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ABSTRACT: p-Nitroaniline presents the typical motif of a
second-order nonlinear optically (NLO) active molecule.
However, because of its crystallization in an antiparallel and
hence centrosymmetric structure, the NLO activity is lost. In
this contribution, the p-nitroaniline motif was built successfully
into the MIL-53 metal−organic framework. More precisely,
MIL-53 was synthesized with 2-amino-5-nitroterephthalate as
organic linker, with Al3+, Ga3+, or In3+ as inorganic cation. The
Al and Ga structures are polar, as confirmed by second-
harmonic generation microscopy, yielding stable NLO materials.
Indeed, they contain a 22−36% surplus of the dipolar 2-amino-
5-nitro-terephthalate oriented in a parallel fashion. The indium compound was shown to be less crystalline and centrosymmetric.
Ab initio modeling of the second-order NLO response shows that the Al and Ga materials show a response comparable to typical
inorganic commercial NLO materials such as KDP. As a hybrid material, capable of low-temperature synthesis and processing
and the ultrafast NLO responses associated with organic materials, this material can potentially provide an interesting venue for
applications with respect to traditional inorganic NLO materials.

■ INTRODUCTION
Polar crystalline materials can be used for a wide range of
applications because they possess characteristics such as
piezoelectricity, pyroelectricity, second-order nonlinear optical
(SONLO) activity, and, in the case of reversible polarity,
ferroelectricity.1−3 SONLO activity specifically can be applied
for telecommunication, information storage, optical switching,
and signal processing.4 Currently, mainly polar inorganic
materials are used in commercial applications. However,
inorganics have several limitations, with the limitations
depending on the envisioned application.5 A general limitation
of inorganic crystals is that their properties can hardly be fine-
tuned through chemical synthesis. Organic materials, on the
contrary, are tunable and can be processed in more versatile
ways.5,6 However, organic polar molecules have the disadvant-
age of typically crystallizing in an antiparallel orientation due to
the optimization of dipole−dipole interactions, which cancels
the overall dipole moment.5,7,8 To achieve polar alignment of
the organic entities, methods such as poling of polymers,
Langmuir−Blodgett films, or self-assembled monolayers are
required.9−14 Crystal engineering methods can also be used to
bypass the problem of centrosymmetric organization in organic

materials. This is achieved by, for example, crystallization of
chiral compounds15 or by cocrystallization with chiral
components resulting in noncentrosymmetric poly-
morphs.16−18

Metal−organic frameworks (MOFs) or porous coordination
polymers (PCPs) are a promising category of materials that are
highly tunable and that can circumvent the tendency of organic
molecules to organize in a nonpolar fashion.5 MOFs are porous
hybrid materials composed of metal ions or metal clusters and
organic linkers. MOFs are tunable because the metal nodes can
be varied, the organic linkers can be chemically engineered, and
the adsorbates in the pores can be exchanged. Polar
organization in MOFs can be attained via several strategies. A
first strategy to obtain noncentrosymmetric and potentially
polar MOFs is to choose a metal−organic coordination bond
geometry that does not allow centrosymmetric organization.
Typical examples of this strategy are diamonoid frameworks7,19

and MOFs with nicotinate as a linker.20 As a second strategy,
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polar linkers can potentially organize in a polar fashion due to
optimal interactions and steric hindrance keeping the linkers in
place. An example of this strategy is the insertion of 2-
aminoterephtalate in MIL-53.21 A third strategy to obtain
polarity in MOFs is via polar ordering of guest species in the
frameworks’ pores, as seen in perovskite structure type MOFs,
where nitrogen-containing cations are ordered in a polar way in
the cavities.22−25 Also, neutral polar species, such as water, can
organize in a polar fashion in MOFs.26,27 A fourth strategy to
create polar MOFs is the incorporation of an electronegative
ion in the framework structure. An example exploiting this
strategy is the fluoride doping of MIL-53(Fe), which, together
with the guest molecules, results in polar organization.28

In this research, we want to incorporate the well-studied
polar p-nitroaniline (PNA) motif in a MOF to potentially
organize the linker in a polar organization that can be
maintained. The organic PNA molecule is the poster-child
polar push−pull molecule for second-order nonlinear optics,
generating frequency doubled light. However, crystallization of
the molecule leads to the aforementioned antiparallel
organization, removing the polarity.29,30 To obtain a polar
material benefiting from the SONLO properties of PNA,
researchers successfully adsorbed PNA molecules into zeolites,
leading to overall polarity.31−36 However, zeolites have limited
chemical modification and processing possibilities. MOFs can
alleviate these issues, as they offer tunability, combined with
ease of processing and the possibility to obtain polarity. In
addition, when a flexible framework such as MIL-53 is chosen,
opportunities arise to fine-tune the polarization by variation of
the pore openings. In this contribution, for the first time, a
polar organization of the well known PNA motif was created
via the strategy of creating a linker carrying the PNA motif and
incorporating it in several MIL-53 frameworks, yielding highly
stable polar and second-order nonlinear optically active
materials.

