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Second harmonic generation microscopy reveals
hidden polar organization in fluoride doped
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Polar metal-organic frameworks have potential applications as functional non-linear optical, piezo-

electric, pyroelectric and ferroelectric materials. Using second harmonic generation microscopy we

found that fluoride doping of the microporous iron(i) terephthalate MOF MIL-53(Fe) induces a polar

organization in its structure, which was not previously detected with XRD. The polar order is only

observed when both fluoride and guest molecules are present, and may be related to a complex interplay

between the adsorbates and the framework, leading to a modification of the positioning of fluoride in the
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Introduction

Metal-organic frameworks (MOFs) or porous coordination
polymers (PCPs) are hybrid networks consisting of inorganic
metal nodes and organic linkers. One major advantage of
MOF materials is the tuneability of their properties by simply
altering their composition and topology. The most common
research areas for MOFs are in the fields of gas storage, separ-
ation processes and catalysis." Polar MOFs specifically have
potential applications as non-linear optical, piezoelectric, pyro-
electric and ferroelectric materials.”

Polarity can be introduced in MOFs in various ways: for
instance, the linkers themselves can be polar molecules, which
are then organized in a polar fashion so that the dipoles do
not cancel each other; typical examples are MOFs based on
nicotinate ligands and MIL-53 structures with polarly substi-
tuted terephthalate.>* Several perovskite-structure MOFs also
show polarity due to a polar ordering of the ammonium
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inorganic Fe-chains. Combined polarized second harmonic generation microscopy and scanning
pyroelectric microscopy show that the polar axis is unidirectional and of the same sense over the whole
crystal, extending up to 100 micrometers. This finding shows how MOF materials can be endowed with
useful properties by doping MOFs with fluoride.

cations in the perovskite cavities.>> Another strategy is via the
polar ordering of neutral guest species, e.g. water has been
reported as polar ferroelectric ice in a few MOFs.*” The poten-
tial role of modulators in introducing polarity in metal-
organic frameworks, either of the structure itself, or of the
adsorbates, has not yet been considered.

Modulators are reagents that are added to the MOF syn-
thesis mixture to improve the crystallinity and synthesis repro-
ducibility and to control crystal size and morphology.®
Modulators do not only alter the synthesis kinetics, but some,
like fluoride or acetate, which function according to the
coordination modulation mechanism, can also be incorpor-
ated into the crystal framework. Recent studies describe how
modulators induce modifications that change adsorption,
breathing, catalytic, electrochemical and thermoresponsive
properties of MOFs.”*® However, the effect of the incorporated
modulator on the framework structure is not always revealed
by X-ray Diffraction (XRD), which gives an averaged structural
model and hence is not sufficient to describe complex substi-
tution or disorder phenomena.

Here we investigate the influence of the addition of hydro-
fluoric acid (HF) on the polar properties of the microporous
iron(m) terephthalate MIL-53(Fe)."” Fluorine is very electro-
negative, which can be beneficial for the total magnitude of the
polarization of a structure. MIL-53 materials are renowned for
their “breathing” behaviour, being able to reversibly modify
their pore size upon the application of an external stimulus
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(temperature, pressure, adsorbate etc.).'® Overall, they are com-
posed of FeO,(OH), chains connected to organic terephthalate
linkers, forming lozenge shaped 1-D pores, which can open
and close upon guest molecule exchange without breaking of
coordinative bonds. Previous studies on MIL-53(Fe) have
shown that the addition of HF during the synthesis leads to
the partial substitution (20 + 5%) of the p,-OH bridges by
fluoride ions, which has been shown to influence the organiz-
ation of guest molecules, breathing behaviour, kinetics of
guest uptake and electrochemical behavior.”** Although the
inorganic skeleton remains the same, MIL-53(Fe) can have
different pore openings due to the breathing effect, corres-
ponding to triclinic, monoclinic or orthorhombic symmetries
in a centric or acentric space group, with the pore opening
depending on the adsorbed guest molecules and environ-
mental parameters.''°>" For example, with the electroactive
1,4-benzoquinone guest, the structure at room temperature is
monoclinic and centric (space group: P2,/c) whereas the pore
opening expands due to a flip-flop reorganization of the guest
molecules when heated at 140 °C in a sealed container and the
structure becomes acentric (space group: Pn2,a).”'

