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ABSTRACT: Alkaline earth (group 2) metal ion organic frameworks (AEMOFs) represent an important subcategory of MOFs
with interesting structures and physical properties. Five MOFs, namely, [Mg2(H2dhtp)2(μ-H2O)(NMP)4] (AEMOF-2),
[Mg2(H2dhtp)1.5(DMAc)4]Cl·DMAc (AEMOF-3), [Ca(H2dhtp)(DMAc)2] (AEMOF-4), [Sr3(H2dhtp)3(DMAc)6]·H2O
(AEMOF-5), and [Ba(H2dhtp)(DMAc)] (AEMOF-6) (H4dhtp = 2,5-dihydroxy-terepthalic acid; DMAc = N,N-
dimethylacetamide; NMP = N-methylpyrrolidone), are presented herein. The reported MOFs display structural variety with
diverse topologies and new structural features. Interestingly, AEMOF-6 is the first example of a Ba2+−H2dhtp

2− MOF, and
AEMOF-5 is only the second known Sr2+−H2dhtp

2− MOF. Detailed photoluminescence studies revealed alkaline earth metal
ion-dependent fluorescence properties of the materials, with the heavier alkaline earth metal ions exhibiting red-shifted emission
with respect to the lighter ions at room temperature. A bathochromic shift of the emission was observed for the MOFs (mostly
for AEMOF-3 and AEMOF-4) at 77 K as a result of excited state proton transfer (ESIPT), which involves an intramolecular
proton transfer from a hydroxyl to an adjacent carboxylic group of the H2dhtp

2− ligand. Remarkably, AEMOF-6 displays rare
yellow fluorescence at room temperature, which is attractive for solid state lighting applications. To probe whether the alkaline
earth metal ions are responsible for the unusual luminescence properties of the reported MOFs, the potential energy surfaces
(PESs) of the ground, S0, and lowest energy excited singlet, S1, states of model complexes along the intramolecular proton
transfer coordinate were calculated by DFT and TD-DFT methods.

■ INTRODUCTION
Metal organic frameworks (MOFs) are porous crystalline solids
constructed from organic molecules (bridging ligands) acting as
linkers and metal ions or clusters serving as connecting points or
vise versa.1,2 MOFs based on alkaline earth (group 2) metal ions
have received much less attention compared to those of
transition metal ions, with the Sr2+ and Ba2+ MOFs being still
scarce. However, alkaline earth metal ion MOFs (AEMOFs)
have several unique attributes such as low density, reduced

toxicity, relatively low cost (because of the abundant alkaline

earth metal ions), stability in air and in various solvents, etc.3

Furthermore, some AEMOFs have shown quite interesting gas

sorption, photochromic, and photoluminescence-sensing prop-

erties.3
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We have currently initiated a research program involving the
synthesis and design of new highly luminescent AEMOFs with
potential sensing properties for industrial and environmental
applications. The first result of these investigations was the
discovery of [Mg(H2dhtp)(H2O)2]·DMAc (AEMOF-1).4 This
compound exhibits strong turquoise ligand-based emission
arising from radiative deactivation of two closely lying excited
states: a locally excited state and a lower lying state populated
through excited state intramolecular proton transfer (ESIPT).5

The ESIPT process involves the transfer of a proton in an
electronically excited species from a hydroxyl or an amino group
to a carbonyl oxygen through a pre-existing strong hydrogen
bond (five- or six-membered ring configuration), Scheme 1.

Although this phenomenon has been extensively studied in
molecular systems,5 analogous studies in MOFs are scarce.3f,g,4

The energetics of the ESIPT process are known to be sensitive to
the environment around the emitting chromophore, thus making
such chromophores particularly appealing for sensing applica-
tions.5e,f Additionally, the large Stokes shifts associated with the
ESIPT process offer the advantage of facile spectral discrim-
ination between excitation and emission signal, thus eliminating
possible errors and misinterpretations caused by the self-
absorption (inner filter) effects. Furthermore, ESIPT sensors
often exhibit analyte-specific shifts in emission wavelength in
addition to quenching or enhancement, thereby offering the
possibility of superior selectivity and direct analyte recognition.6

Indeed, AEMOF-1 showed extraordinary ability for detection of
traces of water in various organic solvents via an unusual “turn-
on” luminescence sensing mechanism that involves enhance-
ment accompanied by a red shift in emission wavelength.4

Building upon our previous studies on AEMOFs exhibiting
ESIPT luminescence, we present herein five new AEMOFs,
namely, [Mg2(H2dhtp)2(μ-H2O)(NMP)4] (AEMOF-2),
[Mg2(H2dhtp)1.5(DMAc)4]Cl·DMAc (AEMOF-3), [Ca-
(H2dhtp)(DMAc)2] (AEMOF-4), [Sr3(H2dhtp)3(DMAc)6]·
H2O (AEMOF-5), and [Ba(H2dhtp)(DMAc)] (AEMOF-6).
The compounds display a noticeable structural diversity
adopting 2-D (AEMOF-3) or 3-D frameworks (AEMOF-2,
AEMOF-4, AEMOF-5, AEMOF-6) with a variety of secondary
building units (SBUs) and network topologies, new H2dhtp

2−

coordination modes, etc. It should also be noted that AEMOF-6
represents the first example of a Ba2+−H2dhtp

2− MOF. The
AEMOFs exhibit interesting and unusual luminescent properties
including a strong dependence of emission wavelength on the

alkaline earth metal ion (red-shifted emission with heavier
alkaline earth metal ions) and a bathochromic shift of their
emission at low temperature (77 K) (particularly pronounced for
AEMOF-3 and AEMOF-4). The latter feature makes some
members of the AEMOF series potentially attractive for use in
temperature sensing applications.6f It is worth pointing out that
AEMOF-6 displays bright yellow emission (quantum yield of
34%). Yellow emitters are rarely observed among MOFs and are
particularly desirable as they fill the yellow gap of primary light-
emitting diode phosphors.7 To the best of our knowledge, bright
yellow emission (quantum yield of 32%) was achieved in only
one MOF through partial replacement of up to 20% of Ba2+

centers with luminescent Eu2+ ions in the compound [Ba(Im)2]
(Im = imidazole).7 The luminescence in this example is due to 5d
→ 4f transitions in the Eu2+ ions. Thus,AEMOF-6 represents the
first example of a MOF exhibiting purely ligand-based yellow
luminescence with a quantum yield exceeding that of the Eu-
doped barium imidazolate.

■ EXPERIMENTAL SECTION
Materials. All reagents and solvents were commercially available and

used as received.
Physical Measurements. IR spectra were recorded on KBr pellets

in the 4000−400 cm−1 range using a PerkinElmer Spectrum GX
spectrometer. Powder X-ray diffraction (PXRD) measurements were
carried out on a Rigaku Ultima IV diffractometer with a Cu Kα source.
Thermogravimetric analysis (TGA) data were recorded with a
PerkinElmer Pyris −Diamond TGA/DTA analyzer. UV−vis diffuse
reflectance spectra were obtained at room temperature on a Shimadzu
1200 PC in the wavelength range of 200−800 nm. BaSO4 powder was
used as a reference (100% reflectance) and base material on which the
powder sample was coated. The reflectance data were converted to
absorption using the Kubelka−Munk function. N2 adsorption−
desorption isotherms were measured at 77 K on a Quantachrome
Nova 3200e sorption analyzer. Before analysis, all samples were degassed
at 200 °C under vacuum (<10−5 Torr) for 12 h. The specific surface
areas were calculated by applying the Brumauer−Emmett−Teller
(BET) method to the adsorption isotherms in the 0.05−0.25 relative
pressure (P/Po) range. Samples were degassed at 200 °C for about 12 h
prior to analysis. The total pore volumes were derived from the adsorbed
volume at P/Po = 0.95. CO2 adsorption isotherms were measured at 195
K using an IGA-003 gravimetric adsorption analyzer (Hiden Isochema,
U.K.). Before measurements, all samples were degassed at 200 °C under
vacuum for 12 h.