■ EXPERIMENTAL SECTION
Synthesis. The chemicals used for the synthesis were

commercially available and were used without further
purification. Gallium and indium salts were purchased at
ABCR and used as received. The 2-amino-5-nitroterephthalic
acid (H2BDC-NH2/NO2) linker was synthesized by a three-
step synthesis procedure based on literature published by Skibo
et al.37 Following the literature procedure, starting with the
hydrolysis of dimethyl aminoterephthalate to 2-aminotereph-
thalic acid, the product was reacted with formamide (HC(O)-
NH2) to give 2-formamido terephthalic acid. After nitration of
this intermediate, the final H2BDC-NH2/NO2 linker was
obtained by deprotection. Following the synthesis procedure,
single crystals of 2-amino-5-nitroterephthalic acid could be
obtained after recrystallization from hot water. The purity of
the H2BDC-NH2/NO2 linker was confirmed by 1H NMR
spectroscopy. More details of the synthesis and characterization
can be found in the Supporting Information (SI) (Figures S1−
S5). A flowchart displaying synthesis pathways, sample
treatments and corresponding sample names is shown in
Figure 1.
Using three different metals (aluminum, gallium, indium),

discovery and synthesis optimization of MIL-53 frameworks
was carried out employing our 24-high-throughput (HT)
reactor system for solvothermal reactions, allowing a fast and
efficient determination of optimal reaction parameters.38−41

The reactor system contains custom-made Teflon reaction

vessels with a maximum volume of 2 mL. For our M3+/
H2BDC-NH2/NO2/solvent/additive (M = Al, Ga, In) system
the following parameters were investigated: the molar ratio
M3+:H2BDC-NH2/NO2, reaction solvents, volumetric ratio of
solvent/water mixture, reaction temperature, reaction time,
reaction vessel size, and the addition of 2 M HNO3 or 2 M
NaOH solution. Detailed information on the reactions carried
out can be found in Tables S1−S4. MIL-53(Al)-NH2/NO2 was
synthesized by two different routes: one using DMF/H2O as
solvent and one with ethanol/H2O as solvent. MIL-53(Al)-
NH2/NO2 in DMF, denoted as MIL-53(Al)-NH2/NO2 (1),
was synthesized with the following optimized synthesis
conditions: To a mixture of 44.2 μL of 2 M AlCl3·6H2O
(88.4 μmol) in H2O and 20 mg 2-amino-5-nitroterephthalic
acid (H2BDC-NH2/NO2, 88.4 μmol), 60 μL of DMF (0.78
mmol), 32.5 μL of H2O (1.8 mmol), and 13.3 μL of 1 M
NaOH (13.3 μmol) in H2O were added to a 2 mL Teflon
reactor. The reactor was sealed carefully and heated to 150 °C
within 1 h, held at this temperature for 36 h, and then cooled to
room temperature within 1 h. The product was filtered off,
stirred in 10 mL of N,N-dimethylformamide (DMF) at room
temperature for 2 h, filtered off again, and dried under ambient
conditions. As an alternative route, MIL-53(Al)-NH2/NO2 was
prepared in ethanol, denoted as MIL-53(Al)-NH2/NO2 (2),
with the following optimized synthesis conditions: 21.4 mg of
AlCl3·6H2O (88.4 μmol), 20 mg of H2BDC-NH2/NO2, (88.4
μmol), 125 μL (2.1 mmol) of ethanol, and 25 μL (1.4 mmol)
of H2O were added in a 2 mL Teflon reactor. The reactor was
heated to 150 °C within 1 h, held at this temperature for 36 h,
and cooled to room temperature within 1 h. Obtained products
were filtered off and dried under ambient conditions.
Compound MIL-53(Ga)-NH2/NO2 (3) was synthesized with
the following optimized synthesis conditions: To a mixture of
21.4 μL of 2 M Ga(NO3)3·H2O (43 μmol) in H2O and 20 mg
H2BDC-NH2/NO2 (88.4 μmol), 60 μL of DMF (0.78 mmol),
25.8 μL of ethanol (0.44 mmol), and 20 μL of 1 M HNO3 (20
μmol) in H2O were added in a 2 mL Teflon reactor. The
reactor was sealed carefully and heated to 150 °C within 1 h,
held at this temperature for 16 h, and then cooled to room
temperature within 1 h. The product was filtered off and dried
under ambient conditions. Compound MIL-53(In)-NH2/NO2
(4) was synthesized with the following optimized synthesis
conditions: To a mixture of 44.2 μL of 2 M In(NO3)3·H2O
(88.4 μmol) in DMF and 10 mg H2BDC-NH2/NO2 (44.2
μmol), 85.8 μL of DMF (1.12 mmol) and 20 μL of ethanol

Figure 1. Flowchart of experiments showing synthesis pathways,
sample treatments, and corresponding sample names.
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(0.34 mmol) were added in a 2 mL Teflon reactor. The reactor
was sealed carefully and heated to 150 °C within 1 h, held at
this temperature for 16 h, and then cooled to room
temperature within 1 h. The product was filtered off and
dried under ambient conditions.
Thermal Activation. Prior to the sorption experiments the

samples 1−4 were activated at 200 °C for 16 h under reduced
pressure (10−2 kPa). For MIL-53(Al)-NH2/NO2 (1) this
activation procedure was carried out twice, ultimately resulting
in MIL-53(Al)-NH2/NO2_vnp (5), the very narrow pore form
of MIL-53(Al)-NH2/NO2 (1).
Structural Characterization. The high-throughput PXRD

measurements were performed in transmission geometry using
a STOE HT diffractometer equipped with a xy stage and an
image plate detector system (Cu Kα1 radiation). Collection of
high-resolution powder diffraction data was performed with a
STOE Stadi-P powder diffractometer equipped with a
MYTHEN1K detector system (Cu Kα1 radiation). Single-
crystal X-ray diffraction data were collected on a Bruker P4
diffractometer equipped with a IPSD detector using Mo Kα

radiation. The structural models for the Rietveld refinement for
MIL-53(Al)-NH2/NO2 (1) and MIL-53(Ga)-NH2/NO2 (3)
were obtained as follows: The cell parameters were obtained by
indexing laboratory high-resolution X-ray powder diffraction
data using TOPAS Academic v4.1,42 indicating strong similarity
of the title compound with the hydrated form of Al-MIL-53-
np.43 Using the Accelrys Materials Studio 4.1 software package,
the BDC2− molecule in MIL-53 was exchanged by BDC-NH2/
NO2

