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ABSTRACT: The self-assembly of a three-dimensional
strontium-based metal−organic framework [Sr(Hbtc)(H2O)]n
(1) was achieved through the reaction of Sr(NO3)2 with a
1,2,4-benzenetricarboxylic acid (1,2,4-H3btc) ligand under
hydrothermal conditions. This Sr-based metal−organic frame-
work exhibits remarkable semiconducting behavior, as
evidenced by theoretical calculations and experimental
measurements. Temperature-dependent DC conductivity,
near-room-temperature AC conductivity, diffuse reflection
spectra, and photoluminescence spectra provide strong proof
that compound 1 shows a band gap of 2.3 eV, which is comparable to that for other commonly available semiconducting
materials (e.g., CdSe, CdTe, ZnTe, GaP, etc.). The optimized molecular structure and electronic properties (density of states and
band gap energy) of 1 were calculated using density functional theory, and the results are consistent with experimental findings.
This is the first report on the semiconducting properties of a strontium-based MOF, which will pave the way for further studies in
semiconducting MOFs with interesting potential applications in optoelectronic devices.
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1. INTRODUCTION

Expanding the dimensions of metal−organic framework
(MOF) applications toward the electronics industry has been
gaining momentum in recent years.1−7 Because of their uniform
porous structure and tunable functionalities,8−17 MOFs have
many potential applications in areas such as gas storage,
sensing, chemical separations, catalysis, magnetic and optoelec-
tronics, etc.8−14,18−22 Allendorf and co-workers provided the
roadmap for the implementation of MOFs in microelectronic
devices.23 However, understanding of the semiconducting
behavior of MOFs is still in its initial stages and further
investigations would be highly desirable.24−31

In 2007, Garcia and co-workers reported on the semi-
conductor behavior of MOF-5, which has a bandgap of 3.4
eV.24 Since then, only a few reports on semiconducting
properties of MOFs have appeared, in which Zn and Mg are
mainly used as the metal nodes.25−28 Considering the
importance of strontium and its composites as effective
semiconducting materials,32−34 we envisaged that research

directed toward strontium−organic frameworks would provoke
great interest, because different organic ligands could be used,
thus resulting in diverse structures with enhanced properties.
Herein, we report on our investigations on the bandgap and
semiconducting properties of a new type of Sr-based metal−
organic framework [Sr(Hbtc)(H2O)]n (1). Importantly, its
band gap of 2.3 eV is comparable to that of other commonly
used semiconducting materials (e.g., CdSe, CdTe, ZnTe, GaP,
etc.).35−37 To the best of our knowledge, this is the first
example of a Sr-based MOF as a potential semiconductor in
optoelectronic devices. The direction of this work may provide
an effective path toward remarkable new applications of
semiconducting MOFs in the future.
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2. EXPERIMENTAL SECTION
2.1. Materials and Instruments. Chemical reagents were

purchased commercially and were used as received without further
purification. Diffraction measurements for compound 1 were carried
out using a Bruker-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 in the Supporting
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, while the
hydrogen atoms were placed in ideal, calculated positions, with
isotropic thermal parameters riding on their respective carbon atoms.
Infrared spectra were recorded in the solid state (KBr pellets) on a
Perkin−Elmer Model Paragon 1000 FT-IR spectrometer in the 4000−
400 cm−1 range. Elemental analyses were conducted on a Perkin−
Elmer Model 2400 CHN elemental analyzer. Thermogravimetric
(TG) analyses were performed under nitrogen with a Perkin−Elmer
Model TGA-7 TG analyzer. Differential scanning calorimetry (DSC)
was performed using a Jupiter Model STA 449 F3 instrument.
Experimental powder X-ray diffraction data were recorded on a
Siemens D-5000 diffractometer at 40 kV, 30 mA for Cu Kα (λ =
1.5406 Å), with a step size of 0.004° and scan speed of 0.15 s per step.
The simulated powder diffraction data was obtained from the crystal
structure of 1, using the “Mercury 1.4.1” software program. The AC
conductivity, capacitance (C), and dielectric loss tangent (tan δ)
measurements were carried out in the frequency range from 20 Hz to
1 MHz at temperatures between 16 K and 300 K, using an Agilent
Model HP-4284A LCR meter and a Lakeshore temperature controller
with a computer-controlled program. The measurements were
performed over the temperature range from room temperature to
370 K, using an in-house-fabricated cooling−heating system under a
vacuum (0.1 Pa or 1 × 10−3 Torr). For each measurement, the
temperature was maintained constant within an accuracy of ±0.05 K.
The single crystals were ground and pressed into pellets 0.4 cm in
diameter, with thicknesses of 0.04−0.07 cm. The measurements were
performed on these circular dish-shaped samples with silver paint
coated on both sides as electrodes. We repeated experiments on
samples with different thicknesses. The observed results are consistent
within experimental errors. The possibility of extrinsic factors, such as
trapped interfacial charge carriers and electrode effects, is minimal in
our samples.
The real (ε′) and imaginary (ε″) parts of the complex dielectric