Syntheses. AEMOF-2. Mg(OAc)2·4H2O (0.08 g, 0.37 mmol) was
added as a solid into a stirred solution of H4dhtp (0.12 g, 0.61 mmol) in
NMP/H2O (9:1 v/v, 5 mL, pH≈ 7.5) in a Teflon cup. The mixture was
stirred for∼5min, and then the Teflon cup was transferred into a 23 mL
Teflon-lined stainless steel autoclave. The autoclave was sealed and
placed in an oven operated at 120 °C, remained undisturbed at this
temperature for 20 h, and then was allowed to cool at room temperature.
Colorless polyhedral crystals of AEMOF-2 were isolated by filtration
and dried in the air. Yield: 0.14 g (∼87%).

AEMOF-3. MgCl2 (0.03 g, 0.32 mmol) was added as a solid into a
stirred solution of H4dhtp (0.03 g, 0.15 mmol) in DMAc (3 mL) in a
Teflon cup. Then, the reaction was performed similarly as in the case of
AEMOF-2 (i.e., solvothermal reaction at 120 °C for ∼20 h). Colorless
plate-like crystals of AEMOF-3 were isolated by filtration and dried in
the air. Yield: 0.05 g (∼61%, calculated for the anhydrous MOF).

AEMOF-4.Ca(NO3)2·4H2O (0.08.g, 0.34 mmol) was added as a solid
into a stirred solution of H4dhtp (0.05 g, 0.25 mmol) in DMAc/H2O
(9:1 v/v, 5 mL, pH≈ 7.5) in a Teflon cup. Then, the procedure followed
was identical to that for the synthesis of AEMOF-2. Rod-like colorless
crystals of AEMOF-4 were isolated by filtration and dried in the air.
Yield: 0.09 g (∼88%).

AEMOF-5. Sr(NO3)2 (0.03 g, 0.14 mmol) was added as a solid into a
stirred solution of H4dhtp (0.05 g, 0.25 mmol) in DMAc/H2O (9:1 v/v,

Scheme 1. Proton Transfer from Hydroxyl to Carbonyl
Oxygen Atom through a Strong Hydrogen Bond (Six-
Membered Ring Configuration)
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5 mL, pH ≈ 7.5) in a Teflon cup. Then, the reaction was performed
similarly as in the case of AEMOF-2. Rod-like colorless crystals of
AEMOF-5 were isolated by filtration and dried in the air. Yield: 0.06 g
(∼86%).
AEMOF-6. Ba(NO3)2 (0.04 g, 0.15 mmol) was added as a solid into a

stirred solution of H4dhtp (0.05 g, 0.25 mmol) in DMAc/H2O (9:1 v/v,
5 mL, pH ≈ 7.5) in a Teflon cup. The solvothermal reaction procedure
followed for the other MOFs has been also applied in the case of
AEMOF-6. Needle-like crystals of AEMOF-6 were isolated by filtration
and dried in the air. Yield: 0.06 g (∼93%).
The purity of all products was confirmed by comparison of the

experimental PXRD patterns to those calculated from the single-crystal
X-ray data (see Figures S1−S5, Supporting Information). In addition,
the compounds were characterized with thermogravimetric analysis
(TGA) (Figure S6−S10, Supporting Information), variable-temper-
ature (VT) PXRD (Figure S11−S15, Supporting Information), infrared
spectroscopy (Figure S16, Supporting Information), and gas sorption
measurements (Figure S17−S20, Supporting Information).
Single-Crystal X-ray Crystallography.Data collection was carried

out with STOE imaging plate diffraction system (IPDS-2) (for
AEMOF-2) or Bruker Apex-II CCD (for AEMOF-3−6) using
graphite-monochromatized Mo Kα radiation. The data were collected
at room temperature over a full sphere of reciprocal space. Cell
refinement, data reduction, and numerical absorption correction were
carried out using X-AREA suite or Bruker SAINT software package.8a

The intensities were extracted by the program XPREP.8b The structures
were solved with direct methods using SHELXS, and least-squares
refinement was done against Fobs

2 using routines from the SHELXTL
software.8b In order to limit the disorder of the solvent molecules in the
structures of the compounds, various restraints (ISOR, DELU, SIMU)
have been applied in the refinement.
CCDC 1042418−1042422 contain the supplementary crystallo-

graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif. Selected crystal data for all
compounds are given in Table 1.
Photoluminescence Measurements. All determinations made

use of powder samples placed inside two quartz slides. Absolute
photoluminescence quantum yields were measured according to the
method of deMello9a by using an integrating sphere and placed inside an
Edinburgh FLS 920 fluorimeter.9b All measurements were repeated
three times. The limit of detection of the system is 2%. Luminescence
lifetimes were measured with an IBH 5000F time-correlated single-
photon counting apparatus by using a pulsed NanoLED excitation
source at 331 nm. Analysis of the luminescence decay profiles against

time was accomplished with the decay analysis software DAS6 provided
by the manufacturer, with an estimated error in the lifetimes of 10%.
Lifetime measurements were repeated 3−5 times.

Computational Details. All calculations were performed using the
Gaussian09 program suite.10 The geometries of all stationary points
were fully optimized, without symmetry constraints, employing the
1997 hybrid functional of Perdew, Burke, and Ernzerhof11 as
implemented in the Gaussian09 program suite.10 This functional uses
25% exchange and 75% correlation weighting and is denoted as PBE0.
For the geometry optimizations we used the Def2-TZVP basis set12 for
all atoms in the (htp)M+ (htp− = 2-hydroterephthalate ligand; M = Mg,
Ca) model complexes. However, for (htp)Sr+, due to convergence
problems in the optimization of the excited S1 state we used the hdf-
TZVP basis set12 for all atoms, and for (htp)Sr+ we used the DZP basis
set for Ba and the hdf-TZVP basis set12 for the nonmetal atoms. The
potential energy surfaces (PESs) of the ground state (S0) and the lowest
energy excited singlet state (S1) of the model complexes along the
proton transfer coordinate in the gas phase were calculated at the same
level of theory. The natural bond orbital (NBO) population analysis was
performed using Weinhold’s methodology as implemented in the NBO
6.0 software.13 Magnetic shielding tensors have been computed with the
GIAO (gauge-including atomic orbitals) DFT method14 as imple-
mented in the Gaussian09 series of programs10 employing the PBE0
functional. Nucleus-independent chemical shift (NICS) values were
computed at the same level according to the procedure described by
Schleyer et al.15 Absorption and emission spectra were simulated in the
gas phase by TD-DFT calculations at the PBE0/Def2-TZVP and PBE0/
hdf-TZVP levels, including the lowest 20 singlet−singlet excitations.