2−.44 The lattice parameters were fixed to the exper-
imentally determined values, and energy minimization calcu-
lations were carried out using the universal force-field (UFF) as
implemented in the Forcite module of Materials Studio.44

General Characterization. Scanning electron microscopy
(SEM) images were recorded on a JSM-6010PLUS/LA
instrument from JEOL after sputter coating with palladium−
gold. 1H NMR spectroscopy was carried out on a Bruker DRX
500 at 200 MHz. Thermogravimetric analyses were performed
using a NETZSCH STA 409 CD analyzer. The samples were
heated in Al2O3 crucibles at a rate of 4 K min−1 under a flow of
synthetic air (75 mL·min−1). The TG data were corrected for
buoyancy and current effects. A HEKAtech Euro Elemental
Analyzer was used for elemental analysis. Sorption experiments
were carried out using a Belsorp-max instrument (BEL
JAPAN). The characterization of the compounds was carried
out using as-synthesized (for 2 to 4) or washed samples (for 1).
SONLO Measurements. The compounds were always

measured in their as-synthesized form, unless mentioned
otherwise. Second harmonic generation (SHG) scanning
microscopy images were recorded on a multiphoton laser
scanning microscope (FV1200MPE, BX61WI frame, Olympus)
in transmission mode. The microscope was equipped with a
50× long working distance objective (SLMPlan N, NA = 0.35,
Olympus) and a visible-light condenser (NA = 0.9, Olympus).
To select the 400 nm SHG light a dichroic mirror and band-
pass filter combination was used (T425lpxr-et405/10bp of
Chroma). As the laser source, a femtosecond tunable laser
operating at a wavelength of 800 nm was used (∼100 fs pulse
duration, 80 MHz pulse rate) (Insight DeepSee, Spectra-
Physics). The laser light was linearly polarized using a Glan-
Taylor polarizer, and the plane of polarization was controlled
via a zero-order half-wave plate from Thorlabs. The
quantification of the second-order NLO activity was done
using a customized inverted wide-field SHG microscope (IX71

frame, Olympus), which operates in transmission mode. To be
able to consider the incident light as a collimated beam, a long
focal length lens ( f = 75 mm, NA = 0.013) was used. Images
were formed by a 15× long working distance objective (LMU-
15×-NUV, NA = 0.32, Thorlabs) and recorded with an EM-
CCD camera (Hamamatsu). To select the 400 nm SHG light a
filter set consisting of a bandpass filter (BG39, 2 mm, Schott)
and an interference filter (F10-100, center wavelength 400 nm,
fwhm 10 nm, Melles Griot) was used. As the laser source, a
Ti:sapphire laser operating at a wavelength of 800 nm was used
(∼100 fs pulse duration, 80 MHz pulse rate) (Tsunami,
Spectra-Physics) combined with a pump laser (Millenia Pro,
Spectra-Physics). The laser light was linearly polarized using a
Glan-Taylor polarizer, and the plane of polarization was
controlled via a zero-order half-wave plate from Thorlabs. All
SHG images were processed with ImageJ and Fiji software.

Multiscale Ab Initio/Local Field Theory Calculations
to Determine ⟨deff⟩. For both MIL-53(Al)-NH2/NO2 and
MIL-53(Ga)-NH2/NO2 compounds two crystal phases (A and
C, see Figure 4) were considered in the calculations for ⟨deff⟩.
These phases (as well as vnp MIL-53(Al)-NH2) were first
considered as independent pure phases for geometry
optimization using periodic boundary conditions (PBC) within
the CRYSTAL14 package.45,46 The optimizations were
performed at the density functional theory (DFT) level of
theory with the B3LYP exchange-correlation functional and the
6-31G(d,p) basis set. Only the fractional coordinates were
optimized with the cell parameters kept fixed at their
experimental values. Using these optimized geometries, the
calculations of the molecular properties, the polarizability, α,
and the first hyperpolarizability, β, were performed for the
individual cations and anions within their embedding crystal
field. These fields were simulated with a 100 Å radius sphere of
Mulliken point charges obtained from PBC/B3LYP calculations
at the optimized crystal geometries.47 The static (λ = ∞)
responses were computed at the second-order Møller−Plesset
(MP2) level of theory with 6-311++G(d,p) basis set. The
dynamic MP2 responses were then calculated following a
multiplicative approximation that combines static and dynamic
B3LYP/6-311++G(d,p) responses to describe frequency
dispersion.48 All of the molecular property calculations were
performed with Gaussian09 software.49 Using the molecular
properties, the linear susceptibilities, χ(1), and therefore the
refractive indices, n, and the second-order nonlinear suscepti-
bilities, χ(2), were then calculated by employing the local field
theory (LFT) methodology,50−55 recently applied to MOFs.48

Finally, the effective values, ⟨deff⟩, were evaluated after
accounting for the weights of the different crystal forms for
phase-matching conditions as well as for the averaging over all
light polarization orientations with respect to the crystal grains.
The deff values are related to the χ(2) tensors by the following
equation

ω χ ω ω= · × Δ
≡

⎜ ⎟⎛
⎝

⎞
⎠d e e e c

k r1
2

(2 ) : ( ) ( ) sin
2i j keff

(2)

(1)

where ei, ej, and ek are the light-wave polarization vectors, r is

the optical path length (symbolizing the grain size in the
calculation), and

π
λ

Δ = Δ Δ = − −ω ω ωk n n n n n
2

; 2 2
1 2 3

(2)
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is the phase mismatch related to the difference of refractive
indices. The indices 1, 2, and 3 in Equation 2 refer the crystal
axes. Equation 1 accounts for (i) the biaxial nature of the crystal
and the fact that nonpolarized light beams split into two
perpendicularly polarized [called (+) and (−)] beams
propagating at different speeds and for (ii) the interaction
between the incident light at fundamental frequency [(+) or
(−)] and the generated light [also (+) or (−)] at twice its
frequency. Finally, all possible orientations of the light-wave
polarizations with respect to the crystal grains, defined by the
polar angles (θ, ϕ), are taken into account to estimate the
average ⟨deff⟩ quantities. More details of the whole multiscale
method, including the evaluation of the local field, the
treatment of the frequency dependence of the linear and
nonlinear responses,48,56 and the selection of the charges to
describe the in-crystal polarization field47 are provided in the SI.

