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Defects influence the properties of metal–organic frameworks
(MOFs), such as their storage amount and the diffusion kinetics of
gas molecules. However, the spatial distribution of defects is still
poorly understood due to a lack of visualization methods. Here, we
present a new method using nonlinear optics (NLO) that allows the
visualization of defects within MOFs.

Metal–organic frameworks (MOFs) are a type of porous crystalline material, consisting of metal nodes connected by organic
linkers. MOFs are used for applications such as gas storage and
separation as well as catalysis due to their high surface area.1–5
However, their flexible structures also make them prone to
developing defects during synthesis or after removal from a
solvent and exposure to air.6,7 These defects have a large impact
on the performance of MOFs and affect their intended
purposes.8,9 However, their spatial distribution is still not well
understood. It is likely that the position of defects (e.g., at the
edge vs. the centre of a crystal) has a large influence on altering
the properties of MOFs and thus methods for visualizing
defects on a scale ranging from nanometer to micrometer are
necessary to fully understand the impact of defects.
Scanning electron microscopy (SEM) can provide spatial
information about inhomogeneities with great resolution but
the penetration depth is limited and it requires high vacuum,
which can cause additional defects.10 Ameloot et al. have shown
that confocal fluorescence microscopy can be used to obtain a
3D image of MOF heterogeneities and defects.11 Moreover, this
method revealed that heterogeneities and defects exist in a
crystal, even though it appears as a perfect single crystal under
an optical transmission microscope.11 In spite of its simplicity,
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this method still requires the introduction of fluorescent probe
molecules. Depending on the chemical nature of the defect,
such labelling may not always be easily possible, and the pores
of the MOFs could be too small for fluorescent molecules to
diﬀuse inside the crystal or the MOF itself could be fluorescent
overshadowing the fluorescence signal from the probe molecules. Therefore, there is a need for non-destructive label-free
methods that provide information on spatial inhomogeneities
and defects in these materials.
Imaging techniques based on nonlinear optical (NLO) phenomena might be well-suited. Nonlinear optics refers to a field
in which a material responds in a nonlinear way to an electric
field of light. This nonlinearity means that the material
response typically has higher order contributions. These higher
orders give rise to various eﬀects, e.g., second- and thirdharmonic generation (SHG and THG, respectively), sumfrequency generation (SFG) and four-wave mixing (FWM). It is
well-known that the 2nd order eﬀects like SHG and SFG only
occur in non-centrosymmetric materials or at interfaces, while
3rd order eﬀects, such as THG and FWM, can appear for all
structures. Furthermore, under tight-focusing conditions THG
and FWM display diﬀerent phase matching; THG highlights
the spatial variations in the third-order nonlinear susceptibility
(Dw(3)) that is often enhanced at interfaces, while FWM directly
detects the spatial distribution of w(3).12–14 Mahou et al. have
demonstrated these different phase-matching conditions by
imaging unstained tissue of Caenorhabditis elegans worms.14
As NLO has the advantages of not requiring any labelling for
visualization, providing multiple pieces of information with
just one measurement, greater resolution and penetration
depth compared to conventional fluorescence microscopy
and, unlike SEM, not requiring vacuum conditions,14–17 it
might be well-suited for the investigation of MOF heterogeneities and defects.
In this study, we demonstrate the use of NLO to visualize
diﬀerent types of defects and heterogeneities on the scale of
hundreds of nanometers to micrometers in MOFs and how
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Fig. 1 (a, c and e) Optical transmission images of 1, 2 and 3, respectively. (b, d and f) Maps showing the intensity distribution of FWM of 1, 2 and 3,
respectively. Maps were obtained from the area marked using a red square in the corresponding transmission images. Scale bars in b, d and f are 1 mm.
Red and green arrows in b and d point to bright and dark regions, respectively.‡