In this paper, we use Second Harmonic Generation (SHG)
microscopy to study the effect of the incorporation of fluoride
on the MIL-53(Fe) structure (MIL-53(Fe) = Fe(OH/F)(BDC)).
SHG microscopy has emerged as a novel technique to sensi-
tively probe organization in MOFs and zeolites.”>>* In the
process of SHG, the energy and momentum of two photons

Fig. 1 SEM images of MIL-53(Fe)[H,O] synthesized with (left) and
without HF (right). The scale bar at the bottom right indicates a length
of 20 ym.

Optical image SHG imae

Fe(OH/F)(BDC).[H,0]
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are combined into one photon with doubled frequency. Obser-
vation of such a nonlinear optical process indicates a non-
centrosymmetric system.>>?® SHG can provide structural infor-
mation on non-centrosymmetric systems that is complemen-
tary to XRD data.>”

Results and discussion

MIL-53(Fe) crystals with or without HF were synthesized (see
Experimental section). Previous work has proved that the syn-
thesis conditions used lead to a 20 + 5% replacement of the
OH groups by fluoride.’ > The SEM images in Fig. 1 show that
crystals with similar morphology and size were obtained
regardless of the presence of HF, therefore HF acts as a dopant
during synthesis rather than as a modulator. The XRD patterns
(in ESIT) match with those previously reported for each of the
synthesis methods employed.

Fig. 2 shows the SHG images of the hydrated forms of the
fluoride doped Fe(OH/F)(BDC)-[H,0] and non-doped Fe(OH)
(BDC)-[H,O] crystals alongside their optical images. It is clear
that crystals containing fluoride anions, significantly generate
SHG. In contrast, the non-doped Fe(OH)(BDC)-[H,O] does not
generate SHG, which is in agreement with the structural
model determined from X-ray powder diffraction (XRPD) data
in the centrosymmetric P2,/c space group, belonging to the
Con point group.’® The SHG signal of the fluorinated MOF
Fe(OH/F)(BDC)-[H,O] indicates the occurrence of an acentric
organization, which is not in agreement with the previously
reported structural model proposed in the centric C2/c space.
However, centric C2/c and acentric Cc space groups cannot be
distinguished from diffraction in terms of systematic extinc-
tions. Moreover, powder diffraction analysis relies on a large
assembly of crystallites: even if each crystal could be polar, if
there is an equal probability to get a polar arrangement in one
direction or the opposite (likely in the case of an ordering of
the guest molecules), the absolute structure cannot be deter-
mined by PXRD, and only the averaged centrosymmetric
structure can be obtained. Indeed, the disordered water
molecules found in the centrosymmetric structure of Fe(OH/F)

Optical image

SHG image

Fe(OH)(BDC).[H,0]

Fig. 2 Optical and SHG images of MIL-53(Fe), synthesized in the presence or absence of fluoride. Fe(OH/F)(BDC):[H,O] generates SHG, indicating
the occurrence of a non-centrosymmetric ordering. The scale bar on the left SHG image indicates a length of 50 um and is the same for all images.
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(BDC)-[H,0] could either correspond to a ‘true’ disorder or
result from such mixing of polar crystals. Moreover, a non-
centrosymmetric ordering that is only due to the ordering of
OH and F anions, would very likely not be detected even from
single crystal data, due to the too low electronic density differ-
ence between the two anions which does not allow to dis-
tinguish them.

To quantify how SHG active the fluoride containing crystals
are, the effective second order nonlinear optical (NLO) coeffi-
cient <d.s> was determined. Rather than simply comparing
the SHG-intensity with the SHG-intensity of a reference
material, the coefficient <d.¢> allows a comparison of different
NLO-active materials, as it is independent of the crystallite size
and refractive index of the materials.** Considering the <d.g>
value, the activity of the fluorinated MIL-53(Fe) can be put into
perspective. A detailed description of the calculation is given
in the ESL} The <d.¢> value obtained for Fe(OH/F)(BDC)-[H,0]
is 0.006 pm V™' For comparison, amino functionalized
MIL-53(Al)-NH, exhibits a <dg> value of 0.05 pm V™' and
commercial inorganic NLO materials (e.g. KDP, BBO, KTP and
LilO3) have values ranging from 0.4 to 15 pm V_".*

To exclude the possibility of the SHG signal solely being a
surface effect, we recorded 3D images of single crystals. Fig. 3
presents a z-sliced 3D image of a crystal. The sections in the
middle of the crystal are highly SHG active, confirming that
the non-centrosymmetric organization is originating from the
bulk of the crystal.