■ RESULTS AND DISCUSSION
For our purpose to create functional polar crystals by
incorporation of the PNA motif into a MOF, we started by
designing a suitable linker molecule. As the aimed framework
structure, we chose MIL-53 because the flexibility of the
framework can potentially allow fine-tuning of the polarization
by variation of the pore opening. For the linker molecule to
benefit from similar polar and SONLO properties as PNA, the
linker was designed containing an extended π-conjugated
system with amino and nitro donor and acceptor groups. To
ensure that the linker can form metal coordination bonds to
create a MIL-53 framework, opposing carboxylate ends were
added to the aromatic ring. This resulted in the 2-amino-5-
nitroterephthalic acid (H2BDC-NH2/NO2) molecule (Figure
2).

After successful synthesis of the 2-amino-5-nitroterephthalic
acid linker (Figures S1−S5), three different metals were used as
the nodes to build up the aimed MIL-53 frameworks:
aluminum, gallium, and indium. All frameworks were
synthesized with DMF/H2O as the solvent, and for the
aluminum MOF also a synthesis in ethanol/H2O was tested.
The resulting synthesized compounds are denoted as follows:
MIL-53(Al)-NH2/NO2 (1) for the aluminum compound
synthesized in DMF, MIL-53(Al)-NH2/NO2 (2) for the
aluminum compound synthesized in ethanol, MIL-53(Ga)-
NH2/NO2 (3) for the gallium compound synthesized in DMF,
and MIL-53(In)-NH2/NO2 (4) for the indium compound
synthesized in DMF. The syntheses of the aluminum
compounds 1 and 2 both resulted in microcrystalline powders,
with the crystals from the DMF synthesis (1) having a more or
less rectangular shape with lengths around 10 μm and
thicknesses around 2 μm or a cubic shape between 0.5 and 2
μm in size (Figure 3a). The synthesis of the aluminum
compound in ethanol (2) resulted in longer (between 10 and
50 μm) and thicker (∼8 μm) crystals than the DMF synthesis
(Figure 3b). The gallium compound 3 was also obtained as a

microcrystalline powder, seemingly composed of aggregates of
rectangular crystals grown alongside each other, with the larger
aggregates having a length between 20 and 30 μm and a
thickness around 20 μm (Figure 3c). The indium compound 4
appeared to be less crystalline, as the PXRD pattern did exhibit
fewer well-resolved reflections (Figure 3d and Figure S10
PXRD). Additional SEM images can be found in the SI
(Figures S17−S20).

Crystal Structures. To determine whether the crystal
structures of compounds 1−4 are polar, PXRD measurements
were performed to refine the structures using the Rietveld
method because the compounds could only be obtained as
microcrystalline powders. MIL-53(Al)-NH2/NO2 (1) and
MIL-53(Ga)-NH2/NO2 (3) were confirmed to crystallize in
the polar monoclinic space group Cc (Figures S6 and S8,
containing Rietveld and Pawley refinements). The pattern of
MIL-53(Al)-NH2/NO2 (2) exhibited fewer well-resolved
reflections (Figure S7) and therefore a reliable refinement by
Rietveld methods was not possible. However, corresponding to
the Pawley refinements, the cell parameters of MIL-53(Al)-
NH2/NO2 (2) hardly differ from those of MIL-53(Al)-NH2/
NO2 (1) (Table 1). Because of the lower crystallinity of MIL-
53(In)-NH2/NO2 (4), only the cell parameters could be
obtained via indexing the powder pattern and refining them
using the Pawley method (Figure S10). Because no structural
refinement was possible, the indium compound could not be
unambiguously assigned to a centrosymmetric or noncentro-
symmetric space group. The crystallographic data of the
different MIL-53-NH2/NO2 compounds are summarized in
Table 1.
According to the results of the Rietveld refinement,

structures 1, 2, and 3 are disordered and hence have multiple
linker alignments. Therefore, ab initio calculations were
performed to optimize potential framework models. As all
carbon atoms of the aromatic ring are crystallographically
independent in the observed noncentrosymmetric space group,
depending on the substitution pattern of the linker, four
different possible orientations result for the periodic crystal
structure. This leads to four models, as shown in Figure 4, each
containing one orientation of amino and nitro groups. Note

Figure 2. 2-amino-5-nitroterephthalic acid (H2BDC-NH2/NO2) linker
molecule.

