋅ ⋅Mn distance similar to that for 1. It 
should be noted that the antiferromagnetic interactions in 
other dimanganese units with syn-syn carboxylates4-6,13-14 are 
much weaker than that observed in the tetrakis-(carboxylato)-
bridged cores; furthermore, this study adds to the limited 
number of examples in this category - only three out of six 
compounds mentioned above have been studied for their 
magnetic behavior. In order to understand the magnetic 
property of 1, one can consider (a) the extensively studied d9-
d9 dicopper complexes with similar core structures that feature 
through-bridge super exchange pathways,3 (b) the d7-
d7dicobalt system where the magnetism has been interpreted 
in terms of weak metal-metal interaction between the two 
Co(II) ions based on the observation of temperature-  
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Fig. 5 Plot of χT vs T for 1; the solid line is the best fit to the experimental data. 

dependence of the metal-metal distance,28 and (c) more  
importantly, broadly similar magnetic behavior (but with much  
higher antiferromagnetic coupling constants, -40 to -55 cm-1) 
observed for the dimanganese(I) systems24 where a single 
bond between the metal centers is found to be present from 
the pairing of the 4S1 electrons leaving the d5 high spin 
configurations similar to the Mn(II) ions in 1 and other 
complexes. In case of 1, there is no change in the metal-metal 
interaction due to change in temperature (vide supra) 
indicating a through-bridge pathway (not through the metal-
metal vector). The magnetization (M) versus field (H) data 
measured at 2 K for 1 is shown in Fig S9, ESI†. The saturation 
value Ms at the highest field observed for it is negligible 
compared to the expected value of about 5 µB, probably due 
to an unavoidable minor paramagnetic impurity, and thus 
confirms further the correct description of the 
antiferromagnetic coupling in 1. 

 

Conclusions 
 

In summary, the use of a bent dicarboxylate (CH3)2Si(C6H4CO2)2 

that provided the required bridges for the paddlewheel core 

[MnII
2(µ-O2CR)4L2] and the 4,4’-bpy ligand that linked the axial 

positions of two such subunits was the key to the formation 

and subsequent isolation of a robust α-Polonium type 

coordination architecture (1) under aerobic conditions in good 

yields. Based on its magnetic property (2-300 K) and the 

temperature independence of the Mn⋅ ⋅ ⋅Mn distance (3.005 

Å), it is clear that there is no metal-metal bond in the 

paddlewheel core of 1.  Noting that no Tc(II) or Re(II) 

compound with a paddlewheel structure is known while 

numerous Tc(III) or Re(III) paddle-wheel compounds with a 

quadruple bond (metal-metal distance is about 2.2 Å) have 

been reported, it is of interest to consider the Mn(III) 

analogue, a hypothetical dictation of 1 which might have a 

shorter metal-metal distance contrary to what is predicted by 

the computational work.  

Experimental section 

Materials and methods  

 
All chemicals and solvents used for synthesis were obtained 
from commercial sources and were used as received, without 
further purification. All reactions were carried out under 
aerobic conditions.  

 

Physical measurements  

 

The 1H NMR spectra of the ligands were obtained in CDCl3 

solution at 25 ◦C on a Bruker ARX-400 spectrometer; chemical 

shifts were reported relative to the residual solvent signals. 

The elemental analysis (C, H, N) was carried out using a 

Mettler CHNS analyzer; thermogravimetric analysis was carried 

out from 25 to 500 ◦C (at a heating rate of 10 ◦C/min) under 

dinitrogen atmosphere on a Mettler 851 E. IR spectra were 

measured in the 4000-400 cm-1 range on a Perkin-Elmer 

Spectrum I spectrometer with samples prepared as KBr pellets. 
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Synthesis of (CH3)2Si(C6H4CO2H)2 

 

This was prepared with some modifications to the reported 

procedure.29 A solution of 5 mL n-BuLi (5.4 mmol) and 20 mL of 

dry THF was made in a 100 mL Schlenk flask and cooled to -

78 0C under a nitrogen atmosphere. The solution of 1 g (2.69 

mmol) of Me2Si(C6H4Br)2
 in 20 mL THF was added dropwise to 

the flask at -78 0C with a positive flow of nitrogen gas. After 

stirring the reaction mixture for 2 h, a large excess of crushed 

dry ice was added to it maintaining this temperature for 1 h. It 

was then allowed to warm slowly to room temperature and 

stirred for further 18 h. The reaction was quenched by adding 

5 mL 1N HCl solution and stirred for 20 mins. The organic layer 

that was separated and washed with 20 mL of brine solution 

was collected and dried over anhydrous Na2SO4. Removal of 

THF under reduced pressure gave a white solid product. Yield: 

500 mg (62%). Selected FTIR peaks (KBr, cm-1): 1689, 1593, 

1555, 1415, 1289, 1093, 831, 754, 709, 502. 1H NMR (δ ppm, 

D2O): 7.68 (d, J= 7.64, 4H), 7.53(d, J= 7.64, 4H), 0.43 (s, 6H). 
 