■ RESULTS AND DISCUSSION

Synthesis. As mentioned in the Introduction, we recently
initiated a research program aiming at the synthesis of new
alkaline earth metal ion MOFs with ESIPT-based luminescence
for potential applications as sensors.4 We selected H4dhtp as a
suitable polytopic (polydentic) ligand to synthesize such MOFs
since this organic molecule is expected to favor the ESIPT
phenomenon via a proton transfer from the hydroxyl to the
carboxylic oxygen atoms in the excited state (Scheme 1).3f,g,4 Of
course, this ligand should be in its dianionic form H2dhtp

2− (i.e.,
the OH groups should not be be deprotonated) in the MOFs to
result in compounds with ESIPT-based luminescence, and

Table 1. Selected Crystal Data for AEMOF-2-6

compound AEMOF-2 AEMOF-3 AEMOF-4 AEMOF-5 AEMOF-6
chemical formula C36H46Mg2N4O17 C32H51ClMg2N5O14 C16H22CaN2O8 C48H68N6O25Sr3 C12H13BaNO7

formula mass 855.39 813.85 410.44 1391.94 420.57
cryst syst monoclinic monoclinic monoclinic triclinic monoclinic
a (Å) 11.993(2) 11.413(2) 18.659(4) 11.439(5) 28.110(2)
b (Å) 19.632(4) 29.479(6) 11.251(2) 11.966(5) 11.6839(9)
c (Å) 18.143(4) 12.376(3) 10.015(2) 12.113(5) 8.6676(6)
α (deg) 90.00 90.00 90.00 101.036(5) 90.00
β (deg) 102.06(3) 94.95(3) 114.12(3) 106.890(5) 98.795(2)
γ (deg) 90.00 90.00 90.00 107.950(5) 90.00
unit cell vol. (Å3) 4177.3(14) 4148.4(14) 1918.9(7) 1435.6(11) 2813.3(4)
temp. (K) 293(2) 293(2) 298(2) 293(2) 298(2)
space group C2/c P21/n C2/c P1̅ C2/c
Z 4 4 4 1 8
no. reflns measd 18 421 20 202 18 661 25 944 40 136
no. independent reflns 3678 7293 2798 7397 6677
Rint 0.0633 0.0714 0.0363 0.0235 0.0333
R1
a values (I > 2σ(I)) 0.0692 0.0964 0.0397 0.0368 0.0281

wR(F2)b values (I > 2σ(I)) 0.1582 0.2683 0.1200 0.1102 0.0635
aR1 = Σ||Fο| − |Fc||/Σ|Fο|. bwR(F2) = [Σ[w(Fo2 − Fc

2)2]/Σ[wFo2)2]]1/2, w = 1/[σ2(Fo
2) + (m·p)2 + n·p], p = [max(Fo

2,0) + 2Fc
2]/3, and m and n are

constants.
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therefore, the use of base should be avoided for successful
preparation of such materials.
In a previous communication, we reported the compound

[Mg(H2dhtp)(H2O)2]·DMAc (AEMOF-1), which was pre-
pared by the reaction of Mg(OAc)2·4H2O and H4dhtp in
DMAc/H2O (9:1 v/v) at 120 °C.4 Varying the synthesis
conditions (solvent, metal source, etc.), we now achieved
isolation of additional Mg2+−H2dhtp

2− phases. Thus, reaction
of Mg(OAc)2·4H2O and H4dhtp in a molar ratio 1:1.7 in NMP/
H2O (9:1) at 120 °C afforded compound AEMOF-2 in ∼87%
yield. Note that the same reaction with a molar ratio 1:1 resulted
in a mixture of CPO-27-Mg3e and AEMOF-2. In addition, the
reaction of MgCl2 and H4dhtp in a molar ratio 2:1 in DMAc led
to compound AEMOF-3 in ∼61% yield.
It was also possible to prepare Ca2+, Sr2+, and Ba2+/H2dhtp

2−

MOFs (AEMOF-4−6) in high yields (>85%) by reacting
H4dhtp with the corresponding alkaline earth metal ion nitrate
salts in DMAc/H2O (9:1 v/v) at 120 °C.We should note that the
addition of water in the reaction mixture was necessary for the
isolation of AEMOF-4 and AEMOF-6, although determination
of their crystal structures did not reveal existence of water as
ligand or lattice solvent (see below). The synthetic procedures
yielding compounds AEMOF-2−6 are summarized in Scheme 2.

Crystal Structure of AEMOF-2. Representation of the
secondary building unit (SBU)/3-D structure and net topology
of AEMOF-2 are shown in Figure 1. Compound AEMOF-2 is a
3-D coordination polymer that crystallizes in the monoclinic
space group C2/c. Its SBU consists of a dinuclear
[Mg2(COO)4(μ2-H2O)(NMP)4] unit in which each Mg2+ ion
is coordinated in octahedral geometry by two η1:η1:μ2-COO

−

and one monodentate COO− groups, one μ2-OH2, and two
terminal NMP ligands (Figure 1A). The second (noncoordi-

nated) O atom of the monodentate COO− moiety forms an
intradimer H bond (∼2.7 Å) with the μ2-OH2 molecule. The
hydroxyl groups are also involved in H bonds (∼2.5−2.6 Å) with
the carbonyl oxygen atoms of the H2dhtp

2− ligands. The
dinuclear units are interconnected through the H2dhtp

2− ligands,
creating a three-dimensional framework with the terminal NMP
ligands situated inside the cavities (Figure 1B). If NMP ligands
were ignored then the void volume of AEMOF-2 calculated by
MERCURY16 would be ∼58% of the unit cell volume.
Considering that the structure consists of isolated [Mg2]

dimers bridged by terephthalates, each [Mg2] serves as a 4-
coordinated node and the underlying network is dia with point
symbol 66. Alternatively, if we adopt the simplification method of
M. O’Keeffe and O. M. Yaghi17 and consider the carboxylate C
atoms as the connecting points then the network consists of
linked distorted supertetrahedra with a three letter code dia-a
and point symbol 36.123 (Figure 1C).

Crystal Structure of AEMOF-3. Compound AEMOF-3
displays a 2-D framework and crystallizes in the monoclinic P21/
n space group. The SBU, 2-D structure, and network topology
are shown in Figure 2.
The structure of AEMOF-3 is based on a cationic dinuclear

SBU [Mg2(COO)3(DMAc)4]
+ in which there are two

crystallographicaly unique Mg2+ (Mg1 and Mg2) both
octahedrally coordinated with carboxylate groups from two
types of H2dhtp

2− ligands (A and B), Figure 2A. Besides the
ligation of both Mg2+ with two η1:η1:μ2-COO

− (from H2dhtp
2−

ligands of type A) and four DMAc terminal ligands (two for each
Mg2+), there are significant differences in the coordination
environment of the two Mg2+ ions. Thus, the coordination
environment of Mg1 is completed by two carboxylate O atoms
from one H2dhtp

2− ligand of type B (showing the coordination
mode η1:η2:μ2-COO

−), whereas the octahedral coordination
sphere of Mg2 is filled by one OH and one carboxylate oxygen
atom from the H2dhtp

2− ligand of type B. The [Mg2] SBUs are
interconnected to form a layered structure with open windows
(Figure 2B), which host guest DMAc molecules (Figure S21,
Supporting Information). The cationic layers are arranged
parallel to each other, while the Cl− anions balancing the charge
of the layers are found in the interlayer space and form H bonds
(∼2.95 Å) with the OH groups of H2dhtp

2− ligands of type B
(Figure S21, Supporting Information).
The 2-D framework of AEMOF-3 displays a herringbone

(hsb) topology which is a Shubnikov hexagonal plane net with
point symbol 63, with each [Mg2] serving as a 3-coordinated T-
shaped node (Figure 2C).

