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The applicability of Raman spectroscopy for phase discrimination of metal—organic frameworks (MOFs)
has been demonstrated with F4_MIL-140A(Ce) and F4_UiO-66(Ce); analogues prepared from the same
metal and ligand sources. Each analogue exhibits unique Raman peaks, with significant differences in the
low frequency region, which is more sensitive to structural variations. Non-invasive Raman monitoring
of F4_MIL-140A(Ce) synthesis indicated evolution of a uniqgue MOF Raman peak with reaction progress;
conversion of this Raman signal to extent of crystallisation was in good agreement with reported
reaction kinetics determined via a synchrotron diffraction method. Additionally, Raman spectroscopy
indicated initial rapid consumption of the nitric acid modulator present in the reaction coinciding with
an expected high probability of nucleation. Raman spectroscopy is a promising technique for rapid
screening of MOFs and can be used to study the mechanism of their formation in situ with kinetic
insight into both the solution and solid phases of the reaction medium.

Introduction

Understanding of crystallisation is fundamental to many indus-
trial processes' and has presented a challenge in the commer-
cialisation of metal-organic frameworks (MOFs).” The ability to
reliably scale-up MOF synthesis is required if these materials
are to be routinely deployed for tackling global energy,**
healthcare,” and environmental®” challenges. Advances in
in situ monitoring of MOF formation are still in their relative
infancy and are predominantly via methods involving complex
and expensive instrumentation that cannot be easily deployed
in a typical research laboratory or industrial environment, such
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as relying on a synchrotron®'® or similarly specialised

facilities.'* There are few examples using methods more easily
applied in a typical laboratory, such as infrared'>" and
Raman'*™"” spectroscopy, which can be deployed at the process
instead of transporting the process to the analytical technique.
An advantage to using vibrational spectroscopy is that the
behaviour of different species within the reaction medium
can be investigated. Within a MOF reaction mixture, Raman
spectroscopy has been used to distinguish between MOF
product, prenucleation building units, and the ligand precursor
in the solid and solute forms.'® Infrared spectroscopy has
been suggested as a suitable technique to study the role of
the solution species of acid modulator and solvent in MOF
formation."” These last two examples used invasive probes,
which have demonstrated a propensity for fouling or
encrustation,'®>* therefore the impact of their presence upon
nucleation and crystallisation cannot be disregarded.
Non-invasive techniques remove the need for direct contact
with the analyte,® which can mitigate any potential undesired
effects arising from an in-line measurement mode. Non-invasive
Raman spectroscopy has been widely adopted in the pharmaceu-
tical industry,>*** including applications in various processes
after crystallisation.>>® An advantage offered by Raman spectro-
scopy is polymorph discrimination, with non-invasive Raman
being used for polymorph detection and quantification during
crystallisation®® and quantification of isomers in the solid state.*
In particular, non-invasive probes, that are fibre-coupled to
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process Raman instruments, have been employed with a variety
of vessels ranging from jacketed reaction vessels*® to nuclear
magnetic resonance (NMR) tubes®® and even microfluidics.*>
As crystallisation (and solvothermal MOF formation) is inherently
a two-phase process, Raman spectroscopy offers a route to
obtaining data simultaneously from both phases non-invasively.
The applicability of non-invasive Raman spectroscopy to in situ
monitoring of MOF formation has recently been demonstrated for
microscopy of a reaction in a vial*> and mechanochemical
synthesis.**

Raman spectroscopy has proved an alternative technique to
more time-consuming analytical methods for rapid screening
of materials, with sensitivity demonstrated for low levels (2% by
mass) of analyte.>® In this area, the development of THz Raman
(or low frequency Raman) spectroscopy has enabled access to
unique bands in the low frequency region for polymorph
discrimination, which has been exploited in the pharmaceuti-
cal industry where polymorph certainty is paramount.*
Predicted properties in the THz Raman region®”*® suggested
its applicability to MOF research, with few reports thus far
studying MOFs by THz Raman.*® THz Raman has facilitated
studies into libration modes in MOFs,***" including responses
to adsorbed gas molecules,*” and the methyl-rotation dynamics
in zeolitic imidazolate frameworks.** THz Raman has demon-
strated sensitivity to the open and closed phases of flexible
frameworks,***® which suggests potential in discriminating
between analogues prepared from the same metal and ligand
sources. Most of the studies rely on microscopy, which only
permits highly localised sampling and are not easily deployed
for in situ monitoring of laboratory or industrial processes.
A small sampling area comparable to the size of one crystal may
mean all phase changes occurring in the bulk reaction are not
captured.®® Another disadvantage to localised sampling is the
potential for heating of the area of irradiation, and thus non-
representative sampling of the bulk reaction medium.*”

