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A Sr-based metal–organic framework {[Sr2(1,3-bdc)2(H2O)2]·H2O}n (1)  was synthesized under 

hydrothermal conditions by the reaction of Sr(NO3)2 and 1,3-bis-(4,5-dihydro-2-oxazolyl)benzene. A 

single-crystal X-ray diffraction analysis revealed that compound 1 adopts a 2D layer structure with a 

monoclinic (C2/c) space group. The distance between the layers of the structure adjust, upon the removal 10 

of the water molecules from 95 °C to 330 °C. In addition, the dehydrated compound 1′ retains its 

crystalline morphology and shows a  high thermal stability at temperatures of up to 420 °C. Significantly, 

the dehydrated compound 1′ has a very low dielectric constant (2.4), suggesting that it might be useful as 

an interlayer dielectric in integrated circuits. As indicated by impedance spectroscopy, such low dielectric 

constant behavior is due to the intrinsic nature of the bulk material. The preparation of a low dielectric 15 

constant of Sr-based metal–organic framework with a high thermal stability opens new directions for 

research in their applications.

1. Introduction 

The design and synthesis of low dielectric constant (low-k) 

materials has been a subject of interest in terms of their potential 20 

for use in high performance electronics devices. With continuous 

shrinking dimensions and the increasing number of active devices 

with integrated circuits (ICs), interconnect resistive-capacitive 

(RC) delay and electronics cross-talk becomes a major issue and 

pose serious limitations on device performance.1 For faster and 25 

higher performance microelectronics devices, a low-k material 

for replacing silicon dioxide (SiO2) as a interlayer dielectric is 

needed.2 According to the international technology roadmap for 

semiconductors, porous materials and air gap structures will take 

the place of low-k materials for interlayer dielectrics in multilevel 30 

interconnect schemes in the near future, thus substantially 

reducing the interconnect RC delay and electronics crosstalk in 

ICs.3 Some recent reports have appeared dealing with the 

preparation of porous silica-based materials,4-6 fluorinated 

amorphous carbon,7 benzoxazine-based polymers,8-10 and 35 

organometallic compounds11 for use as low-k materials as 

interlayer dielectrics. However, there are number of requirements 

for the new low-k materials, including a thermal stability at 

temperatures of 400 °C or higher, electrically insulating, high 

mechanical strength, and good adhesion to neighboring layers.1, 12  
40 

 Metal–organic frameworks (MOFs)13-16 with a highly uniform 

porosity, large surface area, ultralow densities, high stability and 

easy tunability of the surface and structural properties have 

potential for use as stable low-k materials.17-20 MOFs have been 

extensively studied over the past decade for their applications in 45 

gas storage,21-25 sensing,26 chemical separation,27,28 catalysis,29-32 

drug delivery and biomedical imaging.33,34 Following the 

roadmap for implementation of MOFs in electronics devices by 

Allendorf and Talin,35 some reports have been appeared on the 

magnetic,36-38 optical39,40 and ferroelectric41,42 behaviour of MOFs. 50 

Recently, an article discussing the dielectric bistability of a 

strontium-based MOF was reported.43 Hermann and co-workers 

presented a theoretical model for using MOFs as low-k materials 

in future applications.44 While to date, there is only one recent 

experimental example of the possible use of ZIF-8 films as low-k 55 

materials for an inter-layer dielectric in microelectronic chip 

devices. ZIF-8 has a low dielectric constant of only 2.33 (±0.05) 

at 100 kHz with a thermal stability of 350 °C.45 In order to 

identify new low-k materials with good thermal stability, we are 

currently working to develop porous materials having strong 60 

bonding that cannot decompose easily at high temperature. In this 

work, we report on the preparation of a unique strontium-based 

MOF {[Sr2(1,3-bdc)2(H2O)2]·H2O}n (1) along with an unusually 

high thermal stability and a low dielectric constant of its 

dehydrated sample 1′. The dehydrated compound 1′ possesses a 65 

very low dielectric constant (2.4) with high thermal stability at 

temperatures up to 420 °C, making it a potential candidate for use 

as an interlayer dielectric in ICs. To the best of our knowledge, 

this work is the first example of highly stable Sr-based metal–

organic framework with the potential for use as a low dielectric 70 

material as interlayer dielectric in microelectronics devices. 