Scheme 2. Synthetic Routes Leading to Compounds AEMOF-
2−6

Figure 1. (a) SBU, (b) 3-D structure, and (c) dia net ofAEMOF-2 viewed down the a axis. H atoms were omitted for clarity. Color code: Mg, turquoise;
C, gray; O, red; N, blue.
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Crystal Structure of AEMOF-4. The compound crystallizes
in the monoclinic space group C2/c. There is one crystallo-
graphically unique Ca2+ in the structure, which adopts octahedral
coordination geometry and is linked to four carboxylate oxygen
atoms from different H2dhtp

2− ligands and two terminal DMAc
ligands in trans configuration. Each Ca2+ ion is connected to two
neighboring Ca2+ by four η1:η1:μ2-COO

− groups forming a chain
(rod) of linked CaO6 octahedra running parallel to the c axis
(Figure 3A). The chains are interconnected through the
H2dhtp

2− linkers to form a 3-D framework (Figure 3B) with
the DMAc terminal ligands filling the pore space. If DMAc
molecules were removed from the structure then the void
volume of AEMOF-4 calculated by MERCURY16 would be
∼56% of the unit cell volume.
If we consider the carboxylate C atoms as the points of

connection, a ladder forms along the rod of the CaO6 octahedra.
The ladders are further linked by the phenyl groups of the
terephthalates to form a uninodal 4-coordinated network (Figure
3C). The three letter code of this net is sra with point symbol

42.63.8 and is exactly the same with those found in MOF-69,
MOF-71, and MIL47/MIL53/MIL60.17 Comparing the topo-
logical features of this net with those found in AEMOF-1,4 we
notice that the orientation of the terminal ligands (cis-H2O in
AEMOF-1 versus trans-DMAc in AEMOF-4) on the MO6
octahedra affects the type of the ladder created by the connection
points (twisted ladder vs ladder) and consequently the
underlined topology of the frameworks (i.e., irl in AEMOF-1
versus sra in AEMOF-4).

Crystal Structure of AEMOF-5. Compound AEMOF-5
crystallizes in the triclinic space group P1 ̅ and displays a 3-D
framework. The structure is based on a linear trinuclear SBU
[Sr3(COO)6(DMAc)6], which consists of two symmetry-related
Sr2+ ions located at the corners and one central Sr2+ ion as well as
six η1:η2:μ2-COO

− (from different H2dhtp
2− ligands) and six

terminal DMAc ligands (Figure 4A).
The central Sr2+ ion is 10 coordinated, and its coordination

sphere contains only carboxylate oxygen atoms, whereas the
corner Sr2+ ions are 7 coordinated, and each of them is ligated

Figure 2. Representation of (a) SBU, (b) 2-D structure viewed down the c axis, and (c) hsb net of AEMOF-3. H atoms, Cl− anions, and guest DMAc
molecules were omitted for clarity. Color code: Mg, turquoise; C, gray; O, red; N, blue.

Figure 3. Representation of the (a) chain of CaO6 octahedra, (b) 3-D structure viewed down the c axis, and (c) sra net of AEMOF-4. H atoms were
omitted for clarity. Color code: Ca, blue-green; C, gray; O, red; N, blue.

Figure 4.Representation of the (a) trinuclear SBU, (b) 3-D structure, (c) pcu net ofAEMOF-5, and (d) alternative topological description ofAEMOF-
5 as a pcu-a net. H atoms were omitted for clarity. Color code: Sr, green; C, gray; O, red; N, blue.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b00539
Inorg. Chem. 2015, 54, 5813−5826

5817

http://dx.doi.org/10.1021/acs.inorgchem.5b00539


with 4 carboxylate oxygen atoms and 3 terminal DMAc ligands.
Each [Sr3] is linked to 6 neighboring [Sr3] clusters by the
H2dhtp

2− ligands, and thus, a 3D framework (Figure 4B) with a
pcu topology (Figure 4C) and point symbol 412.63 is formed. If
we, alternatively, consider that the carboxylate C atoms form a
superoctahedron then a 5-coordinated network forms. The
underlying topology of the latter net conforms to cab (pcu-a)
with point symbol 34.42.84 (Figure 4D). The terminal DMAc
ligands are directed toward the cavities of AEMOF-5 and fill the
pore space of the structure. Ignoring them, the void volume of
AEMOF-5 calculated by MERCURY10 would be ∼55% of the
unit cell volume.
Crystal Structure of AEMOF-6. Compound AEMOF-6

crystallizes in the monoclinic space group C2/c and contains one
crystallographically unique Ba2+, which is nine coordinated by six
carboxylate O atoms and two hydroxyl groups from theH2dhtp

2−

ligands and one terminal (highly disordered) DMAc solvent
(Figure 5A).

Each Ba atom is connected to 2 neighboring Ba atoms by 4
η1:η2:μ2-COO

− forming rods of edge-sharing BaO9 polyhedra
(Figure 5B). Each rod is linked by H2dhtp

2− to three other rods,
thus generating a 3-D structure with the terminal DMAc ligands
situated inside the cavities (Figure 5C). If the DMAc ligands
were ignored then the void volume calculated by MERCURY16

would be 42% of the unit cell volume. Note thatAEMOF-6 is the
first example of a Ba2+ MOF with the H2dhtp

2− ligand (see below
the comparison of AEMOF-2−6 with reported AEMOFs).
By considering both the ligand and the Ba2+ atoms as vertices, a

6-coordinated net will result. However, we cannot adopt this
simplification method because the underlying net does not
contain any links along the rod, and it is hard to justify finding a
point on the linker as a 6-coordinated vertex. Therefore, we
followed a simplification method similar to that adopted by M.
O’Keeffe and O. M. Yaghi to simplify MOF-74.17 Accordingly,
vertices are placed in the center of a group of three BaO9 within a
rod, linked by one side of the ligand (large blue spheres on Figure
S22, Supporting Information), and a single edge links these
vertices to one on an adjacent rod. The resulting net is a uninodal
4-c with symbol sra and point symbol 42.63.8 (Figure 6).

Comparison of AEMOF-2 - AEMOF-6 with Reported
Alkaline EarthMetal Ion−H2dhtp

2−MOFs.At this point, it is
worth comparing the structures of AEMOF-2−6 with those of
other alkaline earth metal ion−H2dhtp

2−MOFs published in the
literature. In fact, only 10 AEMOFs with H2dhtp

2− have been
reported so far, and remarkably, no Ba2+−H2dhtp

2− MOF was
known prior this work.3e,g,4,18−20 The coordination modes of the
H2dhtp

2− ligand in the alkaline earth metal ion MOFs (including
the MOFs described in the present work) and selected structural
data for these MOFs are provided in Scheme 3 and Table 2,
respectively.