Here, deployment of non-invasive Raman spectroscopy in
two areas of MOF research is demonstrated (Fig. 1). There has
been relatively recent interest in Ce(iv) MOFs***° and two Ce
systems F4_MIL-140A(Ce) and F4_UiO-66(Ce) may be prepared
via mild synthetic conditions.® Analysis of the two Ce MOFs by
Raman and THz Raman spectroscopy indicated unique peaks
corresponding to each analogue evident by both techniques,
with significant differences in the THz region (Fig. 1(a)). Both
MOFs may be prepared via aqueous synthesis, with water
offering the advantage of being a weak Raman scatterer.’
Non-invasive Raman monitoring was successfully used to
detect the formation of both MOFs (Fig. 1(b)) in reactions
performed in a glass stirred tank reactor (STR). For the
F4_MIL-140A(Ce) analogue, the extent of crystallisation, o,
was calculated from the second derivative peak area unique
to the MOF product. The reaction kinetics determined by non-
invasive Raman spectroscopy were in good agreement with
those obtained by the synchrotron X-ray diffraction method.®
Non-invasive Raman spectroscopy also allowed the solution
behaviour to be investigated, indicating initial rapid consump-
tion of the nitric acid and ligand source coinciding with a high
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Fig. 1 Use of non-invasive Raman spectroscopy for characterisation of
MOFs: (a) rapid discrimination between analogues prepared from the same
metal and ligand sources, with particular differences in the THz (or low
frequency) region and (b) in situ monitoring of MOF formation.
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probability of nucleation, Py. Thus, non-invasive Raman spectro-
scopy was demonstrated to be a more accessible technique to
study the mechanism of MOF formation. Experimental consid-
erations and limitations of the technique are discussed. An
advantage of Raman spectroscopy over X-ray diffraction methods,
which can only access information from the solid phase, is that
insight is offered into both the solid and solution phases within
the reaction medium by a single technique. Therefore, non-
invasive Raman spectroscopy is potentially a key enabling tool
for the development, optimisation, and scale-up of MOFs.

Experimental
General experimental details

Ammonium cerium(iv) nitrate (Sigma-Aldrich, >98.5%), copper(u)
nitrate hemi(pentahydrate) (Sigma-Aldrich, 98%), N,N-dimethyl-
formamide (DMF, Sigma Aldrich, >99.9%), glacial acetic acid
(Sigma-Aldrich, >99%), nitric acid (Fisher Scientific, 70%), tetra-
fluoroterephthalic acid (Fluorochem), and trimesic acid (Sigma-
Aldrich, 95%) were purchased from commercial sources and used
as received without further purification. Deionised water was
obtained from an in-house Milli-Q (Millipore) purification system.

Synthesis and acquisition of off-line THz Raman spectra of
MOFs at small-scale

Small-scale experiments were carried out in 7 mL vials; adapted
from reported procedures® (full details in ESIf). The vials were
heated in a DB5.3 (IKA) heating block with temperature control
by a RH Digital (IKA) hotplate. Off-line THz Raman spectra were
acquired using a 0.4” non-contact optic (NCO, Kaiser Optical
Systems) attached to a THz-Raman probe head (Ondax) fibre-
coupled to an RXN1 Raman spectrometer (Kaiser Optical Systems).
The 785 nm CleanLine laser module (Ondax) was operated at 94%
power, giving ca. 78 mW at source. The spectrometer was operated
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using HoloGRAMS (Kaiser Optical Systems) software. A dark
current spectrum was obtained prior to spectral acquisition
and automatically subtracted from acquired spectra. The THz
Raman spectra of the products from the small-scale experi-
ments were measured with the sample within a glass sample
vial placed under the non-contact optic. The spectra were
measured with an exposure time of 5 s and using 4
accumulations.

Non-invasive in situ monitoring of larger scale reactions and
off-line analysis of MOFs

For the larger scale reactions a stirred tank reactor (Radleys,
250 mL) was set up and the temperature of the water in the
jacket controlled by an Eco RE 420 heater/chiller (Lauda). The
temperature was controlled by the internal PT100 resistance
temperature detector. The ligand solution was prepared in a
Schott bottle (250 mL) and heated to 60 °C in a water bath to
dissolve the solid. The target quantities were tetrafluoroter-
ephthalic acid (2.98 g, 12.5 mmol) in either deionised water
(175 mL) and nitric acid (25 mL) for F4_MIL-140A(Ce) or
deionised water (87 mL), nitric acid (5.7 mL), and acetic acid
(107 mL) for F4_UiO-66(Ce). The metal solution of ammonium
cerium(wv) nitrate (6.85 g, 12.5 mmol) in deionised water
(50 mL) was prepared in a separate Schott bottle (50 mL). The
ligand solution was transferred into the STR and stirred at
150 rpm. The Raman probes were positioned around the STR,
ensuring all optical components were directed towards the
vessel contents. The STR was wrapped in blackout material
for protection against accidental exposure to laser irradiation
and to block out signals from room lights. Spectral acquisition
was started after addition of the ligand solution to the STR, and
then the metal solution added to begin the reaction. When the
reaction was complete, the solid was isolated by vacuum
filtration, washed with deionised water and then washed with
acetone.