constant, and the AC conductivity (σAC), were calculated from raw
data and the pertinent sample dimensions are as follows:
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where C is the capacitance (F), t the sample thickness (cm), A the
cross-sectional area (cm2), and ε0 the permittivity of free space (ε0 =
8.854 × 10−14 F/cm). The photoluminescence (PL) spectrum of a
pellet sample of compound 1 was taken under the illumination of
pulsed 266 nm laser with a frequency of 10 Hz. The power of the laser
varied from 25 μW to 55 μW. PL spectrum was collected by iHR 550
spectrometer coupled with Synapse CCD of Horiba Jobin Yvon. The
diffuse reflection spectrum (DRS) was obtained on a Perkin−Elmer
Model Lambda 750 UV−vis spectrometer. To measure the DRS, the
power MOF was spin-coated on a SiO2 substrate. Temperature-
dependent DC conductivity has been obtained for compound 1 using
current−voltage (I−V) measurements in the temperature range of
150−300 K, using the two-probe method. Silver tape was used to
mount the sample onto the substrate.
2.2. Synthesis of [Sr(Hbtc)(H2O)]n (1). A mixture of Sr(NO3)2

(21.2 mg, 0.1 mmol), 1,2,4-benzenetricarboxylic acid (21.0 mg, 0.1
mmol), acetone (3 mL), and H2O (4 mL) was sealed in a Teflon-lined
stainless steel Parr acid digestion bomb and heated at 120 °C for 72 h

and then allowed to slowly cool to room temperature at a rate of 6 h/
°C. Rectangular crystals of compound 1 were produced in 31.9% yield
(20 mg, based on Sr(II)). The solid product was separated by filtration
and washed with water, and dried at ambient temperature. Elemental
analysis Calcd (%) for C9H6O7Sr: C, 34.45; H, 1.93. Found (%): C,
34.16; H, 2.02. IR data (KBr, cm−1): 3193(s), 3000(w), 2637(w),
2521(m), 2351(w), 1986(w), 1945(w), 1818(w), 1687(s), 1607(w),
1562(s), 1497(s), 1420(s), 1374(m), 1314(s), 1292(s), 1247(s),
1173(m), 1120(s), 980(w), 912(m), 855(s), 812(m), 765(s), 703(m),
668(m), 599(m), 568(s), 527(m).

2.3. Simulation Details. The Vienna Ab-initio Simulation Package
(VASP)38−41 was used to perform density functional theory (DFT)
calculations to describe the electronic structure of compound 1. The
calculations were carried out with the generalized gradient
approximations (GGA), as parametrized by Perdew, Burke, and
Ernzerhof (PBE)42,43 for exchange-correlation functions and projector
augmented-wave (PAW)44,45 potentials. Periodic models and a plane-
wave cutoff of 520 eV were used in all of our calculations. The
irreducible Brillouin zone was sampled with a Γ-centered Monkhorst−
Pack 8 × 8 × 3 k-mesh.46 The criterion to stop the relaxation of the
electronic degrees of freedom was set by the total energy change to be
smaller than 1 × 10−6 eV.

3. RESULTS AND DISCUSSION
3.1. Synthesis of [Sr(Hbtc)(H2O)]n (1) and Structural

Analysis. Self-assembly of a unique strontium compound
[Sr(Hbtc)(H2O)]n (1) was achieved by reacting equimolar
amounts of Sr(NO3)2 and 1,2,4-benzenetricarboxylic acid
(1,2,4-H3btc) in an acetone/H2O solution under hydrothermal
conditions at 120 °C for a period of 3 days (see Scheme 1).