Figure 3. SEM images of H2BDC-NH2/NO2 containing MOFs: (a)
MIL-53(Al)-NH2/NO2 (1), (b) MIL-53(Al)-NH2/NO2 (2), (c) MIL-
53(Ga)-NH2/NO2 (3), and (d) MIL-53(In)-NH2/NO2 (4). Note that
the first image has a scale bar of 10 μm, whereas the other images have
a scale bar of 50 μm.
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that Figure 4 represents only a 2D projection of the linker; in
the 3D framework the linker molecules are fixed regarding
orientation, and thus four different polymorphs can be
observed.
Consecutively, PXRD patterns were simulated from these

models and compared against the Rietveld refinements of the
experimental PXRD data. The comparison revealed that two of
these models were reasonably well matching the experimental
PXRD data, namely, phases A and C. As a last step, the
occurrence of combinations of phase A and C was considered.
The phase percentages were obtained by refining the
occupancy factors and led to the conclusion that the A phase
is present in excess over the C phase, which represents its
oppositely oriented counterpart, respectively. Optimization of
the MIL-53(Al)-NH2/NO2 (1) structure resulted in the
prediction of a 61:39 ratio of phases A and C (respectively)
of linker organization (Figure 5). For MIL-53(Al)-NH2/NO2
(2) the modeling procedure could not be performed, as a
reliable Rietveld refinement was not possible for the
experimental PXRD pattern. For MIL-53(Ga)-NH2/NO2 (3)
a 68:32 ratio of phases A and C (respectively) of linker
organization resulted in the best fit with the experimental
PXRD patterns (Figures S8 and S9).
Additional Characterization. To further characterize the

new MIL-53-NH2/NO2 compounds, the composition and
thermal stability of 1−4 were verified by elemental analysis and
TG measurements. All samples are stable up to ca. 300 °C, and
up to this temperature occluded solvent molecules are removed
from the framework (Figures S13−S15). The thermal stability
is in the same range as known for other as-synthesized
functionalized MIL-53 derivatives (−Cl, −Br, CH3, NO2,
−NH2, −OH).

57 The sum formulas of the compounds deduced

from the TG measurements are in good agreement with the
values obtained by elemental analyses (Table S6). Solution 1H
NMR spectra show that 15% of the amino groups of 2 were
ethylated during synthesis (Figures S21−S23). Because there is
a large interest for the use of MOFs in sorption applications,
the sorption properties of the new MIL-53 compounds 1−4
were also assessed. Prior to the sorption experiments all
samples were activated by means of a temperature treatment to
remove the guest molecules. Nitrogen sorption measurements
reveal a Type I isotherm for MIL-53(Al)-NH2/NO2 (1), with a
specific surface area (BET) of as,BET = 287 m2g−1 and a
micropore volume of Vmic,BET = 0.11 cm3g−1 (Figure S24).
When MIL-53(Al)-NH2/NO2 (1) was subjected to two
consecutive activation treatments instead of one treatment, a
very narrow pore form of MIL-53(Al)-NH2/NO2 (1) was
achieved (Figure 1), as shown by the PXRD pattern (Figure
S11; Table S5) and denoted as MIL-53(Al)-NH2/NO2_vnp
(5).58 One activation cycle probably leads to an incomplete
removal of the occluded solvent molecules and the channels of

Table 1. Crystallographic Data of the Title Compounds

MIL-53(Al)-NH2/NO2 (1) MIL-53(Al)-NH2/NO2 (2) MIL-53(Ga)-NH2/NO2 (3) MIL-53(In)-NH2/NO2 (4)

formula sum [Al(OH)(BDC-NH2/NO2)] [Al(OH)(BDC-NH2/NO2)] [Ga(OH)(BDC-NH2/NO2)] [In(OH)(BDC-NH2/NO2)]

method Rietveld Pawley Rietveld Pawley
wavelength Cu Kα1 Cu Kα1 Cu Kα1 Cu Kα1

a/Å 17.5669(8) 17.565(5) 17.460(1) 16.870(8)
b/Å 13.3691(7) 13.469(3) 14.1006(7) 13.948(7)
c/Å 6.6105(2) 6.616(2) 6.7350(2) 7.235(4)
β/deg 112.125(3) 112.273(8) 112.712(6) 90
spacegroup Cc Cc Cc Imam or Ima2
Rwp (%) 5.57 3.79 7.41 4.20
RBragg (%) 1.56 2.81
GoF 2.11 1.74 2.00 1.54

Figure 4. Different positions of the amino and nitro groups in the
BCD2− anion postulated in the MIL-53-(Al)-NH2/NO2 structure.

Figure 5. Crystal structure of MIL-53(Al)-NH2/NO2 (1) along [001].
The disorder (above) of the linker molecules in the structure contains
61% of the NO2 groups of the linker molecules showing out of the
plane and 39% pointing in plane. Carbon atoms are shown in gray,
oxygen in red, nitrogen in blue and AlO6 polyhedra in orange.
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the flexible framework remain accessible. Two activation cycles
fully remove all guest molecules, which leads to a framework
contraction, most likely induced by attractive forces between
adjacent linker molecules. These intraframework interactions
are apparently exceeded by host−guest interactions in the
solvent-filled MOF. Nitrogen sorption measurements for this
very narrow pore form 5 show that the values reduce to as,BET =
92 m2 g−1 and Vmic,BET = 0.04 cm3 g−1. Immersion of the very
narrow pore compound 5 in DMF results in a re-establishment
of the structure to the as-synthesized MIL-53(Al)-NH2/NO2
(1) structure with the wider pores (Figure S12). Additionally,
water, CO2, and hydrogen sorption experiments were
performed on compound 1 (Figures S25−S27), starting from
the sample that received one activation treatment. The
measurements reveal a very hydrophilic character of compound
1, with a total uptake of 12 wt % H2O (at 1 bar and 298 K),
whereas 9 wt % of CO2 (1 bar, 298 K) and 0.7 wt % of
hydrogen (1 bar, 77 K) can be adsorbed. The uptake of CO2 of
ca. 90 mg/g in MIL-53(Al)-NH2/NO2 (1) is comparable to the
reported uptake of MIL-53(Al) of ∼106 mg/g and MIL-
53(Al)-NH2 of ∼98.6 mg/g.59,60 Compounds 2−4 did not
show any uptake of N2; therefore, no other types of sorption
measurements were carried out for these compounds.
Second Harmonic Generation Activity. The PXRD