The comparison revealed that some of the coordination
modes of H2dhtp

2− in AEMOF-2−6 (AEMOF-2, A and B;
AEMOF-3, A and C; AEMOF-4, A; AEMOF-5, D; AEMOF-6,
G), namely, coordination modes C and D, are new in alkaline
earth metal ion−H2dhtp

2−MOFs. Furthermore, the SBUs found
inAEMOF-2 (dinuclear [Mg2(COO)4(μ-H2O)]) and AEMOF-
3 (dinuclear [Mg2(COO)3]

+) are observed for first time in this
subcategory of MOFs. The trinuclear SBU found in AEMOF-5
([Sr3(COO)6]) is also uncommon among the alkaline earth−
H2dhtp

2− MOFs (only [Mg3(H2dhtp)3(DMF)6]·0.75H2O
18

contains similar SBU). Additionally, AEMOF-3 is the only
example of alkaline earth metal ion−H2dhtp

2− MOF with a 2-D
structure (all other examples display 3D frameworks). Finally,
comparing the topological features of AEMOF-2−6 with those
of known alkaline earth−H2dhtp

2− MOFs it was realized that
AEMOFs-2,3 display network topologies not shown by other
AEMOFs, whereas AEMOF-5 adopts the same topology with
the compound [Mg3(H2dhtp)3(DMF)6]·0.75H2O,18 and
AEMOF-4,6 adopt the same topology with [Mg(H2dhtp)-

Figure 5. Representation of the (a) coordination environment of Ba2+

ions, (b) rod of edge-sharing BaO9, and (c) 3-D structure of AEMOF-6
viewed down the c axis. H atoms were omitted for clarity. Color code:
Ba, olive-green; C, gray; O, red; N, blue.

Figure 6. Representation of the sra net of AEMOF-6.

Scheme 3. Coordination Modes of H2dhtp
2− in (known and

presented here) AEMOFs
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(DMF)2] (the latter adopts the sra topology but has mistakenly
reported as lvt).3g,18

Photophysical Studies. As seen in Figure 7, illumination
with a laboratory UV lamp (ca. 360 nm) results in bright

emission from AEMOFs with colors ranging from different
shades of turquoise (AEMOF-2, -3, and -4) to yellow-green or
yellow (AEMOF-5 and -6). This prompted us to carry out
detailed photophysical studies on the series in an effort to
elucidate the origin of such a pronounced color shift. The
AEMOFs were studied in the solid state, as microcrystalline
powders, by diffuse reflectance UV−vis and steady state and
time-resolved fluorescence spectroscopy. Spectroscopic results
are summarized in Table 3, while spectra are shown in Figures 8
and 9.
The diffuse reflectance spectra (Figure 8) are dominated by a

broad band between ca. 250 and 425 nm maximizing at ca. 373
nm for AEMOF-3−6 and at ca. 390 nm for AEMOF-2. These

absorption signals are attributed to the first singlet π−π*
transition of the bridging ligand (formation of the S1 excited
state), and the similarity in absorption profiles among the
AEMOFs shows that the ground state of the H2dhtp

2− ligand is
little affected by its coordination to different alkaline earth metal
ions.4

However, the fluorescence spectra (Figure 9) reveal
considerable differences in the excited state properties among
the members of the AEMOF series. At room temperature, the
Mg2+ compounds AEMOF-2 and AEMOF-3 show broad
fluorescence bands which maximize at ca. 490 nm. Both
compounds have high fluorescence quantum yields of ΦF =
0.54 ± 0.01, and their emission signals show single-exponential
decays with time constants of τ = 9.1 and 8.4 ns for AEMOF-2
and AEMOF-3, respectively. At 77 K, the fluorescence signal of
AEMOF-2 remains largely unchanged with only a slight shift of
about 6 nm toward lower energies. In contrast, the fluorescence
spectrum of AEMOF-3 shows a pronounced red shift in the
emission maximum by ca. 37 nm (from 490 to 527 nm) upon
lowering the temperature from 298 to 77 K. This temperature-
induced red shift in the fluorescence maximum is in agreement to
our previous observations on AEMOF-1, a related Mg2+-based
MOF with H2dhtp

2− as bridging ligand.4

The Ca2+-, Sr2+-, and Ba2+-based AEMOF-4, -5, and -6,
respectively, show room-temperature fluorescence that is shifted
toward the infrared in comparison to their Mg2+ counterparts.
We observe that this bathochromic shift becomes more
pronounced as the weight of the alkaline earth metal ion

Table 2. Selected Structural Data for AE2+−H2dhtp
2− Compounds from the Literature and the Present Work

compound dimensionality H2dhtp
2− coordination mode net ref

[Mg(H2dhtp)(H2O)2] 3-D A N/A 3e
[Mg(H2dhtp)(DMF)2] 3-D A {42.84}(sra) 3g
[Mg3(H2dhtp)3(DMF)6]·0.75H2O 3-D A pcu 18
[Mg(H2dhtp)(H2O)2]·DMAc 3-D A {42.63.8}(irl) 4
[Mg2(H2dhtp)2(μ-H2O)(NMP)4] 3-D A and B {36.123}(dia-a) this work
[Mg2(H2dhtp)1.5(DMAc)4]Cl·DMAc 2-D A and C 63 (hsb) this work
[Ca2(H2dhtp)2(DMF)2] 3-D A and G {42.84}{46.66.83}{48.62}2 19
[Ca(H2dhtp)(DMF)2] 3-D A {42.84}(pts) 19
[Ca2(H2dhtp)2(H2O)4] 3-D B and F {43.63}2{4

6.66.83}(fsh) 19
[Ca(H2dhtp)(H2O)2] 3-D E N/A 20
[Ca(H2dhtp)] 3-D G N/A 20
[Ca(H2dhtp)(DMAc)2] 3-D A {42.63.8} (sra) this work
[Sr(H2dhtp)(H2O)] 3-D G N/A 20
[Sr3(H2dhtp)3(DMAc)6]·H2O 3-D D {34.42.84} (cab) this work
[Ba(H2dhtp)(DMAc)] 3-D G {42.63.8} (sra) this work

Figure 7. Observed emission of crystals of AEMOF-2, -4, -5, and -6
compounds crushed on a filter paper and irradiated with a standard
laboratory UV lamp (λexc = 360 nm).

Table 3. Photophysical Data of the AEMOFs Discussed in
This Paper

compound
λabs
(nm)

λem
(298
K)a

(nm) ΦF (298 K)
a

τF (298
K)b (ns)

λem
(77
K)a

(nm)

τF (77
K)b

(ns)

AEMOF-2 390 490 0.54 ± 0.01 9.1 496 10.1
AEMOF-3 373 490 0.54 ± 0.01 8.4 527 9.6
AEMOF-4 373 498 0.48 ± 0.01 8.6 546 9.3
AEMOF-5 373 552 0.26 ± 0.01 6.5 568 8.5
AEMOF-6 373 580 0.34 ± 0.01 5.7,c 6.9d 585 8.0

aλexc = 350 nm. bλexc = 373 nm. cMonitored at 470 nm. dMonitored at
550 nm.