A single-crystal X-ray diffraction (XRD) analysis revealed
that 1 adopts a three-dimensional (3D) framework and
crystallizes in the triclinic P1 ̅ space group (see Table S1 in
the Supporting Information). The asymmetric unit of 1 consists
of a single crystallographic site for strontium Sr(II), one Hbtc2−

ligand and a coordinated water molecule, as illustrated in Figure
1a. The Sr center adopts a distorted square antiprism geometry,
as determined by the donor atoms around the Sr(II) center, as
illustrated in Figure S3 in the Supporting Information. The Sr
center is eight-coordinated through seven oxygens (O1, O2,
O2′, O3, O3′, O4, and O6) from five Hbtc2− ligands and one
oxygen (O7) from a water molecule. The bond length of Sr−O
falls in the range from 2.5049(65) Å to 2.7191(67) Å. The
oxygen (O1, O2, O3, O4) atoms from the carboxylate groups
(1, 2) of the ligand are coordinated to the Sr center in
monodentate, chelating and bridged coordination modes,
resulting in the formation of a two-dimensional (2D) layered
structure (Figure 1c). The 2D layers of compound 1 are
extended into a 3D network through a third carboxylate group
of an Hbtc2− ligand. The pillar ligand functions as a bridge
between two layers (Figure 1b). The H2O molecules are
stabilized around the layers by (O−H···O) hydrogen bonding
interactions {(O5···O7 = 2.6075(104) Å); (O4···O7 =

Scheme 1. Synthesis of Compound 1
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2.6828(91) Å); (O1···O7 = 2.6574(113) Å)} (see Figure S4 in
the Supporting Information). The crystal surface morphology
can be visualized in the scanning electron microscopy (SEM)
and optical microscopy images shown in Figure S5 in the
Supporting Information.
3.2. Thermogravimetric Analysis and Powder X-ray

Diffraction Studies. A thermogravimetric analysis (TGA) of 1
indicates that the coordinated water molecules were lost in the
temperature range of 65−270 °C (see Figure S6 in the
Supporting Information). The observed weight loss of 5.5% is
consistent with the calculated value (5.7%). After the loss of
water molecules, the framework began to decompose with a
continuous weight loss of 57.4% up to a temperature of 520 °C,
which can be attributed to the loss of the coordinating ligand.
The transition can also be observed during the heating of the
compound, as shown in the differential scanning calorimetry
(DSC) plot (see Figure S7 in the Supporting Information). The
results of powder X-ray diffraction (PXRD) experiments
showed that all of the peaks that were displayed in the
measured patterns at room temperature closely matched those
in the simulated patterns (see Figure S8 in the Supporting
Information).
3.3. Electrical Characterization. Temperature-dependent

DC conductivity for compound 1 was obtained by I−V
measurements in the temperature range of 150−300 K, using
the two-probe method, as illustrated in the inset of Figure 2 and
the DC electrical conductivity of 1 was found in the range of
10−6 (S cm−1). Figure 2 shows that the conductivity of the
MOF increases exponentially as the annealing temperature
increases, and that the conductivity obeys Arrhenius plot (σ vs
1/T), indicating that 1 has semiconducting transport behavior.
The exponential increase in conductivity with temperature
indicates that a major part of the conductivity is due to the
contribution of thermally generated carriers and variable-range
hopping, which is an indicator of the semiconducting nature of

compound 1.47 The activation energy (Ea) was calculated from
an Arrhenius plot for temperature-dependent DC conductivity
and found to be 0.17 eV. The conductivity curve becomes
almost stable at temperatures below 150 K, which could be due
to low thermally generated carriers, which could then
contribute to the conductivity at temperatures below 150 K.
A room-temperature DC conductivity plot is shown in Figure
S9 in the Supporting Information.
The frequency-dependent conductivity σAC(ω) for com-

pound 1 around room temperature is shown in Figure 3. It can
be seen that the conductivity increases monotonically with
frequency. A common feature of all amorphous semiconductors
is that the AC conductivity σAC(ω) increases with frequency
according to eq 1, where ω is the angular frequency, s the
frequency exponent, and A a constant that is independent of
frequency.48

Figure 1. (a) Asymmetric unit of 1. (b) A layered structure connected through pillar ligands. (c) Hydrogen bonding interactions of water molecules
along the 2D layer of 1.