It is clear that the fluorine atoms incorporated in the struc-
ture play a crucial role in the non-centrosymmetric ordering.
Also a chlorinated sample was prepared by adding HCI as a
modulator to the synthesis mixture, but this sample lost its
SHG activity after a few weeks and was therefore not studied
further. Since the inorganic anions F~ and OH™ affect the
ordering of the guest molecules inside the pores, it is reason-
able to assume that also the guest molecules contribute to the

Fig. 3 Sliced 3D image of a Fe(OH/F)(BDC):[H,O] crystal displaying bulk
Second Harmonic Generation. The scale bar on the bottom slice indi-
cates a distance of 5 ym. The interval between the slices is 6 pm.

This journal is © The Royal Society of Chemistry 2016
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non-centrosymmetric ordering.'’ In addition, the presence of
adsorbates in the pores can further modify the highly flexible
crystalline structure of MIL-53, which is associated with impor-
tant structural changes and, by consequence, can potentially
affect the SHG signal."®

The importance of the nature of the guest molecules for the
SHG signal was verified by exchanging water molecules with
different solvents, using the procedure previously described by
Millange et al.'® Both the fluorinated and non-fluorinated crys-
tals were measured with water, pyridine, DMF, chloroform,
ethanol, methanol, butanol, p-xylene and toluene in the pores.
As can be seen in the ESI,{ none of the non-fluorinated crys-
tals generate SHG, whereas all fluorinated samples generate
SHG, regardless the solvent’s nature. The SHG signal is equally
strongly observed when using para-xylene as the adsorbate.
This is a centrosymmetric molecule, implying that it cannot be
ordered by itself in a non-centrosymmetric way in the pores.
Thus, the non-centrosymmetry must find its origin not solely
in an ordering of the guest molecules, but also in the frame-
work itself, likely through the arrangement of the fluoride ions in
the inorganic chain. The series of guest molecules that induce the
observed SHG-response is so diverse, that the degree of polarity
and the potential for hydrogen bond formation do not seem to be
vital in inducing the polar structure. The MIL-53 structure is a
flexible, “breathing” structure which adapts upon adsorption of
guest molecules to optimize dispersive forces between host and
guest. Apparently, for fluorinated MIL-53(Fe), the phase transition
that occurs upon guest adsorption, invariably leads to a polar
structure of the framework itself.

In order to further evaluate the role of guest molecules, the
SHG intensity of Fe(OH/F)(BDC)-[butanol] was recorded during
in situ heating to 130 °C and subsequent cooling under nitro-
gen flow to obtain Fe(OH/F)(BDC) crystals with empty pores.
Water was not suitable as a guest molecule to obtain the
empty crystals, as water molecules tend to adsorb strongly in
the MIL-53(Fe) network and are thus extremely difficult to fully
remove from the pores (see also ESIT).*° Fig. 4 shows that the
SHG signal completely vanishes upon removal of butanol
guest molecules from the pores, indicating that the non-
centrosymmetric organization has disappeared and only centro-
symmetric crystals are left. During cooling under nitrogen the
signal remains zero. To further test the hypothesis that guest
molecules contribute to the non-centrosymmetric organiz-
ation, the SHG signal of the empty pore Fe(OH/F)(BDC) crystals
was regenerated by allowing water molecules to enter the
empty pores by bringing the crystals under ambient conditions
overnight. Indeed, as can be seen in Fig. 4 a strong SHG-signal
was recovered, indicative of a reversal to a non-centro-
symmetric organization.