refinements revealed that polar symmetries are achieved due to
a net polar organization of the linkers in compounds MIL-
53(Al)-NH2/NO2 (1), MIL-53(Al)-NH2/NO2 (2), and MIL-
53(Ga)-NH2/NO2 (3). Because polar materials can display
interesting second harmonic generation (SHG) activity, the
occurrence of SHG was probed locally through SHG
microscopy on single crystals of the compounds.
SHG is a nonlinear optical process, taking place when high-

intensity laser light interacts with materials possessing a
noncentrosymmetric organization.61 This noncentrosymmetric
requirement for SHG to occur is a consequence of the nature of
the process. The SHG process converts the energy and
momentum of two photons into one photon with doubled
frequency, by a coherent process, meaning phase relations
between the photons are important. By consequence,
destructive interference of SHG occurs in centrosymmetric
organized materials, as the related third-rank tensor for the
second-order nonlinear susceptibility χ(2) becomes zero. For
noncentrosymmetric organizations, constructive interference of
the SHG process occurs, and an SHG signal can be detected.
Therefore, SHG microscopy can be used as a tool to distinguish
noncentrosymmetric from centrosymmetric organizations. In
our case, this allows us to locally probe areas in the crystals
where noncentrosymmetric linker alignments are occurring.
Complementary to the SHG images, two-photon fluores-

cence (2PF) images were recorded. Two-photon fluorescence
also is a nonlinear optical process, taking place when
fluorophores are irradiated with high-intensity laser light.61 In
2PF, two photons nearly simultaneously excite a fluorophore,
which, in turn, emits a fluorescence photon. The process is an
incoherent process because the excitation and emission events
are separated in time and phase relations between the emitted
versus exciting photons are absent. Because there is no
symmetry requirement for the process to occur, fluorophores
can be visualized regardless of their organization.62 In our case,
the linker with PNA motif acts as the fluorophore. By
comparing SHG and 2PF images, areas with noncentrosym-
metric linker organizations (visible in both SHG and 2PF

images) can be distinguished from areas with random linker
organizations (only visible in 2PF images).
From Figure 6 it is clear that compounds MIL-53(Al)-NH2/

NO2 (1), MIL-53(Al)-NH2/NO2 (2), and MIL-53(Ga)-NH2/

NO2 (3) contain areas displaying SHG activity. Those areas
thus contain noncentrosymmetric linker organizations, more
specifically polar alignments, as determined by the PXRD
refinements. Comparison of SHG and 2PF images clearly
shows that the two-photon fluorescence signal is more
homogeneously distributed than the SHG signal. This means
that an overall polar linker organization is not present
throughout the entire crystals. In contrast with compounds
1−3, MIL-53(In)-NH2/NO2 (4) does not display SHG activity
(Figure S30). Apart from the non-SHG active powder, a single
particle shows SHG activity in the image. This is likely due to
an impurity or minority phase. The apolar symmetry of the
indium compound can be explained by the larger M−O
distances in the MOF in comparison with the Al and Ga
compounds (Al−O: 1.8 to 1.9 Å;43 Ga−O: 1.8 to 2.0 Å;63 In−
O: 2.1 to 2.2 Å64), which allow a possible rotation, and hence
randomization, of the linker molecules.
To quantify the SHG activity of compounds 1−3, the

effective second-order nonlinear optical coefficient ⟨deff⟩ was
determined experimentally for each compound. The ⟨deff⟩ value
of a material represents the average SHG activity of a collection
of crystals of the material, oriented differently in the
measurements’ coordinate system. Averaging over all orienta-
tions allows quantification of the SHG activity of materials for
which measurements along a specific crystal axis are not
straightforward, as is the case for small crystals. To obtain an
absolute value for ⟨deff⟩, the sample crystals are measured

Figure 6. From left to right: optical, two-photon fluorescence, and
second-harmonic generation images. From top to bottom: as
synthesized MIL-53(Al)-NH2/NO2 (1), MIL-53(Al)-NH2/NO2 (2),
and MIL-53(Ga)-NH2/NO2 (3). The SHG images display the average
intensity of linearly polarized laser light, calculated over 60 images,
each image being 3° apart in polarization direction of the incident
polarized beam. The scale bars indicate a distance of 10 μm for each
image.
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against a reference crystal, of which the d value is known (in
our case a BBO crystal was used as the reference). Using the
⟨deff⟩ value for the quantification of the SHG activity of a
compound, differences in crystal size and refractive index are
taken into account.65 A detailed description of the ⟨deff⟩
calculation is given in the SI. The experimentally determined
⟨deff⟩ values of compounds 1−3 are summarized in Table 2.

For the aluminum compound 1 and the gallium compound
3, equal ⟨deff⟩ values were measured (0.02 pm·V−1). The
aluminum compound synthesized in ethanol 2 displayed a
higher SHG activity, with a ⟨deff⟩ value of 0.05 pm·V−1. An
explanation for the higher SHG activity of this compound could
be a higher A/C fraction (Figure 4), which would lead to more
noncentrosymmetrically organized linkers. However, as men-
tioned previously, we could not determine the A/C fraction for
compound 2 through structure refinements, as a reliable
structure refinement was not possible for this compound.
Comparing the ⟨deff⟩ values of the MIL-53-NH2/NO2 MOFs

