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Abstract: Two-dimensional conjugated metal-organic frameworks
(2D c-MOFs) are a subclass of MOFs that are of particular interest for
electrocatalysis due to their good intrinsic conductivity. The
electrochemical properties of such 2D frameworks are strongly
related to their structure, which in turn is influenced by the
synthesis conditions. However, even under formally identical
conditions, MOF crystals with different structural properties are
obtained, and to date there is no easy-to-apply method to predict
the quality of MOF crystals already during synthesis. In the
present work, we monitored the formation of phthalocyanine-
based 2D MOFs at the air-water interface using in-situ Raman
spectroscopy and identified Raman marker bands that
characterise the degree of linker aggregation, the reaction
progress, and the yield of MOFs formed during the reaction. Using
transmission electron microscopy (TEM) measurements on the
MOF crystals after synthesis, a correlation between the Raman
marker bands and the resulting crystalline domain size
distribution of the MOF could be derived. Thus, a method for a
non-invasive, fast and simple in-situ quality assessment of the
synthesised MOFs was established. These results are an
important step towards the automation of MOF synthesis.

Metal-organic frameworks (MOFs) are a class of highly porous,
crystalline solids that form a modular structure of metal centres!"
and organic linkers! via coordinative bonds.['-3 Their tunability
enables application-specific customisation of their properties,
leading to a wide range of applications such as gas storage,* gas
separation,® sensing®® and (electro-)catalysis.”® The subclass of
two-dimensional conjugated metal-organic frameworks (2D c-

1

MOFs) is of particular interest for use in electro-catalysis as they
overcome the intrinsically low conductivity of conventional
MOFs.B! This is because of their in-plane m-delocalisation along
2D directions and out-of-plane r-17-stacking.® Due to the evident
relationship between the structure and electrochemical
performance of such 2D conjugated frameworks, a major focus of
research is improving and controlling the crystalline domain
size.l" Gaining a mechanistic understanding of the relationships
between the synthesis conditions and the resulting structure and
size is important to further improve the rational design of MOF
materials and to gain a certain degree of predictability.l'l With a
deeper understanding of the reaction mechanisms, a basis for
further optimisation approaches can be established and new
insights into possible influences of synthesis conditions on
reproducibility can be gained, ultimately paving the way towards
automated processes. In-situ measurements are well suited to
provide insights into reaction mechanisms and molecular
interactions during syntheses. Furthermore, they can lead to
conclusions about indicators for the quality of the synthesised
MOF, forming an important step towards synthesis automation.
Reported in-situ measuring methods investigating MOF
syntheses include in-situ X-ray diffraction (XRD),['! in-situ nuclear
magnetic resonance (NMR),["® in-situ time resolved static light
scattering (TLS),l" in-situ liquid cell transmission electron
microscopy (LCTEM),"™ in-situ atomic force microscopy
(AFM),I'®1 in-sjtu extended X-ray absorption fine structure
(EXAFS)' and in-situ Raman spectroscopy.l'® The great
advantage of performing in-situ Raman spectroscopy is that it
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allows chemical reactions and formation steps to be observed
directly, even before MOF crystals are formed. It is also a fast and
high-throughput technique, which can be applied during
automated synthesis for quality control. On the other hand,
spectra obtained with Raman spectroscopy are often ambiguous,
especially for complex compounds such as MOFs. Therefore,
complementary techniques (e.g. microscopy) must be used to
verify the conclusions drawn from Raman spectroscopy before it
can be used as a quality control application. The present work
centres on the investigations of the structural dynamics during
synthesis of the 2D ¢-MOF named Cuz[ZnPc-Og], which consists
of phthalocyaninato zinc linkers connected via copper
bis(dioxolene) clusters. This Cus[ZnPc-Og] MOF is of interest as it
is a known electro-catalyst for the hydrogen evolution reaction
(HER) and CO. reduction reaction (CO.RR).Bl This MOF
synthesis is particularly suitable for automated in-situ Raman
measurements, as it is carried out under standard conditions at
the water-air interface and thus requires no special measurement
setup.l'® Therefore, it is offering a considerable advantage over
in-situ measurements in conventional MOF syntheses, which are
carried out under solvothermal and high-temperature conditions.
Extensive studies on phthalocyanines and phthalocyanine-based
MOFs have been published, including resonance Raman
investigations.?% It is therefore known that phthalocyanines have
a tendency to aggregate in solution, especially in aqueous
media.?'! The aggregated and non-aggregated species can be
differentiated with several spectroscopic methods, such as
UV/VIS and Raman.??23] While parallel oriented aggregates
(H-type) show a blue shift in the spectra, head-to-head oriented
aggregates (J-type) show a red-shift.?324 |n this work, we present
how the aggregation tendencies of the phthalocyanine linker
molecules on the water surface influence the synthesis and the
final crystalline domain size distribution of the Cuz[ZnPc-Og] MOF.
This is substantiated with the analysis of appointed marker bands,
which were recorded in-situ over the course of synthesis by
means of resonance Raman. The insights obtained from the
Raman spectra are compared with medium- and high-resolution
TEM images to extract a correlation between Raman marker
bands of the linker and the crystalline domain size distribution of
obtained MOF sheets.