To probe the symmetry of the non-centrosymmetric organ-
ization, larger MIL-53(Fe) crystals doped with fluoride were
grown to easily distinguish single crystals in microscopy
images. The point group symmetry was determined via polar-
ized nonlinear optical microscopy, using the testing procedure
as developed by van der Veen et al.’>>* The full measurement
procedure is described in the ESI.{ Essentially, the magnitude

Dalton Trans., 2016, 45, 4401-4406 | 4403
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Fig. 4 SHG signal of Fe(OH/F)(BDC)-[butanol] during a heating/cooling/
rehydration cycle. The SHG signal vanishes completely during heating
under N, flow and remains zero upon cooling. Heating and cooling
occurred at 1 °C min~* under N, flow. In a last step, the SHG activity was
recovered by allowing H,O molecules to enter the pores.

of the SHG response is followed while varying the plane of
polarization of either the incident or detected light; or the
sample is rotated while keeping the planes of incident and
detected light either parallel or perpendicular to each other.
With the polarized nonlinear optical microscopy procedure the
organization of Fe(OH/F)(BDC)-[H,O] was determined to
belong to the acentric and polar space group Cc, which falls
under the monoclinic Cy point group.

The imaging mode of the nonlinear optical microscope
allows to locally probe the structural properties down to the
diffraction limit. This allows to evaluate whether the polariz-
ation direction is parallel over the entire crystal, or whether
crystals are divided in polar domains. To determine the polar
distribution, a map was created revealing the direction of the
local polarization. For this map the polarization direction per

View Article Online
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pixel was measured and given a color code, representing the
angle a between the polarization direction of the crystal area
and the Y-axis of the image plane. The measurement pro-
cedure was previously described by Van Cleuvenbergen et al
and is detailed in the ESLT *® The result is displayed in Fig. 5.
A highly homogeneous distribution of the polarization direction
is evidenced since all the crystals appear uniformly colored. The
darker and lighter lines along the larger axis are due to the
cracks present along the crystals, as can be distinguished on the
SEM image (see ESIf). It is clear that the polar axis runs along
the short dimension of the crystals, as indicated by the red
arrows in Fig. 5. By evaluation of the peak width on the X-ray
diffraction patterns, one can assign the long dimension of crys-
tals to the g axis. The polar axis thus lies in the b,c plane, possibly
along the pore axis (c axis, see also Fig. 6).

With the SHG polarization map, a clear image of the polar-
ization distribution is obtained. However this method only
provides information on the direction of the polarization but
not on the sense. It is possible that there coexist domains with
the same direction, but of opposite sense. To determine
whether the crystals are unipolar or multipolar, the Fe(OH/F)
(BDC)-[H,O] crystals were measured with scanning pyroelectric

Fig. 6 Structure of MIL-53(Fe) = Fe(OH/F)(BDC)-[H,0], viewed along
the c axis.

Fig. 5 SHG polarization map. In the images each pixel is color coded, representing the angle (a) between the polarization and the Y-axis of the
image. The polarization direction P is shown explicitly for two crystals on the right image (indicated by the red arrows).
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Local pyroelectric response (fA)

0

Fig. 7 The local pyroelectric response map reveals a unipolar response
from the Fe(OH/F)(BDC):[H,O] crystal. Modulation frequency is 2025 Hz,
laser power is 100 mW. Inset: optical image.

microscopy (SPEM), as this technique provides information
about the absolute orientation (the phase) of the polarization.
The technique is based on the ability of polar materials to
temporarily generate an electric current upon a temperature
change. Pyroelectric microscopy is a proven technique to
detect polar symmetry on the micrometer scale, using loca-
lized photothermal modulation to obtain a pyroelectric
response. This local response is proportional to the polariz-
ation in both amplitude and orientation. The technique is sen-
sitive to polar symmetry and it visualizes differences in polar
orientation, meaning it can identify uni-, bi- or multipolarity
along the different crystal axes. From the image in Fig. 7, it is
clear that the crystal is unipolar as all the arrows have the
same direction and sense.

Summarizing, while the X-ray diffraction method normally
used for the structure determination of MOF crystals cannot
always distinguish whether Fe(OH/F)(BDC) or its guests are
organized in an acentric or centric fashion, the combined evi-
dences from SHG and pyroelectric microscopy reveal that in
the structure filled with guest molecules, a polar organization
is present. Based on the control experiments on hydrated, de-
hydrated and solvent exchanged Fe(OH/F)(BDC), it seems most
likely that the partial substitution of hydroxyl groups by fluor-
ide anions leads to the creation of a polar arrangement when
guest molecules are present. Such arrangement is not detected
by XRPD analysis, which relies on a large assembly of crystals
which can have polar axes of opposite directions.