Figure 2. Arrhenius plot for the temperature-dependent DC
conductivity for compound 1. The device schematic and a photograph
of the device are shown as insets.
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An increase in conductivity can be observed with increasing
frequency, which is a commonly observed phenomenon for
polymeric and semiconductor materials.49 The dominant
mechanism responsible for the increase in σAC(ω) with
increasing frequency can be attributed to hopping conduc-
tion.50 As shown in Figure 3, compound 1 shows an AC
conductivity of 10−9−10−7 S/cm, which is slightly increasing at
variable temperatures. However, a small peak appears at 335 K
for every applied frequency, which increases the conduction to
a higher value, which then drops back with further increases in
temperature. The observed peak is due to a dehydration
process that involves the removal of water molecules.27,51 As
shown in Figure 1c, the coordinated water molecules are
bonded in the layers of 1 through the coordination bonding
and the weak hydrogen bonding interactions. When the
temperature is increased to 335 K or higher, the water
molecules begin to be released from the framework and, hence,
a transition phase is observed at ∼335 K (65 °C), as shown in
the differential scanning calorimetry (DSC) data (see Figure S7
in the Supporting Information). They are completely evacuated
at a temperature of ∼540 K. However, the conductivity is
almost constant as the temperature increases further to 370 K.
This relatively weak temperature-dependent mechanism is also
a confirmation of hopping between localized states around the
Fermi level.50

The frequency dependence for the relative permittivity
[ε′r(ω) + iε″r(ω)] of 1 was measured at variable temperatures,
in which ε′r(ω) (dielectric constant) and ε″r(ω) (dielectric

loss) are the respective real and imaginary parts of the
permittivity. Figure 4 shows the variation in the dielectric

constant ε′r(ω) and dielectric loss (tan δ) versus frequency as a
function of temperature. The dielectric constant (ε′r(ω) ∼ 13)
remains almost stable at high frequencies but a large decay is
observed for compound 1 at low frequencies. The decrease in
the dielectric constant ε′r(ω) and dielectric loss (tan δ) with
frequency can be attributed to the inability of dipoles to rotate
rapidly, thus leading to a lag between the frequency of the
oscillating dipole and the applied field, which results in a loss of
polarization.27 The variation indicates that, at low frequencies,
the dielectric constant is high, because of high interfacial, ionic,
and electric polarizations. The dielectric loss (tan δ) is the
energy dissipation in the dielectric system, which is propor-
tional to the imaginary part of the dielectric constant (ε″r(ω)).
The dielectric loss (tan δ) becomes large at lower frequencies,
reaching a value of 0.12 at 1 kHz, because of space charge
polarization within the framework; however, at higher
frequencies, these losses are reduced.52,53 A dielectric relaxation
peak can be observed for the relative permittivity (dielectric
constant) and dielectric loss, which can be attributed to the
removal of water molecules from the framework.54 After
compound 1 has been heated at 335 K, the coordinated water
molecules begin to be released and interactions within the
framework can dramatically change the activation enthalpy,
thereby affecting the relaxation behavior and a peak is observed
for the dielectric constant and dielectric loss at 335 K. Similar
dielectric peaks are observed for geometric confinement of
different liquids in nanopores.55

3.4. Diffuse Reflection Spectrum. To measure the
reflection spectrum, the powder MOF was spin-coated on a
SiO2 substrate. The spectrum was obtained on a Perkin−Elmer
Model Lambda 750 UV-vis spectrometer. An identical substrate
was used to remove the effect of the substrate on the spectrum.
Figure 5a shows the diffuse reflectance spectrum of a pelleted
sample of compound 1. A reflection peak can be observed at
∼500−650 nm. The band gap was determined from the diffuse
reflectance data using the Kubelka−Munk (KM) method,
which is given by the following equation:

= = −K
S

F R
R

R
( )

(1 )
2

2

where R is the reflectance, F(R) is the KM function, and K and
S are the absorption and scattering coefficients, respectively.

Figure 3. (a) AC conductivity versus frequency measurements for 1 at
variable temperatures. (b) AC conductivity versus temperature at
different frequencies.