Synthesis of {[Mn2(O2CC6H4Si(CH3)2C6H4CO2)2(4,4'-bpy)]}n (1) 

 

Method 1: In a 7 mL Teflon-lined stainless steel reactor a 

mixture of 24.5 mg (0.1 mmol) of Mn(OAc)2
.4H2O and 7.8 mg 

(0.05 mmol) of 4,4’-bipyridine dissolved in 3.2 mL of EtOH/H2O 

(1:3) and a solution of 30.1 mg (0.1 mmol) of 

(CH3)2Si(C6H4COOH)2 in 0.8 mL of dimethylformamide (DMF) 

were taken. The reactor was heated to 120 °C over 5 h, held 

for 48 h, then brought to 25 oC at the rate of 10 oC/h. The 

crystals were collected, washed with ethanol and air-dried. 

Isolated yield: 27 mg (63.4%). Method 2: In a 10 mL round 

bottom flask a mixture of 61.3 mg (0.25 mmol) of 

Mn(OAc)2
.4H2O and 19.5 mg (0.125 mmol) of 4,4’-bipyridine 

dissolved in 6 mL of EtOH/H2O (1:3) and a solution of 75.2 mg 

(0.25 mmol) of (CH3)2Si(C6H4COOH)2 in 1.5 mL of DMF were 

heated to reflux for 24 hours. Upon cooling to room 

temperature, a white solid was collected, washed with ethanol 

and air-dried. Isolated yield: 58.5 mg (54.3%). Anal. Calc. (%) 

for C42H36Mn2N2O8Si2 (MW 862.79): C, 58.46; H, 4.20; N, 3.24. 

Found: C, 58.05; H, 4.31; N, 2.73. Selected FTIR peaks (KBr, cm-

1): 1619, 1543, 1410, 1251, 1219, 1098, 810, 764, 719, 642, 

493. 
 

Single crystal X-ray structure determination  

 
Initial crystal evaluation and data collection were performed 
on a Kappa APEX II diffractometer equipped with a CCD 
detector (with the crystal-to-detector distance fixed at 60 mm) 
and sealed-tube monochromated MoKα radiation using the 
program APEX2.30 For each sample, three sets of frames of 
data were collected with 0.30° steps in ω and an exposure 
time of 10 s within a randomly oriented region of reciprocal 
space surveyed to the extent of 1.3 hemispheres to a 
resolution of 0.85 Å. By using the program SAINT30 for the 
integration of the data, reflection profiles were fitted, and 
values of F2 and σ(F2) for each reflection were obtained. Data 
were also corrected for Lorentz and polarization effects. The 
subroutine XPREP30 was used for the processing of data that 

included determination of space group, application of an 
absorption correction (SADABS)30, merging of data, and 
generation of files necessary for solution and refinement. The 
crystal structures were solved and refined using SHELX 97.31 In 
each case, the space group was chosen based on systematic 
absences and confirmed by the successful refinement of the 
structure. Positions of most of the non-hydrogen atoms were 
obtained from a direct methods solution. Several full-matrix 
least-squares/difference Fourier cycles were performed, 
locating the remainder of the non-hydrogen atoms. We have 
collected data a few times at both temperatures and the 
results presented here are the best out of these. An attempt to 
consider any disorder of the pyridine ring containing N1 of the 
4,4'-bpy linker did not provide any improvement to the 
structure; however, the residual electron density is less than 1 
eÅ-3 in the final difference Fourier map of both the structures. 
All non-hydrogen atoms were refined with anisotropic 
displacement parameters. All hydrogen atoms were placed in 
ideal positions and refined as riding atoms with individual 
isotropic displacement parameters. All figures were drawn 
using MERCURY V 3.032 and Diamond V 3.2. The final positional 
and thermal parameters of the non-hydrogen atoms for all 
structures are listed in the CIF files (ESI). 

 

Powder X-ray studies  

 

Data were recorded on a Rigaku Ultima IV diffractometer 
equipped with a 3 KW sealed tube Cu Kα X-ray radiation 
(generator power settings: 40 kV and 40 mA) and a DTex Ultra 
detector using parallel beam geometry (2.5° primary and 
secondary solar slits, 0.5° divergence slit with 10 mm height 
limit slit). Each sample grounded into a fine powder using a 
mortar and a pestle was placed on a glass sample holder for 
room temperature measurement while on a copper sample 
holder for VT measurement. The data were collected over an 
angle range 5° to 50° with a scanning speed of 1° per minute 
with 0.01° step. 
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A robust pillared-layer framework with an α-Polonium topology based on the rare paddlewheel subunit [MnII2(µ-O2CR)4L2] is reported. For the first time 

through the combination of its X-ray structure at two different temperatures and the variable temperature magnetic susceptibility data, there is no metal-metal 

bond in such subunit. 
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