The synthesis of the two-dimensional conjugated metal-organic
framework (2D ¢c-MOF) Cuz[ZnPc-Og], investigated in this work,
was carried out at the water-air interface, according to the
previous publication by Wang et al..'¥l For this purpose, the
2,3,9,10,16,17,23,24-octahydroxy phthalocyaninato Zn (ZnPc-
(OH)g) linker molecules were dissolved in a chloroform/DMF
solution and spread on the water surface where they formed a
green film. The modulator sodium acetate (NaAcO) and the
reactant copper(ll) acetate (Cu(AcO).) were then added to the
water subphase in order to react with the linker to form the
Cuz[ZnPc-Og] MOF. Well-resolved Raman spectra were
successfully measured from both the ZnPc-(OH)sg linker and the
Cuz[ZnPc-Og] MOF with a measurement time of only 1 min. As
significant changes in the Raman spectra occurred in the first 10-
30 min of synthesis, this allowed in-situ monitoring of the
synthesis without the need to use ultra-fast methods. The

synthesis process including the in-situ Raman measurements is
depicted in Figure 1.
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Figure 1. Depiction of Cuz[ZnPc-Og] MOF synthesis and in-situ Raman.
Before initiating the synthesis, a Raman spectrum of the
ZnPc-(OH)sg linker molecules is measured on the water surface.
Then, after adding Cu(AcO). and NaAcO, a spectrum is
measured every minute. The linker spectrum measured before
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the synthesis is already of great importance since changes in the
Raman spectrum can be observed if the ZnPc-(OH)s linkers
remain on the water surface for a longer period of time. Figure 2a
shows how the Raman spectrum of the linker changes over time
if left on the water surface for two hours. In detail, it can be seen
that the intensity of the peak at 1491 cm™ decreases over time,
while the peak at 1514 cm™ increases. As mentioned before,
such a shift in the Raman spectrum is likely caused by
aggregation, i.e. stacking of the phthalocyanines.?? The blue shift
of approximately 20 cm™ observed in the Raman spectra
suggests that the linker molecules could aggregate in the so-
called H-type stacking.’®? A possible depiction of this is
illustrated in Figure 2b. This conclusion is supported by the fact
that the phthalocyanines arrange themselves perpendicular to the
water surface,l' thus face-to-face stacking should be favoured.
In the following, the peak at 1491 cm™ is referred to as ;, as an
indicator for the non-aggregated linker species and the peak at
1514 cm™ as 7, ;, for the aggregated linker species.
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Figure 2. (a) Raman spectra of ZnPc-(OH)s linker on the water surface,
measured at 594 nm; (b) Depiction of the probable possible H-type stacking of

ZnPc-(OH)s linker molecules.

From resonance Raman measurements and UV/VIS
spectroscopy (Figure S1 and S3) it was further corroborated that
aggregated ZnPc-(OH)s linker molecules show stronger
resonance in the lower-energy region, while the resonance for the
non-aggregated molecules lies in the higher-energy region.
Therefore, the excitation laser wavelength of 594 nm was chosen
for all further Raman measurements, as this enables the easy
detection of both ¥;, and ¥, .

Figure 3a compares the Raman spectra of ZnPc-(OH)s linker and
Cuz[ZnPc-Og] MOF measured on the water surface. There are
some clearly recognisable differences between the two Raman
spectra. For reasons of clarity, however, the comparison and
evaluation is based on the most intense peak in the MOF
spectrum, which lies at 1506 cm™' and is referred to as ¥yor.
Interestingly, ¥;;, is no longer found in the Raman spectrum of the
MOF while ¥,,, is still present, suggesting a residue of

aggregated linker molecules in the MOF sample (vide infra).
Transmission Electron Microscopy (TEM) images of linker and
MOF crystals are shown in Figure 3c and 3e. Although both have
an oval shape and a comparable size, the MOF can still be
distinguished from the linker, as the linker sheets have smooth
edges while the MOF sheets are frayed. The energy dispersive
X-ray (EDX) measurements, shown in Figure 3d and 3f, support
this distinction with the Cu:Zn ratio, which is greater in the MOF
material than in the linker compound. Note the fact that Cu is
measured also in the linker compound is due to the presence of
the copper TEM grid used here. Moreover, linker and MOF sheets
can be distinguished by their different lattice spacings (Figure S5).
The changes in the Raman spectra over the course of the
synthesis can be viewed in Figure 3b. It is well recognisable that
7 and other prominent linker peaks such as the one at
approximately 700 cm~' disappear over time, while ¥, and
other prominent MOF peaks such as the two between 1200 cm™
and 1400 cm™' emerge.
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Figure 3. (a) Comparison of the Raman spectra of ZnPc-(OH)s linker (green)
and Cuz[ZnPc-Osg] MOF (black) on the water surface measured at 594 nm; (b)
Raman measurements before and during Cuz[ZnPc-Og] MOF synthesis on the
water surface measured at 594 nm; (c) TEM image of ZnPc-(OH)s linker sheets;
(d) EDX measurements of ZnPc-(OH)s linker; (e) TEM image of Cuz[ZnPc-Og]
MOF sheets; (f) EDX measurements of Cuz[ZnPc-Os] MOF.