2. Experimental Section 

2.1 Materials and Instruments 

Chemical reagents were purchased commercially and were used 
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as received without further purification. Diffraction 

measurements for compound 1 were carried out using a Brucker-

Nonius Kappa CCD diffractometer with graphite-monochromated 

Mo Kα radiation (λ = 0.7107 Å). Data collection parameters of 

compound 1 are listed in Table S1 (See Supplementary 5 

Information). Structure was solved using direct methods and 

refined using the SHELXL-97 program by full-matrix least-

squares on F2 values. All non-hydrogen atoms were refined 

anisotropically, whereas the hydrogen atoms were placed in ideal, 

calculated positions, with isotropic thermal parameters riding on 10 

their respective carbon atoms. Elemental analyses were 

conducted on a Perkin-Elmer 2400 CHN elemental analyzer. 

Thermogravimetric (TG) analyses were performed under nitrogen 

with a Perkin-Elmer TGA-7 TG analyzer. The temperature-

dependent X-ray powder diffraction experiments were performed 15 

at the beam line BL01C2 of the National Synchrotron Radiation 

Research Centre (NSRRC) of Taiwan. The radiation was 

generated from the superconducting wavelength shifter magnet of 

5.0 Tesla with ring energy of 1.5 GeV and ring current of 360 

mA under top-up mode operation. The wavelength of incident X-20 

ray was 1.03321 Å  which delivered by a Si(111) double crystal 

monochromator. The powder sample was packed in a quartz 

capillary of 1.0 mm diameter and the in-situ temperature 

dependent experiment was heated in a stream of hot air from 

room temperature to 450 °C with a heating rate approximately 10 25 

°C/min. Two dimensional powder diffraction patterns were 

recorded by a Mar345 imaging plate detector with the pixel size 

of 100 m and the exposure time of each images were 72 seconds. 

The sample to imaging plate distance was 302.77 mm and the 

diffraction angle was calibrated according to Bragg positions of 30 

Ag-Behenate and Si (NBS640b) standards. The one dimensional 

XRD profile was converted using the FIT2D program of a cake 

type integration. 

2.2 Synthesis of {[Sr2(1,3-bdc)2(H2O)2]·H2O}n (1) 

Compound {[Sr2(1,3-bdc)2(H2O)2]·H2O}n (1) was synthesized 35 

through a self assembly process by reacting Sr(NO3)2 (0.0212 g, 

0.1 mmol) and 1,3-bis-(4,5-dihydro-2-oxazolyl)benzene (0.0216 

g, 0.1 mmol) in a EtOH-H2O (3 mL:1 mL) solution under 

hydrothermal conditions at 180 °C for 72 h followed by allowing 

the solution to slowly cooled at a rate of 3.1 °C/h. The colorless 40 

square crystals of 1, suitable for single-crystal X-ray diffraction 

were filtered by washing the crystals with water, and dry at 

ambient temperature. Yield: 23.9% (13.3 mg; 0.02 mmol). Anal. 

Calcd for C16H14O11Sr2: C, 34.47; H, 2.53. Found: C, 34.37; H, 

2.83.  45 

2.3 Electrical Characterization Techniques 

Complex dielectric measurements were carried out with an 

Agilent 4294A network analyzer connected to an Agilent 16451B 

dielectric test fixture over a frequency range of 40 Hz to 0.1 MHz 

at room temperature. Pellets of compound 1 having water 50 

molecules and dehydrated compound 1′ were prepared from a 

powdered sample through high pressure (30 MPa). A contact 

electrode method was used with 5 mm guarded/unguarded 

electrodes. The capacitance (Cp) and dielectric loss (D) were 

directly recorded from the network analyzer. The dielectric 55 

constant was determined by equation 1: 

 

                   

                                          (1) 
 60 

Here, ε0 is the dielectric permittivity in a vacuum (8.85 × 1012 

F/m); A is the area of the electrode (m2), and d is the thickness of 

the film (m). Impendence spectrum fitting results are plotted 

using Zview software program. Electrical characterizations have 

been performed using electrochemical workstation (AUTOLAB 65 

PGST30, Eco Chemie).  