Conclusions

In conclusion, MIL-53(Fe) synthesized with HF displays a polar
organization due to an interplay between the fluorine atoms

This journal is © The Royal Society of Chemistry 2016
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incorporated in the structure and the guest molecules
occluded in the pores. This is not observed in non-fluorinated
MIL-53(Fe). This polar organization even occurs when centro-
symmetric guest molecules are included, hence the fluorinated
MIL-53(Fe) structure itself is polar upon guest inclusion. Upon
filling the pores with adsorbate, the framework adapts its
structure to optimize host-guest dispersion forces. Due to the
occurrence of polarity only for the fluorinated framework, this
phase transition likely causes a reorganisation of the fluorine
atoms in the inorganic chains with an overall polarity.

The polar organisation was not previously detected with
XRPD, since this gives an averaged structure for an assembly
of crystals. In addition, with SHG scanning microscopy we
were able to probe the organization locally and reveal that the
polarity arises from a uniform unidirectional organization in
the crystals, with the polar axis perpendicular to the larger axis
of the crystal. Polar metal-organic frameworks have potential
applications as non-linear optical, piezoelectric, pyroelectric
and ferroelectric materials. The discovery of this non-centro-
symmetric organization opens up perspectives on how doping
MOFs with fluoride can induce useful properties.

Experimental
Synthesis

MIL-53(Fe) with and without HF was synthesized by the pro-
cedure as described by Guillou et al.’* In a Teflon-lined steel
autoclave FeCl;-6H,0 (1 mmol), 1,4-benzenedicarboxylic acid
(BDC) (1 mmol) and N,N-dimethylformamide (DMF) (5 mL)
were added. The MIL-53(Fe) MOF was crystallized at 150 °C for
3 days. For the doped MIL-53(Fe), the same quantities were
used and in addition HF (Aldrich, 40%, 1 mmol, 0.044 mL)
was added to the reaction mixture. After synthesis, the solid
was washed two times with DMF to remove BDC from the
pores, two times with MeOH to remove the DMF and dried for
several days at 60 °C. MIL-53(Fe) larger crystals were solvo-
thermally synthesized from FeCl;-6H,0 (1 mmol) and
1,4-benzenedicarboxylic acid (BDC) (1.5 mmol) in N,
N-dimethylformamide (DMF) (10 mL) with HF (Prolabo, 5 M,
0.025 mL) at 150 °C for 3 days. The solid was washed once in
DMF and two times in H,O and dried for several days at 60 °C.

For all Second Harmonic Generation Microscopy experi-
ments a femtosecond pulsed InSight DeepSee laser from
Spectra-Physics was used, operating at a wavelength of 800 nm.
For the quantitative SHG intensity calculation, the SHG
heating experiments and the point group symmetry determi-
nations a customized inverted wide-field Olympus microscope
was used with a Thorlabs long working distance 15x objective.
Images were recorded in transmission mode with an EM-CCD
camera from Hamamatsu. In this set-up a rotating sheet ana-
lyzer is easily integrated and, in combination with a rotating
halfwave plate, polarization patterns for the SHG point group
determination are recorded. For heating experiments crystals
were placed in a Linkam stage, which was mounted on the
microscope. The Linkam stage was flushed with a constant N,

Dalton Trans., 2016, 45, 4401-4406 | 4405
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flow of 1.2 bar. The SHG signal was followed in time during
the heating of the sample. The mapping of the polarization
within the crystals occurred on an Olympus FLUOVIEW Laser
Scanning Multiphoton Microscope (FV1200MPE) with a Thor-
labs 15x long working distance objective. For the z-sliced 3D
image an Olympus 60x water immersion objective was used.
For image processing Image] and Fiji were used with the
VisBio plugin and the Temporal-Color Code macro.

XRPD reflection patterns were recorded on a STOE STADI
MP in Bragg-Brentano mode (26-0 geometry; Cu Ka, source)
using a linear position sensitive detector. SEM micrographs
were recorded on a JEOL SEM after coating with Au.
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