1−3 with the reported ⟨deff⟩ value of MIL-53(Al)-NH2 (0.05 ±
0.02 pm V−1),21 for which the terephthalic acid linker is
functionalized solely with an amino group, it can be concluded
that the SHG activities are in the same range, despite their
differences in linker functionalization. This seems counter-
intuitive, as a higher SHG activity for the compounds with the
amino/nitro functionalized linkers could be expected because
this linker possesses a more efficient donor−acceptor system,
resulting in a higher hyperpolarizability, which could lead to a
higher SHG activity. However, an important determining factor
of the SHG efficiency is how the linkers are organized in the
crystal structure. The occurrence of several phases of linker
organization can lead to (partial) cancellation of the SHG
activity. Additionally, MIL-53-NH2/NO2 and MIL-53(Al)-NH2
reabsorb the wavelength at which SHG is generated (400 nm)
most likely to a different extent (see Figure S34 and ref 66). In
fact, a rough estimate of the amount of reabsorbed SHG-light is
calculated in the SI for a crystal containing the PNA motif, with
the same linker density as for MIL-53(Al)-NH2/NO2 (1) and a
height of 2 μm. This estimation predicts a transmittance of only
2.1 × 10−4% of generated 400 nm SHG light through the

sample. Whereas the calculation is based on the extinction
coefficient of PNA in water, rather than 2-amino-5-nitro-
terephthalate build into MIL-53, the majority of the generated
SH-light can be expected to be reabsorbed by the MIL-53(Al)-
NH2/NO2. To gain more insight into the differences between
the MIL-53-NH2/NO2 compounds and the previously reported
MIL-53(Al)-NH2 compound, they need to be investigated off-
resonance, which is also directly relevant for NLO applications.
Hence we theoretically determined the ⟨deff⟩ values using ab
initio calculations on the crystal structures in the next section.

Analysis of MIL-53(Al)-NH2/NO2 (1), MIL-53(Ga)-NH2/
NO2 (3), and MIL-53(Al)-NH2 SHG Activity by Ab Initio
Calculations. Multiscale numerical simulations were carried
out to predict and interpret the ⟨deff⟩ values of MIL-53(Al)-
NH2/NO2 (1), MIL-53(Ga)-NH2/NO2 (3), and MIL-53(Al)-
NH2. To account for the occurrence of a combination of A and
C linker phases in compounds MIL-53(Al)-NH2/NO2 (1) and
MIL-53(Ga)-NH2/NO2 (3), first the χ(1) and χ(2) tensors for
the pure phases of linker organization A and C were calculated.
Consecutively, the final χ(1) and χ(2) tensors were obtained by
accounting for the A/C phase ratios, as determined from the
powder diffraction refinement, that is, 61:39 for MIL-53(Al)-
NH2/NO2 (1) and 68:32 for MIL-53(Ga)-NH2/NO2 (3).
The resulting χ(1) and χ(2) tensors and ⟨deff⟩ values for MIL-

53(Al)-NH2/NO2, MIL-53(Ga)-NH2/NO2, and MIL-53(Al)-
NH2 are presented in Table 3 (See also the SI for additional
data on the refractive indices as well as linear and nonlinear
responses for other incident wavelengths, Tables S7 and S8). It

is clear that the χijk
(2) tensors for the pure A and C phases are

almost equal in magnitude but opposite in sign, especially for
the aluminum compound MIL-53(Al)-NH2/NO2 (1). This
means that the SHG-generating part (mostly the organic
linker) is practically oriented antiparallel in phase A versus
phase C. Moreover, if a material would contain equal amounts
of phases A and C, on a scale below the diffraction limit, then
practically no SHG would be generated, as the phases would
cancel each other out. Because MIL-53(Al)-NH2/NO2 (1) and
MIL-53(Ga)-NH2/NO2 (3) were experimentally found to
contain, respectively, 61:39 and 68:32 ratios of phases A:C, the
tensor components and therefore also the SHG activity are not
completely canceled out, but the values are lower than those of
the pure phases. Considering the largest χ(2) tensor
components of the pure phases, this reduction attains a factor
of 4 to 5 for M = Al and 2 to 3 for M = Ga. Still, relatively high

maximum χijk
(2) tensor components are found for the

Table 2. Experimental ⟨deff⟩ Values

⟨deff⟩ (pm V−1)

MIL-53-(Al)-NH2/NO2 (1) 0.02 ± 0.01
MIL-53-(Al)-NH2/NO2 (2) 0.05 ± 0.02
MIL-53-(Ga)-NH2/NO2 (3) 0.02 ± 0.01

Table 3. MP2/LFT Results for MIL-53(Al)-NH2/NO2, MIL-53(Ga)-NH2/NO2, and MIL-53(Al)-NH2 (in the very narrow pore
phase) Calculated for an Incident Wavelength of 1064 nm (Selected χ(2) Tensor Components (in pm V−1) and ⟨deff⟩ (in pm
V−1))a

⟨deff⟩ ⟨deff⟩ ⟨deff⟩

compound/phase χ333
(2) χ111

(2) χ133
(2) χ113

(2) r = 0 μm r = 3 μm r = 10 μm

MIL-53(Al)-NH2/NO2 Phase A 133.9 −1.5 −16.3 −2.1 3.409 0.583 0.215
MIL-53(Al)-NH2/NO2 Phase C −134.2 1.5 16.2 2.1 3.394 0.576 0.212
MIL-53(Al)-NH2/NO2 A/C (61:39) 29.3 −0.3 −3.6 −0.5 0.751 0.131 0.048
MIL-53(Ga)-NH2/NO2 Phase A −4.4 222.2 −6.9 13.3 2.952 0.541 0.209
MIL-53(Ga)-NH2/NO2 Phase C 4.3 −147.1 7.0 −4.9 3.089 0.828 0.332
MIL-53(Ga)-NH2/NO2 A/C (68:32) −1.3 105.0 −3.2 1.9 1.221 0.272 0.107
MIL-53(Al)-NH2 (vnp) 6.2 −15.8 −6.6 −2.6 2.130 0.440 0.178

aFor MIL-53(M)-NH2/NO2, results are listed for the pure A and C phases as well as for the A:C ratios obtained from PXRD analysis.
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compounds containing mixed phases: 29.3 pm V−1 for χ333
(2) (M

= Al) and 105.0 pm V−1 for χ111
(2) (M = Ga).