3. Result and Discussion 

3.1 Synthesis of Compound 1 

Strontium-based materials have recently become widely use in 

the semiconductor industry because of their thermal stability, 70 

high reactivity and good mechanical strength.46,47 However, there 

are very few reports on strontium-based MOFs. In this study, 

compound {[Sr2(1,3-bdc)2(H2O)2]·H2O}n (1) was synthesized by 

reacting Sr(NO3)2 and 1,3-bis-(4,5-dihydro-2-oxazolyl)benzene in 

an EtOH-H2O solution under hydrothermal conditions at 180 °C 75 

for 3 days (Figure 1). Compound 1 was obtained as colorless 

square crystals. FTIR data are shown in Figure S1 (see 

Supplementary Information). The crystal data of 1 are shown in 

Table S1 (see Supplementary Information) and temperature 

dependent powder X-ray pattern is shown in Figure 5. It is 80 

noteworthy that the 1,3-bis-(4,5-dihydro-2-oxazolyl)benzene 

ligand is degraded during the hydrothermal synthesis, giving rise 

to the 1,3-bdc ligand present in the title compound. A similar 

reaction, carried out by directly using the 1,3-dicarboxylic acid as 

ligand, afforded compound 1 in a yield of 17.2%.  85 

 

 

 

 

Fig. 1 Synthesis of compound 1. 90 

3.2 Crystal Structure 

A single-crystal X-ray diffraction analysis showed that 1 displays 

a 2D structure and crystallizes in the monoclinic C2/c space 

group.48 The asymmetric unit consists of two strontium ions, two 

1,3-btc ligands and two coordinated water molecules as well as a 95 

free H2O molecule. The Sr(III) ions have two coordination modes. 

The Sr(1) atom adopts a seven-coordinated geometry by six 

oxygen atoms (O1, O3, O5, O6, O7, O8) of five carboxylic groups 

from five 1,3-btc ligands and one oxygen atom (O9) from the 

coordinated H2O molecule as shown in Figure S3(a)  (See 100 

Supplementary Information). With SrO8 coordination geometry 

shown in Figure S3(b) (See Supplementary Information), the Sr(2) 

atom is eight-coordinated by seven oxygen atoms (O1, O2, O3, O4, 

O6, O7, O8) of five carboxylate groups from five 1,3-btc ligands 

and one oxygen atom (O10) from coordinated H2O. Each 1,3-btc 105 

ligand acts as a μ5-bridge to link five Sr atoms. The carboxylate 

groups adopt μ2-η
2:η1-bridging, and μ3-η

2:η2-bridging 

coordination modes. As shown in Figure 2, the carboxylate 

groups and Sr(III) ions constructed [Sr4(COO)8] units, which 

O

N O

NSr(NO3)2 +

H2O, EtOH

180 °C
{[Sr2(1,3-bdc)2(H2O)2]·H2O}n

1
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form 2D layers. The 2D layer structure has strong hydrogen 

bonds that serve to enhance net-to-net interactions (Figure 3). The 

guest H2O molecules are stabilized between two layers by (O–

H···O) hydrogen bonding interaction (O11···O7 = 1.89 Å ; 