in-depth information about MOFs’ structure and composition
can be obtained. We also show the influence of guest accommodation on MOF heterogeneities.
We synthesized microcrystals of CD-MOF (1), MOF-177 (2)
and CoTPT (3). The optical transmission images of 1, 2, and 3
are shown in Fig. 1a, c and e (see Fig. S2–S4, ESI,† for molecular
structures and Fig. S5–S8, ESI,† for characterization by SEM
and XRD).
When irradiating a sample using two pulsed lasers with
diﬀerent wavelengths, it is typically possible to observe several
NLO signals at once. In the case of this measurement, the
sample is irradiated using femtosecond pulses at 820 nm and
1164 nm. Depending on the samples and the relative diﬀerence
in intensity between the two beams, signals can be detected at
632 nm (FWM), 582 nm (SHG), 480 nm (SFG), 410 nm (SHG)
and 388 nm (THG). If the sample is fluorescent and has a
considerable two-photon absorption cross-section it is also
possible to observe two-photon luminescence. Among the
various NLO signals, FWM is a suitable technique for visualization because it can be obtained from any sample without
symmetry restrictions. Measuring FWM gives a map of the
distribution of the third-order nonlinear susceptibility w(3).
w(3) is a 4th rank tensor with 81 elements that is usually nonzero for all materials. The exact strength of FWM typically
depends on the polarization and the propagation direction
with respect to the crystal axes. However, these are only
important if eﬃcient wave-mixing, meaning maximum conversion from the fundamental to produced beam, is desired.
Typically, the use of phase-matching techniques allows NLO
signal generation over large domains. Phase-matching
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techniques are not needed in the case of NLO microscopy as
the interaction volume is limited to the focus region of the
beam which is usually in the range of the coherence length
without any phase-matching.12 Therefore, a perfectly crystalline
material will display spatially homogeneous FWM signal
independent of phase-matching conditions and thus signal
changes can be associated with inhomogeneities.
Fig. 1b, d and f display FWM maps obtained from 1, 2 and 3,
respectively. The corresponding mapping areas are indicated
using red squares in the transmission images (Fig. 1a, c, and e).
The diﬀerent characteristics of FWM displayed by the three
MOFs are very clear. 1 shows primarily three diﬀerent regions,
two ‘‘darker’’ ones at the edge and towards the centre as well as
a brighter region between the two (Fig. 1b, bright and dark
regions are marked using red and green arrows, respectively).
This corresponds well with the transmission image in Fig. 1a,
with darker edge and central regions and a transmissive part in
between. While 1 shows more connected domains, 3 displays a
foam-like structure (Fig. 1f). The comparison with the transmission image (Fig. 1e) is slightly more diﬃcult here because the
crystal is too thick for optical transmission imaging; however,
around the edges, the foam-like characteristic of the MOF can
be recovered in the transmission image as well.
The diﬀerence in FWM appearance and thus domain size is
likely due to the number of nucleation points during the crystal
formation.
As seen in Fig. 1d, 2 has two more connected domains like 1,
a bright one to the left and a dark one to the right (marked
using red and green arrows in Fig. 1d, respectively), but at
the same time the bright domain also displays a foam-like

This journal is © The Royal Society of Chemistry 2020

View Article Online

Published on 16 October 2020. Downloaded by Temple University on 10/27/2020 10:59:55 PM.

ChemComm

Fig. 2 (a) Example spectrum obtained during this measurement. The
three peaks observed are at 632 nm (FWM), 480 nm (SFG) and 388 nm
(THG). Excitation by 820 nm and 1164 nm fs pulses. (b) Optical transmission image of 1*C60. (c, d and e) Maps showing the intensity distribution
of FWM, THG and SFG, respectively. Maps were obtained from the area
marked using a red square in (b). Scale bars in c, d and e are 1 mm.‡