Figure 4. Frequency-dependent relative permittivity (ε′) measure-
ments at variable temperatures, the offset of the figure shows the
dielectric loss (tan δ) for 1 at different temperatures.
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For allowed direct transitions, the optical band gap for
compound 1 is determined by preparing a Tauc Plot ([F(R) ×
ℏυ]2 vs ℏυ) (Figure 5b). Extrapolation of this line to the
photon energy axis yields a semiconductor band gap of 2.31
eV.56,57

3.5. Photoluminescence Study. A PL spectrum of 1 at a
different power of excitation was obtained for direct bandgap
observation. A very strong luminescence due to charge transfer
is observed at room temperature under illumination from a 266
nm pulsed laser, as shown in Figure 6. The spectrum is

composed of two separated peaks centered at ∼330 and 640
nm. The luminescence in the low-frequency region is further
shown in the inset of Figure 6. The strong luminescence at
∼330 nm can be explained as a ligand-based emission, as shown
in Figure S10 in the Supporting Information.58 A relatively
weak emission peak at 640 nm can be assigned to ligand-to-
metal charge transfer (LMCT).5,58 The peak at ∼640 nm
indicates the existence of an optical band at ∼1.94 eV, which is
further confirmed with theoretical calculations.
3.6. Simulation Data. The electronic properties, such as

the density of states and band-gap energy, were calculated using
DFT. MOFs are a type of hybrid crystalline material that
contains both organic and inorganic components. It is
important to choose an appropriate simulation set that is

suitable for describing electronic structure of the organic
linkers, as well as for the metallic nodes. Starting with the
experimentally determined unit cells of the framework of 1, the
atomic positions of [Sr(Hbtc)(H2O)] were relaxed through
minimizing the Hellmann−Feynman forces acting on each
atom until the maximum forces on the ions were <0.001 eV/Å.
The relaxed structure of the unit cell of 1 is shown in Figure
S11 in the Supporting Information. The single crystal of
[Sr(Hbtc)(H2O)]n is a triclinic P1 ̅ system with cell parameters
of a = 6.85 Å, b = 7.01 Å, and c = 10.76 Å, and α = 87.65°, β =
82.61°, and γ = 72.06°.38−47 We obtained the band structure, as
well as the total and partial density of states (DOS and PDOS,
respectively), of the [Sr(Hbtc)(H2O)]n, as shown in Figure 7.
The band structure along with high symmetry lines in the

Brillouin zone are presented in Figure 7a. The dashed red line
at 0 eV in Figure 7a indicates the Fermi level (EF). The band-
gap value was determined by the energy difference between the
valence band maximum (VBM) and the conduction band
minimum (CBM). The calculated value for the band-gap
energy is 2.04 eV, which is in good agreement with the optical
measurements of 1. According to our calculations as in Figure
7a, the VBM is at the Γ-point, while the CBM is at the X-point
in reciprocal space. The smallest band gap is indirect (Γ → X),
between the Γ-point in the valence band and the X-point in the
conduction band, being 2.04 eV. This confirms that the
[Sr(Hbtc)(H2O)]n crystal has semiconducting properties. In an
analysis of the DOS depicted in Figure 7b, the blue area
represents the total density of state (DOS), while the other
areas represent the partial density of states (PDOS). It can be
seen that the valence bands located below the Fermi level in the
figure are composed of the states of the O, C, Sr, and H atoms
(see Figure 7b, as well as Figures S12 and S13 in the
Supporting Information). The conduction bands consist of the
states of the C, O, and Sr atoms. The VBM mainly consists of
the states of O atoms, as well as a small contribution from the
states of the C and Sr atoms, while the CBM is dominantly
composed of the states of the C and O atoms. None of the
states of the H atoms are involved in the VBM or CBM around
the EF level. The band-gap energy of 1 is comparably lower
than the reported values for MOF-5 (Eg = 3.4 eV)24 and ZIF-8
(Eg = 5.5 eV)59 but is very close to that of the IRMOFs60 and
some well-known semiconductor materials (such as CdSe,
CdTe, ZnTe, GaP, etc.).35−37

Figure 5. (a) Diffuse reflection spectrum for compound 1; (b) Tauc plot ([F(R) × ℏυ]2 vs ℏυ) for bandgap transitions for 1.

Figure 6. Photoluminescence (PL) spectra of 1 at a variable power of
excitation. Inset shows a peak in the lower-frequency region.
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4. CONCLUSION
In conclusion, a three-dimensional (3D) Sr-based metal−
organic framework [Sr(Hbtc)(H2O)]n (1) showed semi-
conductor behavior, as established by both experimental
measurements and theoretical calculations. Significantly,
compound 1 exhibited a band gap of 2.3 eV, which is
comparable with other commonly used semiconducting
materials (e.g., CdSe, CdTe, ZnTe, GaP, etc.). This work
represents a significant and encouraging step toward a new
research direction for potential applications of MOFs. In
addition, these results provide strong justification for further
studies of Sr-based MOFs, which may lead to the development
of even more interesting semiconducting MOFs in the future.
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