Figure 8.Diffuse reflectance spectra ofAEMOFs-2, -4 and -6. Spectra of
AEMOFs-3 and -5 are essentially identical to those of AEMOFs-4 and
-6.
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increases. Thus, upon excitation at 350 nm, AEMOF-4 displays
an intense turquoise fluorescence (ΦF = 0.48 ± 0.01) with
maximum at ca. 498 nm, while AEMOF-5 and -6 show yellow-
green to yellow emissions with maxima at ca. 552 and 580 nm
and quantum yields of ΦF = 0.26 ± 0.01 and 0.34 ± 0.01,
respectively. It is worth noting that the Ba2+-based AEMOF-6, in
contrast to the other members of the series, shows structured
emission at room temperature with a shoulder at ca. 502 nm in
addition to the maximum at 580 nm. Furthermore, the emission
profile of AEMOF-6 shows weak dependence on excitation
wavelength as a slight enhancement of its high-energy
component is observed upon excitation at 300 nm in comparison
to the spectrum obtained upon excitation at 350 nm (Figure S23,
Supporting Information). This is reflected in the excitation
spectra of AEMOF-6, where we observe a small relative
enhancement of the high-energy side of the ligand-based π−π*
absorption feature when we monitor at 500 nm (Figure S24,
Supporting Information). Moreover, time-resolved emission
measurements on AEMOF-6 reveal two different fluorescence
lifetimes depending on monitoring wavelength. Specifically,
when wemonitor at 470 nmwe obtain a lifetime of τ = 5.7 ns, and
when we monitor at 550 nm the signal decay fits best to a time
constant of τ = 6.9 ns. AEMOF-4 and -5 show largely featureless
broad band emissions at room temperature with monoexponen-
tial decays which fit to lifetimes of τ = 8.6 and 6.5 ns, respectively.
At 77 K the emission behavior of AEMOF-4 is similar to that of
AEMOF-3 as a red shift of ca. 48 nm in the emission maximum is
observed in comparison to the room-temperature spectrum
(from ca. 498 to 546 nm) accompanied by a small increase in
fluorescence lifetime (from τ = 8.6 to 9.3 ns). In the case of
AEMOF-5, lowering the temperature to 77 K results in a smaller
red shift of ca. 16 nm (from ca. 552 to 568 nm) in the emission
maximum with a concomitant substantial 32% increase in
fluorescence lifetime (from τ = 6.5 to 8.5 ns), indicating
considerable vibrational deactivation at room temperature.
AEMOF-6 shows a rather modest red shift of about 5 nm in
emission maximum at 77 K accompanied by loss of the shoulder,
which was observed at the high-energy side (ca. 500 nm) of its
room-temperature fluorescence spectrum. In addition, the
emission signal of AEMOF-6 at 77 K shows monoexponential
decay with a time constant of τ = 8.0 ns independent of
monitoring wavelength.
The observed temperature induced red shifts in the

luminescence spectra of the AEMOF series is different to what
is expected in solid state emission spectra where luminescence
profiles normally show higher vibrational resolution and modest
blue shifts at low temperatures. Note that the significant
dependence on temperature of the emission observed for the
MOFs is attractive for potential use in luminescence

thermometers.6 We attribute this rather unusual behavior to
the existence of two emitting states, N* and T*, in thermal
equilibrium (Scheme 4).N* corresponds to a higher lying locally

excited state formed after vibrational relaxation of the initially
populated Franck−Condon S1 excited state of the bridging
ligand, and T* corresponds to a lower lying excited state formed
after rapid excited state intramolecular proton transfer
(ESIPT).21 The difference in energy between the two emitting
states in AEMOF-3 is estimated from the difference in emission
maxima at room temperature and 77 K to be in the region of ca.
1500 cm−1. This small energy difference between emitting states
has been shown to result in thermally equilibrated luminescence
in [Cu(NN)2]

+ (NN = diimine) complexes from both the
1MLCT and the 3MLCT excited states as thermal population of
the upper 1MLCT emitting level occurs at room temperature.22

Therefore, in AEMOF-3, the room-temperature fluorescence
with maximum at 490 nm, as supported by the monoexponential
decay it exhibits, is attributed to thermally equilibrated
fluorescence predominantly from the N* form of the bridging
ligand. At 77 K, where thermal excitation is not favored,
excitation is largely frozen in the lower lying T* state and we
thereby observe a bathochromically shifted fluorescence at ca.
527 nm. Detailed calculations on the potential energy surfaces
(PES) of the ground state (S0) and the first singlet excited state
(S1) of the H2dhtp

2− bridging ligand are in support of the above
assignment.4 The energetics of the ESIPT process have been
shown to be extremely sensitive to the polar environment around
the emitting chromophore. Comparison of the structures of
AEMOF-2 and -3 reveals substantial differences in the hydrogen
bonding around the hydroxyl groups of the H2dhtp

2− bridging
ligand. In AEMOF-2 the hydroxyl groups are not coordinated to
Mg2+ and are involved exclusively in intramolecular OH···OCH-
bonds with the oxygen of the adjacent carboxyl group, whereas in
AEMOF-3 two types of bridging ligand are found: one with
uncoordinated hydroxyl groups which form an intramolecular
OH···OC H-bond as in the previous case and one with hydroxyl
groups coordinated to a Mg2+ ion and simultaneously forming an
intermolecular OH···Cl−H-bond involving a close-lying chloride
counterion (O − Cl distance 2.945 Å). Presumably, the modest

Figure 9. Room-temperature (∼298 K) excitation (A) and emission (B) spectra of AEMOFs-2−6, and emission spectra of these materials at 77 K (C).

Scheme 4. Schematic Representation of the Two Emitting
Forms of the H2dhtp

2− Bridging Ligand
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red shift observed in the low-temperature fluorescence spectrum
of AEMOF-2 is a result of structural factors which render the
ESIPT process unfavorable. In addition, we cannot rule out the
possibility of the red shift in the low-temperature fluorescence
spectrum of AEMOF-3 being due to an intermolecular excited
state proton transfer process where the Cl− counterion acts as
proton acceptor since the coordination of the hydroxyl group to a
Mg2+ center increases its acidity.
Similarly, the room-temperature fluorescence spectrum of

AEMOF-4 is attributed to thermally equilibrated emission
predominantly from the N* form of the bridging ligand, while
the strongly red-shifted emission at 77 K is attributed to the lower
lying T* form (Scheme 4). The modest red shift observed in the
77 K emission spectrum of AEMOF-5 in combination with its
red-shifted room-temperature emission profile indicates that the
contribution of the low-energy T* form is far more significant in
its thermally equilibrated room-temperature fluorescence. In the
case of AEMOF-6, its structured room-temperature emission in
addition to the different decay constants it shows at different
wavelengths points toward dual fluorescence from the closely
spaced N* and T* states with similar radiative lifetimes rather
than thermally equilibrated emission. At low temperature, the
strong decline of the high-energy feature (ca. 500 nm) in the
fluorescence profile of AEMOF-6 shows that, as in the other
AEMOFs, excitation is largely frozen in the lower lying emitting
state (Figure 9). The bathochromic shift in the room-
temperature emission spectra of AEMOF-5 and -6 is most
probably a result of the ESIPT process being more favorable in
the members of the series which contain heavier alkaline earth
metal ions (Sr2+ and Ba2+). A closer look at the site where ESIPT
takes place in AEMOF-4, -5, and -6 reveals that proton transfer
from the hydroxyl group to the adjacent carboxylate oxygen is
inhibited by the electrostatic repulsion of the metal center
coordinated to the latter (Scheme 5).