(O11···O7 = 1.87 Å ). To remove H2O molecules, compound 1 5 

was treated at high temperature under a vacuum. The surface 

morphology of the dehydrated compound 1′ does not change 

substantially as the result of dehydration process, as shown in 

Figure S4 (See Supplementary Information). However, the crystal 

transparency decreases after the water molecules are removed. 10 

3.3 Thermal Stability 

A thermogravimetric (TG) analysis of 1 (Figure 4) showed that 

the coordinated and guest water molecules are released at 

temperatures between 95 °C and 330 °C (Experimental: 9.4%, 

calculated: 10.3%). In the temperature range of approximate 330 15 

C420 C, the de-hydrated sample 1′ was stable without any 

weight loss. The thermal stability of the materials was further 

investigated by in-situ powder X-ray diffractometry, as shown in 

Figure 5. The powder pattern of a fresh sample at 50 C 

essentially matches the simulated pattern based on the single 20 

crystal structure. The powder patterns are nearly constant, in the 

temperature range from 50 to 330 C and a phase transition is 

observed at 360 C . The peak (2θ ≈ 5.75°)  for the (200) plane 

shows an obvious shift after the H2O molecules are removed, as 

shown in Figure 5. The 2D metal–organic skeleton of 1 grows 25 

along the bc plane and the layers are packed with guest molecules 

along the a axis. Therefore, the distance between the layers may 

shrink and the peak for the (200) plane shifts to a higher angle. 

From 360 C to 420 C, the PXRD patterns are all similar, 

indicating the existence of a de-hydrated form (1′) of 1. While the 30 

Fig. 2 (a) The Sr4(COO)8 metal cluster of 1 (b) 2D layer of 1 

constructed through Sr-metal clusters (c) 2D framework of 1 

along the a-axis. 

Fig. 3 The host–guest hydrogen bonding interactions of 1. 

Fig. 4 Thermogravimetric (TG) diagram for compound 1 

Fig. 5 Simulated and temperature-dependent experimental 
powder X-ray diffraction patterns of compound 1. 
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decomposition process has started at 450 °C. This result is 

consistent with the TGA data. Having a high thermal stability, 

makes 1′ a suitable candidate to use as an interlayer dielectric 

material.7,12 

3.4 Dielectric Properties 5 

A temperature dependent dielectric study from 0 to 350 K was 

carried out, as shown in Figure 6. As the compound 1 is heated 

from 0 to 350 K, the dielectric constant (k) increases, indicating 

the motion of water molecules due to freezing and de-

freezing.49,50 To get low dielectric material, water was completely 10 

removed from 1. The frequency dependence for the permittivity 

[ε'r(ω) + ε"r(ω)] of compound 1 and the dehydrated sample 1′ was 

measured at room temperature, in which ε'r(ω) (dielectric constant) 

and ε"r(ω) (dielectric loss) are the respective real and imaginary 

parts of the permittivity. From Figure 7, it can be seen that the 15 

value of the relative permittivity (εr') of 1 reached its highest 

value at a very low frequency and then rapidly decreased to 7.31 

with increasing frequency. After removing the H2O molecules, 

the value of the dielectric constant of the dehydrated sample 1′ 

decreases significantly to a low value of 2.40 at a low frequency. 20 

The presence of the polar water molecules between the layers at 

low frequency is the reason for the relatively high value (23 at 1 

kHz) of the dielectric constant of 1. Because the mobility of the 

dipole of 1 decreases at higher frequencies, the dipole 

polarization would also be expected to decrease. For this reason, 25 

the dielectric constant (k) shows decaying behavior with an 

increase in frequency for compound 1. On the other hand, after 

removing the polar H2O molecules, the dipole polarization due to 

water molecules in the dehydrated sample 1′ will be absent, 

therefore, a low dielectric value of 2.4 at 1 MHz with a very low 30 

dielectric loss (0.026) was observed. After removing the H2O 

molecules, for compound 1′, the dipole moment is already less, 

even at low frequencies. As a result, no decay was observed for 

the compound when H2O molecules were absent.49,50  

Dielectric loss follows the same decaying trend with increasing 35 

frequency (0.45 to 0.28) for compound 1 as shown in Figure S5 

(See Supporting Information). While after removing the H2O 

molecules, the dielectric loss for compound 1′ decreased to 

0.0159. The dielectric loss is due to various polarization 

processes, series resistance and the capacitance of the 40 

electrodes.51,52 Such decaying behavior of a dielectric constant (k) 