However, when calculating the ⟨deff⟩ values for the mixed
compounds, the responses are strongly reduced, and this effect
is enhanced when combined with the phase mismatch factor.
These two effects can be analyzed separately by considering
first the results for a hypothetical zero grain size (r = 0 in Table
3) because they include the averaging over the polar angles but
not the phase-matching effects and then the results for r = 3
and 10 μm, where both effects are accounted for.
First, when only averaging deff over the polar angles to get

⟨deff⟩, the SHG response drops by more than 1 order of
magnitude with respect to the dominant χ(2) tensor
components (see column r = 0 μm in Table 3). This reduction
is supported by the polar maps of deff(θ, ϕ) (Figure S31 of SI),
which highlight the (θ, ϕ) domains that result in large ⟨deff⟩(θ,
ϕ) values and the fact that many (θ, ϕ) domains are associated
with much smaller SHG responses. Then, while accounting for
the grain size, ⟨deff⟩ drops quite rapidly with r (Figure 7). For r
= 3 μm, the responses are already reduced by about one order
of magnitude with respect to the situation without phase
mismatch and by another factor of two to three when going
from r = 3 to 10 μm. Figures S32−S33 of the SI describe the
phase-matching effects on the polar maps of ⟨deff⟩(θ, ϕ) for r =
3 μm and r = 10 μm.

This ultimately leads to relatively low theoretical ⟨deff⟩ values
for MIL-53(Al)-NH2/NO2 (1) and MIL-53(Ga)-NH2/NO2
(3), with respect to the potential χ(2) or deff values if pure
phase compounds could be created. Then, these final ⟨deff⟩
results, that is, when incorporating for all effects, show that the
pure A and C phases of compound 1/2 and 3 are characterized
by larger values of ⟨deff⟩ than compound 4 and that the
differences between the A and C phases are larger for the Ga
derivative. The comparison of these results with the
experimental values also suggests that compound (2) is
characterized by a much more ordered structure and thus
higher χ(2) than compound 1.
The ⟨deff⟩ values for the optical path of 10 μm of the mixed

AC phases of compound (1)/(2) (0.048 pm V−1) and (3)
(0.107 pm V−1) and that of vnp structure of MIL-53(Al)-NH2
(0.178 pm V−1) compare quite well with experimental values

(0.02, 0.02, and 0.05 pm V−1, respectively). Although many
effects were accounted for in the calculations, several factors
need to be taken under consideration. First of all, the
polydispersity of the studied materials hinders a direct
comparison of the experimental value with single points (r
values) of Figure 7.
The second important factor is the absorption of the SH

signal and the associated resonance enhancement, larger in the
case of MIL-53(Al/Ga)-NH2/NO2 species than in the case of
the amino derivative. This could lead to a conclusion that the
final results obtained for MIL-53(Al/Ga)-NH2/NO2 are
somewhat underestimated and the true structure of these
materials does not disfavor the χ(2). Indeed, the overall values of
the phase-matched mixed A/C crystals (0.75 pm V−1 for Al and
1.22 pm V−1 for Ga compound) are comparable to those of
commercial inorganic NLO materials such as KDP (0.38−0.41
pm V−1 at 1064 nm), KTP (deff 1.7−3.5 pm V−1 at 800 nm) or
BBO (deff 1.76−1.83 pm V−1 at 800 nm).67 Moreover, the
calculated χ(2) tensors are considerable, which suggests that the
investigated materials are of potential interest.

■ CONCLUSIONS

For the first time a polar organization of the well known PNA
motif was achieved by incorporation of the motif in MOF
structures. To be able to incorporate the motif in several MIL-
53 MOFs, a linker was designed possessing an extended π-
conjugated system with amino donor- and nitro acceptor-
groups, as in PNA. Combining this linker with three different
cations as nodes (Al, Ga, In), several MIL-53 frameworks were
created. MIL-53(Al)-NH2/NO2 and MIL-53(Ga)-NH2/NO2
displayed a net polar and thus SHG-active organization of the
linkers, whereas the MIL-53(In)-NH2/NO2 compound did not
display SHG activity, indicating that no polar organization was
obtained.
The SHG activity of the aluminum and gallium compounds

was experimentally determined to be in the same range as that
of the previously reported MIL-53(Al)-NH2, where only an
amino donor group resides on the terephthalate linker. Ab
initio calculations revealed that while the terephthalate linker
with the amino and nitro functionalization is more NLO
efficient than the linker with sole amino functionalization, the
occurrence of multiple phases of linker organization in MIL-
53(M)-NH2/NO2 structures leads to partial cancellation of the
SHG activity. Therefore, the SHG activities of MIL-53(Al)-
NH2/NO2 and MIL-53(Ga)-NH2/NO2 lie in the same range as
that of MIL-53(Al)-NH2. Moreover, theoretical calculations
revealed that the SHG activity of the MIL-53(M)-NH2/NO2
structures decreases with increasing grain size and that for the
smallest grain size, where perfect phase matching occurs, the
theoretical SHG activity is comparable to that of commercial
inorganic NLO materials, such as KDP. This means that the
investigated materials are of potential interest.
This research shows that the creation of MOFs containing

linkers that mimic interesting SONLO properties of organic
molecules in their motif can be a promising strategy to obtain
functional polar crystals.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.7b09190.

Figure 7. Grain size dependence of the calculated ⟨deff⟩ values for
MIL-53(Al)-NH2/NO2, MIL-53(Ga)-NH2/NO2, and MIL-53(Al)-
NH2(vnp). For MIL-53(M)-NH2/NO2, results are listed for the
pure A and C phases as well as for the A:C ratios obtained from PXRD
analysis.
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