This electrostatic repulsion is expected to be considerably
smaller in the case of the heavy alkaline earth metal ions as a
result of their greater ionic radius, thus favoring the ESIPT
process. Indeed, if we compare the mean carboxylate oxygen to
metal distances within the AEMOF series we find the expected
increasing trend in the order Mg2+ (2.047 Å) < Ca2+ (2.324 Å) <
Sr2+ (2.637 Å) < Ba2+ (2.940 Å). In the special case ofAEMOF-6,
ESIPT is assisted by the Ba2+ ion coordinated to the hydroxyl
group of the bridging ligand. This possibly explains the
particularly small temperature-induced red shift in the emission
profile of AEMOF-6 in addition to the dual emission,
predominantly from the T* form, which this compound exhibits
at room temperature. It is worth noting that theoretical DFT
studies described in the next section, on models of the structural
units of the AEMOFs, confirm that the ESIPT process is more

favorable in the members of the series which contain heavier
alkaline earth metal ions.
Finally, Figure 10 shows the color points of the AEMOF series

at both room temperature and 77 K. Most notably, the room-

temperature emission ofAEMOF-6 is clearly in the yellow region
of the spectrum, and AEMOF-4 shows the most evident color
change from turquoise to yellow upon lowering the temperature
from 298 to 77 K. Note that the yellow emission of AEMOF-6 is
a property highly desired in light-emitting diodes (LEDs).7 To
the best of our knowledge, only one MOF, namely, the
compound [Ba(Im)2] (Im = imidazole) doped with Eu, showed
yellow emission with a quantum yield of 32%.7 However, the
luminescence in this MOF is due to 5d → 4f transitions in the
Eu2+ ions. Thus, AEMOF-6 represents the first example of a
MOF showing purely ligand-based yellow luminescence with a
quantum yield (∼34%) exceeding that of the Eu-doped barium
imidazolate.

Theoretical Studies of the Effect of Alkaline Earth
Metal Ions on the Excited State Intramolecular Proton
Transfer (ESIPT) Switching. To probe the effect of the alkaline
earth metal ions on the ESIPT process that possibly occurs in the
H2dhtp

2− bridging ligand upon excitation of the AEMOFs under
study we calculated the potential energy surfaces (PESs) of the
ground state (S0) and the lowest energy excited singlet state (S1)
of model complexes,M1−4, along the proton transfer coordinate
in the gas phase. The computed PESs along with the calculated
excitation and emission transitions and the optimized structures
of the S0 and S1 states of the model complexes with selected
structural parameters are shown in Figure 11.
Inspection of Figure 11 reveals that the alkaline earth metal

ions block the ESIPT process upon excitation to the S1 state of
the model complexes in comparison to the free ligand, though to
a different extent. Thus, the proton transferred in the S1 state of
the model complexes is moved toward the carboxylic oxygen
atom by 0.036, 0.053, 0.069, and 0.118 Å in the Mg (M1), Ca
(M2), Sr (M3), and Ba (M4) model complexes, respectively; the
proton transfer increases as the weight of the alkaline earth metal
ion increases. The suppression of the ESIPT process in the S1
state of the model complexes results from lessening of the

Scheme 5. (A) Representation of the Site where ESIPT
Occurs in the AEMOF Series Highlighting the Repulsive
Interaction between theMetal Center and theMobile Proton;
(B) Special Case of AEMOF-6 where a Ba2+ Ion Is
Coordinated to the Hydroxyl Group

Figure 10.CIE chromaticity diagram23 showing the color coordinates of
the AEMOFs at both room temperature and 77 K. Note that the room-
temperature emission of AEMOF-6 is clearly in the yellow region of the
spectrum.
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electron density on the carboxylic O atoms of the model 2-
hydroxy-terephthalate ligand (htp−) induced by the interaction
with the alkaline earth metal ions. Figure 12 shows the natural
atomic charges and the Wiberg bond indices (WBIs) for the S0

and S1 states of the model complexes calculated by the natural

bond orbital (NBO) population analysis approach.
Perusal of Figure 12 reveals that in all model complexes

transfer of electron density from the htp− ligand to the alkaline

Figure 11. Potential energy surfaces of the possible photophysical processes along the proton transfer coordinate in the gas phase calculated at the
PBE0/Def2-TZVP level of theory. M1−4 and M1−4* correspond to S0 and S1 states of fluorophore structures located on the GSIPT (ground state
intramolecular proton transfer) PES and the lowest energy fluorophore structure located on the ESIPT (excited state intramolecular proton transfer)
PES, respectively.

Figure 12. Natural atomic charges and the Wiberg bond indices (WBIs) for the S0 and S1 (figures in parentheses) states of the model complexes
calculated by the natural bond orbital (NBO) population analysis approach at the PBE0/Def2-TZVP level of theory.
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earth metal dications occurs in both the ground S0 and the singlet
excited S1 states. In the ground S0 states the charge transferred
amounts to 0.241, 0.220, 0.199, and 0.182 |e| for theM1,M2,M3,
andM4 model complexes, respectively. The same holds true for
the singlet excited S1 states where the charge transferred is 0.295,
0.194, 0.162, and 0.114 |e| for the M1*, M2*, M3*, and M4*
model complexes, respectively. Notice that in both the S0 and the
S1 states of the model complexes the charge transferred follows
the trendM1(M1*) >M2(M2*) >M3(M3*) >M4(M4*). The
observed charge transfer from the htp− ligand to the alkaline
earth metal dications in the singlet excited S1 states accounts well
for the observed moving distances of the proton toward the
alkaline earth metal ions.
The optimized geometries of the singlet excited S1 states show

significant structural changes with respect to the optimized
geometries of the ground S0 states of themodel complexes. In the
S1 states the M−O distance are elongated by 0.2 up to 0.5 Å
relative to the M−O distances in the S0 states, with the
elongation increasing as one goes down to the group 2 elements.
Comparing the mean carboxylate oxygen to metal distances
within the M1−4 and M1−4* series we find the expected
increasing trends in the order M1 (1.901 Å) < M2 (2.132 Å) <
M3 (2.273 Å) <M4 (2.426 Å) andM1* (2.120 Å) <M2* (2.427
Å) <M3* (2.606 Å) <M4* (2.851 Å) in line with experimental
observations. On the other hand, both the C(O)O bonds of the
carboxylato moiety and the C−OHbonds are shortened in the S1
states by 0.01−0.05 Å. Remarkable structural changes occur in
the benzene ring of the model complexes upon excitation to the
S1 states, resulting in the expansion of the ring relative to the
benzene ring of the S0 states. These structural changes result
from the redistribution of the electron density on the ligand
framework induced by the excitation. The interaction of the
alkaline earth metal ions with the htp− ligand exhibits mainly
electrostatic character with small contribution of covalent
character which decreases going down to group 2 elements
(compare the estimated WBIs given in Figure 12). The
computed interaction energies of the alkaline earth metal ions
with the htp− ligand in the S0 states are 350, 297, 272, and 254
kcal/mol at the PBE0/Def2-TZVP level for theM1,M2,M3, and
M4 complexes, respectively. Noteworthy, except for the M1
complex, the weak covalent interactions decrease in the S1 states.
Generally the redistribution of the electron density over the