at low frequency has also been reported for perovskite-related 

oxide CaCu3Ti4O12,
53 Q[8](CuCl2)0.75·30(H2O) (Q[8] = 

Cucurbit[8]-uril),54 (CBQ)CuI3(CN)3Br,55 homochiral zinc-

quitenine coordination polymer,52 ZIF–8 films45 and 45 

[{Mn3(HCOO)6}(H2O)(CH3OH)].49 

3.5 Impedance spectroscopy 

To further investigate the dielectric behavior of compound 1′, we 

carried out impedance spectroscopy studies (Z' Vs Z  ) as a 

function of frequency at room temperature. The impedance 50 

curves can be fitted by the equivalent circuit using the Zview 

fitting program. Experimental and simulated results indicate that 

the low dielectric constant is due to the intrinsic behavior of 1′. 

The single large arc can be modeled by two equivalent circuits 

connected in series with each other. First circuit contains two 55 

elements connected in parallel: a resistance (R1) and a 

capacitance phase element (CPE1), which indicates the 

impedance of the bulk material. The second circuit contains a 

resistance (R2) in parallel with a capacitance phase element 

(CPE2) representing the impedance for the interface between the 60 

electrodes and bulk material. The impedance curves in Figure 8(a) 

and 8(b) intercept zero at room temperature and the order of 

magnitude of their capacitance is pF cm−1 which is due to the 

intrinsic behavior of the material bulk. There is only one 

contribution, so the low dielectric response of compound 1′ is 65 

purely intrinsic at room temperature.56-58 Ionic conductivity can 

be calculated using the equation σ = d/RA where d is the 

thickness of the bulk material and R is the resistance determined 

from the impedance fitting curves for an equivalent circuit and A 

is the area of the electrode. From the above results in Figure 8 70 

and Figure 9, the value of R1 for compound 1 and dehydrated 

sample 1′ was calculated to be 1.13 × 105 Ω and 8.83 × 107 Ω, 

respectively. From these values for the resistance, the ionic 

conductivity for compound 1 with H2O molecules is calculated to 

be 6.56 × 10−6 S/cm, which is significantly higher than that for 75 

Fig. 6 Temperature dependent dielectric constants from 0 to 350 

K at different frequencies for compound 1 with dielectric loss in 

the offset. 

Fig. 7 Relative permittivity vs frequency for 1 and dehydrated 

sample 1′ at room temperature. 
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dehydrated product 1′ with an ionic conductivity of 4.96 × 10−9 

S/cm. The dehydrated compound 1′ has much low ionic 

conductivity than compound 1 itself, which justifies the lower 

value of dielectric constant of dehydrated sample 1′ than 

compound 1. Such a low value for ionic conductivity indicates 5 

that the dehydrated product 1′ has the insulating characteristics 

which is required for low-k materials.45 

3.6 Leakage current characteristics 

To assess the quality of the dielectric, we measured leakage 

current as a function of voltage in a MIM capacitor configuration 10 

and the results are shown in Figure 10. Platinum (Pt) electrodes 

of 30 nm thickness were coated on the pellet of the dehydrated 

compound 1′ (250 nm) to make MIM device. A low leakage 

current of 1.69 × 10−9 A/mm2 with a breakdown voltage of −4.9 

V is observed at ambient conditions. 15 

4. Conclusions 

We report herein on the synthesis, structure, and dielectric 

properties of a novel Sr-based metal–organic framework 

{[Sr2(1,3-bdc)2(H2O)2]·H2O}n. Data obtained from a 

thermogravimetric (TG) analysis revealed that the dehydrated 20 

product 1′ is highly thermally stable at temperatures of up to 420 

°C. After removing the H2O molecules, the dehydrated compound 

1′ has a low dielectric constant (2.4) at room temperature. Such 

low dielectric behaviour is due to the intrinsic property of the 

bulk material, as evidenced by impedance measurements. A low 25 

dielectric constant and high thermal stability make this Sr-based 

MOF a candidate for use as a low-k material for potential 

interlayer dielectric applications. The foregoing results discussed 

in this work will provide an effective path towards remarkable 

new applications of stable MOFs as interlayer dielectrics in the 30 

future. 
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