To better visualise the changes in peak intensities over the course
of the synthesis, the fitted peak intensities of V,;;,, V4 in @and Vyor
were set in relation according to the following equation:

I(ﬁMOF)
I(ﬁlin) + I(ﬁa.lin) + I(ﬁMOF)

€y

I(Vrel,MOF) =

A typical progression of the related peak intensities during the
MOF synthesis can be seen in Figure 4a. One can observe that
the intensity of 7;;, decreases, while that of ¥or increases.
However, the intensity of ¥,;, does not change significantly
during the course of the reaction. This leads to the conclusion that
non-aggregated linker molecules are consumed for the MOF
synthesis, while aggregated linker molecules are apparently not
involved in the reaction. This is consistent with the previous
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observation that the Raman spectrum of the MOF sample showed
residues of aggregated linker molecules.

In order to examine the influence of the extent of linker
aggregation on the MOF synthesis, in-situ Raman measurements
of the synthesis were performed with different initial degrees of
linker aggregation. The investigated aggregation times are 0 min,
120 min and 240 min. The results are shown in Figure 4a, 4b and
4c respectively. The previously described progressions of ¥,
Tmor and ¥, remain the same. However, the final intensity of
Tmor decreases with increased aggregation time of the linker, with
the highest intensity being reached at the lowest extent of linker
aggregation (0 min). With a longer aggregation time of 120 min,
the final intensity of 7y,or is lower and decreases even more with
240 min aggregated linker. This trend indicates that the yield of
MOF crystals formed decreases with increasing degree of linker
aggregation. The pertinent issue posed is whether linker
aggregation only affects the amount of MOF synthesised or also
the crystalline domain size distribution. To investigate this, TEM
measurements were performed on MOFs synthesised with
different initial degrees of linker aggregation. The lengths and
widths of the MOF sheets were measured and the area (size) was
determined using the geometric approximation of an ellipse (see
Equation S1). The resulting size distributions including their
Gaussian fit functions are shown in Figure 4e, 4f and 4g for the
respective aggregation times.
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Figure 4. Relative Raman intensities over the reaction course of MOF synthesis
with linker aggregation time of: (a) 0 min; (b) 120 min; (c) 240 min; size
distribution of MOF synthesised with linker aggregation time of: (e) 0 min; (f)
120 min (g) 240 min.

The normal distributions provide a deeper insight into the
influence of linker aggregation on the size distributions. They are
referred to as Nyor(y;0%) with u being the mean and o2 the
variance of the function. MOFs synthesised at O min linker
aggregation have a mean area of 0.46 pm? with a small variance
Ny(0.46;0.20). The normal distribution of MOFs synthesised at
120 min ( N150(0.57; 0.68) ) show a slightly larger mean area,
however the variance is more than three times as large. At the
highest linker aggregation time of 240 min (N,4,(0.21; 1.18)), the
variance of the size distribution of the MOFs is even greater and

the mean size drops to 0.21 um2. Therefore, a short linker
aggregation time is preferable to obtain the largest possible MOFs
with the narrowest possible size distribution. This observation
from TEM measurements compliments the results obtained from
Raman measurements. In conclusion, the linker aggregation
correlates directly with the yield and size distribution of the MOFs,
but only at high aggregation times is the mean size also affected.

In this work the synthesis of the Cuz[ZnPc-Og] MOF, performed on
the water surface, was investigated by in-situ Raman
spectroscopy. A correlation was revealed between the
aggregation tendencies of the ZnPc(OH)s linker molecules, the
yield and the crystalline domain size distribution of the
synthesised MOF. A comparison with TEM images confirmed that
the variance of the crystalline domain size distribution of the
resulting Cuz[ZnPc-Og] MOF sheets is larger the higher the
degree of linker aggregation. At a very high aggregation time,
even the average size of the MOFs decreases. It was shown that
marker bands in the Raman spectra, which provide direct
information about the yield and the size distribution of the MOFs,
were successfully appointed. By correlating the intensities of the
marker bands 7V, V4n and Vyor, in-situ Raman spectroscopy
provides a non-invasive, quick and easy quality assessment of
the synthesised MOFs. Thus, Raman spectroscopy was
successfully introduced as a non-invasive in-situ method to
monitor the quality of the synthesised Cuz[ZnPc-Og]-MOF.

Supporting Information

The data supporting the findings of this study are available in the
supplementary material.
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ZnPc-{OH), linker Synthesis Cu,[ZnPc-O,] MOF

The properties of two-dimensional conjugated metal-organic frameworks (2D c-MOFs) are related to their structure and are
influenced by the synthesis conditions. Here, we used in-situ Raman and transmission electron microscopy (TEM) to determine

Raman marker bands that characterise the reaction progress and yield of phthalocyanine-based 2D Cug[ZnPc-Og] MOFs. Thus, a
non-invasive quality assessment method of the synthesised MOFs was established.
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