whole framework of the htp− ligand induced by the alkaline earth
metal ions affects the delocalized π-electron system of the
complexes and hence the aromatic character of the benzene ring.
This is reflected on the calculated NICSzz(R)-scan curves for the
M1−M4 model complexes, which are given in Figure S25,
Supporting Information.
Noteworthy, upon coordination of the htp− ligand to alkaline

earth metal ions the aromaticity of the benzene ring expressed by
the minimum NICSzz(1.1) values (in ppm) slightly increases
along the M1−M4 series: M4 (−21.3) < M3 (−21.1) < M2
(−20.6) < M1 (−19.9) < htp− (−19.5). Interestingly, the M1−
M4 complexes keep the aromaticity in their singlet excited S1
state, slightly increasing with respect to the aromaticity of their
ground S0 state, but are lower than the aromaticity of the S1 state
of the “free” htp− ligand: htp− (−22.9) < M4 (−21.5) < M3
(−21.4) <M2 (−20.9) <M1 (−20.4). Taking into consideration
that the magnitude of the induced diatropic and paratropic ring
currents are determined by the excitation energies of the most
significant Tx,y- and Rz-allowed occupied → unoccupied and
occupied → singly occupied molecular orbital transitions,24 we
calculated the absorption and emission spectra of the M1−M4

complexes. The calculated λabs and λem along with the
NICSzz(1.1) values, dipole moments μ, and interaction energies
D0 of the model complexes are collected in Table 4.

It can be seen that the alkaline earth metal ions slightly affect
the absorption maxima in the absorption spectra of theM1−M4
complexes, inducing small blue shifts (3−10 nm) as one goes
down to the group 2 elements in line with experiment. Notice
that such small blue shifts could not be resolved in the diffuse
reflectance spectra of theAEMOFs studied due to the very broad
absorption bands observed. However, the alkaline earth metal
ions significantly affect the emission maxima in the fluorescence
spectra of the M1−M4 complexes, inducing remarkable red
shifts (7−31 nm) as the weight of the alkaline earth metal ion
increases in good agreement with the experimental data (red
shifts of 17−31 nm).
To probe the observed trends in the absorption and

fluorescence spectra of the M1−M4 complexes the absorption
and emission bands have thoroughly been analyzed, and
assignments of the contributing principal electronic transitions
associated with individual excitations have been made. The
absorption bands arise from electronic transitions associated with
HOMO → LUMO+1 excitations in the S0 states, with HOMO
and LUMO+1 being inherently the π and π* molecular orbitals
(MOs) of the htp− ligand delocalized mainly on the six-
membered carbocyclic ring (Scheme 6).
The relatively small perturbation of the π and π* system of the

coordinated htp− ligand account well for the marginal effect of
the alkaline earth metal ions on the absorption maxima of the
absorption spectra of the M1−M4 complexes. On the other
hand, the emission bands arise from electronic transitions which
are ascribed to HOMO−1 ← LUMO, LUMO+3, electronic

Table 4. Calculated λabs and λem along with the NICSzz(1.1)
Values, DipoleMoments μ, and Interaction EnergiesD0 of the
Model Complexes

compound
λabs
(nm)

λem
(nm)

NICSzz(1.1)
(ppm)

μ
(Debye)

D0 (kcal
mol−1)

M1 359 485 −19.9 19.4 350
M2 349 512 −20.6 20.9 297
M3 343 543 −21.1 22.9 272
M4 340 550 −21.3 24.1 254

Scheme 6. 3-D Contour Plots of the Molecular Orbitals
Associated with the Principal Electronic Transitions in the
Absorption and Emission Spectra of M1−M4 Complexes
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transitions in the S1 states (Scheme 6). The HOMO−1 is a σ-
type MO localized mainly on the −C(O)OH carboxylic moiety,
while LUMO and LUMO+3 are almost pure ns and np AOs of
the alkaline earth metal ions. The nature of the electronic
transitions occurring in the emission from the S1 states assigned
as MLCT (metal-to-ligand) transitions nicely explain the
stronger effect of the alkaline earth metal ions on the emission
maxima of the fluorescence spectra of the M1−M4 complexes.
Noteworthy, excellent linear correlations of the λabs and λem with
the NICSzz(1.1) values, dipole moments μ (Debye), and
dissociation energies D0 (kcal/mol) of the M1−M4 complexes
shown in Figure 13 are obtained, illustrating the effect of the
alkaline earth metal ions on the photophysical properties of the
AEMOFs under study.

■ CONCLUSIONS

In conclusion, a series of new alkaline earth metal ion−
dihydroxy−terephthalate MOFs (AEMOF-2−6) has been
isolated. The compounds showed 3-D structures with the
exception of AEMOF-3, exhibiting a 2-D structure, diverse
structural topologies, and a number of unprecedented structural
features, such as novel SBUs and unique H2dhtp

2− coordination
modes. Clearly, alkaline earth metal ion MOFs represent a
relatively unexplored subcategory of metal organic frameworks
with a number of interesting characteristics and properties
unseen in other type of MOFs. Indeed, compounds AEMOF-2−

6 show bright fluorescence with colors ranging from turquoise to
yellow. Detailed spectroscopic studies show that two closely
lying excited states are involved in the photophysics of the
AEMOF series: N*, which corresponds to a higher lying locally
excited state formed after vibrational relaxation of the initially
populated Franck−Condon S1 excited state of the bridging
ligand, and T*, corresponding to a lower lying excited state
formed after rapid excited state intramolecular proton transfer
(ESIPT). At room temperature, AEMOFs 2−4 exhibit thermally
equilibrated emission predominantly from the N* state, while in
AEMOF-5 the participation of both the N* and the T* states is
significant as shown by its strongly red-shifted emission profile.
AEMOF-6 shows dual emission from the N* and T* states as
demonstrated from its wavelength-dependent decay dynamics.
The significant contribution of the T* state in the room-
temperature emission of the Sr2+- and Ba2+-based AEMOF-5 and
-6 is explained on the basis of the weaker electrostatic
interactions between the larger alkaline earth metal ions and
the mobile protons of the bridging ligand, which render the
ESIPT process more favorable. At 77 K excitation is largely
frozen in the lower lying T* state, giving rise to red-shifted
emission from the AEMOF series. The most pronounced
temperature-induced shift is seen in the Ca2+-based AEMOF-4.
Theoretical calculations on model htpM+ (M = Mg, Ca, Sr, Ba)
complexes employing DFT methods revealed that the alkaline
earth metal ions block the ESIPT process upon excitation to the

Figure 13. Linear correlations of λabs and λem with the NICSzz(1.1) values, dipole moments μ, and dissociation energiesD0 calculated at the PBE0/Def2-
TZVP level of theory.
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S1 state to a different extent. Specifically, the proton transfer
increases as the weight of the alkaline earthmetal ion increases, in
line with the experimental investigations. The effect of the
alkaline earth metal ions on the photophysical properties of the
AEMOFs under study is also mirrored on the excellent linear
relationsips of λabs and λem with the NICSzz(1.1) values, dipole
moments μ, and dissociation energies D0 of the M1−M4
complexes.
Finally, this work indicates that alkaline earth metal ion MOFs

with ESIPT active bridging ligands may be attractive not only for
chemical sensing, as previous work on Mg−H2dhtp

2− MOFs
revealed, but also for potential applications in luminescence
thermometers and solid state lighting. Ongoing efforts are
underway to further develop these materials.
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