image similar to 3. On comparing this with the transmission
image (Fig. 1c), it was possible to see the connection between
the transmission and FWM images. The bright region in FWM
resembles the transmission part while the dark FWM region
corresponds to the dark region in the transmission image.
Similar to the transmission image, a foam-like nature can also
be observed. These results demonstrate the powerful nature of
the FWM method in imaging the inhomogeneities of MOFs.
This technique can be used for a variety of MOFs and it works
for thick samples that cannot be characterized using optical
transmission images, fluorescence microscopy or SEM. The
domain size can be estimated from the FWM map without
requiring a vacuum. One down-side of FWM is that it does not
give information about the specific nature of the inhomogeneity, because FWM simply reflects the distribution of third-order
nonlinear susceptibility. By comparing diﬀerent NLO signals,
however, additional information can be extracted. An example
of a spectrum with multiple NLO signals is shown in Fig. 2a
obtained from 1 accommodating C60 (1*C60), where FWM,
SFG and THG are visible. Fig. 2 shows the transmission image
of 1 C60 (b) as well as the maps of FWM (c), THG (d) and SFG (e).
All NLO signals have been obtained at the same time. All three
NLO maps display a sharp edge in the lower right corner.
Looking at the transmission image, it can be seen that there
are two slightly twisted phases on top of each other. Because
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second-order eﬀects only appear when centrosymmetry is
broken, they are commonly used to image defects. Fig. 2e
shows a clear signal from the second-order SFG close to the
aforementioned edge, indicating that there are a large number
of defects in this region. The image shows a branch-like
structure extending from a central point at the edge (marked
by a red arrow in Fig. 2e). To further understand the nature of
this defect, FWM and THG maps can be used. The FWM image
(Fig. 2c) displays very diﬀerent intensities below and above the
edge, meaning that there must be a diﬀerence either in
composition or structure. Looking at the THG map (Fig. 2d),
we can see high intensity above the edge. This points to
significant spatial variations in the third-order nonlinear
susceptibility (Dw(3)) in this region. Overall taking the findings
together, we conclude from FWM that w(3) is very diﬀerent in
the top and bottom part of the crystal pointing to a stark
diﬀerence in material composition, from SFG where there is a
large number of defects in the upper part of the crystal, as well
as from THG where within the top part of the crystal there are
strong changes in the third-order nonlinear susceptibility Dw(3).
It can be concluded that the features observed likely come from
cracks in the crystal possibly due to stress induced by the
morphing of two phases with diﬀerent orientation angles.
As 1 belongs to the non-centrosymmetric space group, this
demonstrates also the applicability of NLO microscopy and in
particular second-order eﬀects for non-centrosymmetric MOFs.
Defects will typically present a larger breaking of centrosymmetry than an asymmetric crystal structure.
Finally, we investigated the eﬀect of guest accommodation
in MOFs by combining NLO with Raman scattering imaging.
3 has large pore apertures allowing it to accommodate C60.
C60 is a molecule with strong Raman-scatter signal and its
distribution can be probed using the Raman mapping
technique.18 Thus, 3 is an excellent candidate to demonstrate
the eﬀect of guest accommodation because NLO maps can be
compared with C60 Raman maps. It has been shown that 3 has a
semi-amorphous structure under ambient conditions due to the
evaporation of solvent molecules.19 When the pores are occupied by guest molecules, the framework structure of 3 could be
stabilized. Indeed, XRD spectra of 3 with and without C60 as
guest molecules display this stabilization eﬀect by guest molecules (see Fig. S8 in the ESI†). Fig. 3a and b display the example
spectra obtained during measurement for C60-Raman and NLO
signals, respectively. For Raman mapping, the C60 Ag(2) mode
peak at 1470 cm 1 is used. For NLO mapping, FWM at 632 nm
and SHG at 582 nm are used. Both NLO signals were obtained at
the same time but Raman spectra were taken separately using
785 nm CW excitation. Fig. 3c shows a transmission image. It
should be noted that in the top part of the obtained maps
(Fig. 3d–f), two MOFs are slightly touching. It is necessary to
look at these MOFs separately. Looking at the FWM map
(Fig. 3d), the foam-like structure similar to 3 (without guest
molecule) could be observed again for 3*C60. Comparing the
spatial distribution of the C60 Raman signal and SHG (Fig. 3e
and f respectively), corresponding features can be observed. In
the bottom MOF (white square in Fig. 3e and f) the Raman
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MOFs can be visualized. Additional information about
chemical composition and structural defects can be obtained
by considering THG and SFG/SHG. All of these can be imaged
simultaneously by a single scan and provide insights into the
defects and their distribution within MOFs, which might be of
relevance for optimizing the synthesis protocols of MOFs.
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Notes and references
Fig. 3 (a) Example of a Raman spectrum obtained during this measurement. The three peaks shown originate from C60 : Hg(1) at 274 cm 1, Ag(1)
at 495 cm 1 and Ag(2) at 1470 cm 1. For mapping, the Ag(2) mode peak
was used. (b) Example of an NLO spectrum obtained during this measurement. The two peaks observed are at 632 nm (FWM) and 588 nm (SHG).
(c) Optical transmission image of 3*C60 (d, e and f) Maps showing the
intensity distribution of FWM, the Raman Ag(2) mode of C60 and SHG,
respectively. Maps were obtained from the area marked using a red square
in a. Scale bars in d, e and f are 1 mm.‡

signal is roughly homogeneous while only a little SHG is
observed pointing to an overall crystalline structure. But it
should be noted that some SHG is still observed meaning
defects are still present. The fact that defects remain even after
guest accommodation could not be observed using XRD showing the higher power of NLO. In the top MOF we can see clear
anti-correlation between the Raman signal and SHG. The area
marked using an orange square (Fig. 3e and f) shows high
intensity in C60 Raman but only weak signal of SHG indicating
high crystallinity. The red squares in the same images show the
opposite, weak C60 Raman signal but strong SHG. A stronger
Raman signal indicates that more C60 is present that in turn
stabilizes the structure and reduces SHG and vice versa (low
Raman =4high SHG). This is direct proof of stabilization of 3
through the accommodation of guest molecules. It should be
noted that the Raman signals in the red and white squares
(Fig. 3e) should not be compared as they are from different
crystals with different average intensities because of their
different sizes.
We have shown the potential of NLO for the visualization of
inhomogeneities and defects in MOFs. By using FWM an overall picture of the spatial distribution of the inhomogeneities of
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‡ All maps shown are x,y-slices obtained roughly 2 mm above the
MOF-coverslip interface. See Fig. S1 (ESI†) for a detailed description.
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