Non-invasive wide-area illumination Raman spectra were
acquired using a PhAT probe (Kaiser Optical Systems) fibre-
coupled to an RXN1 Raman spectrometer (Kaiser Optical Sys-
tems), with a lens giving a 6 mm spot size, focal distance of
25 cm and focussing tube of ca. 20 cm length positioned
against the STR. The 785 nm Invictus diode laser (Kaiser
Optical Systems) was operated at 350 mW at source. The spectro-
meter was operated using HoloGRAMS (Kaiser Optical Systems)
software. A dark current spectrum was obtained prior to spectral
acquisition and automatically subtracted from acquired spectra.
Non-invasive in situ THz Raman spectra were acquired as using the
equipment described for the off-line spectra of the small-scale
products, with the optics placed against the glass of the STR.
Spectra acquired using the Tornado instrumentation were using a
HyperFlux PRO (Tornado Spectral Systems) spectrometer equipped
with a 785 nm laser operated at 495 mW and a Hudson S04
(Tornado Spectral Systems) probe head. The Hudson S04 was
positioned ca. 10 cm from the vessel and the nitric acid signal
from test spectra of the ligand solution used to confirm alignment
of the probe with the vessel. Acquisition parameters and sampling
intervals for the in situ spectra are outlined in Table S1 (ESI¥).
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Off-line wide-area illumination Raman spectra of isolated
MOFs were acquired with the solid material placed underneath
the focussing tube of the PhAT probe and using an exposure
time of 15 s and 4 accumulations. Off-line THz Raman spectra
of the isolated MOFs were acquired with the solid material
placed on a laboratory jack underneath the NCO. The focal
distance of ca. 1 cm was achieved by adjusting the sample to
NCO distance to obtain the optimal signal. Each spectrum was
acquired with 4 accumulations and an exposure time of 15 s
and 30 s for the Experiment 1 and Experiment 3 products,
respectively.

Raman data analysis

Analysis of spectra was performed in Matlab (version R2019a,
MathWorks) using the GSTools toolbox®" to import spectral
files. Second derivative spectra were calculated using PLS_Tool-
box (version 8.6.2, Eigenvector Research) by application of a
Savitzky-Golay filter to the full spectra. The second derivative
peak intensity of the F4_MIL-140A(Ce) Raman peak at 762 cm ™'
measured using the PhAT probe in Experiments 1, 2, and 6 was
normalised using the minimum and maximum intensity mea-
sured for 762 cm™ " across the individual experiment. The nitric
acid and ligand peak intensities at 1047.6 cm ™ * and 507.6 cm ™%,
respectively, measured using the PhAT probe in Experiments
1, 2, and 6 were normalised against the minimum intensity
measured at that wavelength for the individual experiment.

Peak areas were calculated by implementation of trapezoidal
numerical integration within Matlab. For the F4_MIL-140A(Ce)
peak at ca. 762 cm ™' the second derivative spectra were inte-
grated over the ranges 758.1 to 765.9 cm ™' and 758 to 766 cm ™"
for the PhAT probe and Tornado data, respectively. Similarly, for
the F4_UiO-66(Ce) peak at ca. 769 cm ™" the second derivative
spectra were integrated over the ranges 763.8 to 772.2 cm ™ and
764 to 773 cm™ " for the PhAT probe and Tornado data, respec-
tively. The value for the extent of crystallisation was calculated in
a similar procedure to that reported® using eqn (1), where « is the
extent of crystallisation and A is the second derivative peak area.
The terms ¢, 0, and max denote the time after addition of the
metal solution, time zero (coinciding with addition of the metal
solution), and the final peak area, respectively.

Ay — Ao

=t 70 1
” Amax_AO ( )

The times were calculated from timestamps extracted from
metadata in the spectral files. Time zero is taken as the
spectrum acquired during addition of the metal solution. The
data were truncated to include up to 2250 s after addition of the
metal solution (approximate end point reported for equivalent
conditions).®

The second derivative spectra were integrated over the
ranges 503.4 to 511.8 cm " and 503 to 512 cm ™ for the PhAT
probe and Tornado data, respectively, for the ligand peak at
507 cm™'. Normalisation was performed on the truncated data.
The ligand peak area and nitric acid peak intensity were
normalised to the minimum value for that experiment/probe
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combination, which corresponds to the highest concentration
of a negative peak in the second derivative spectra.

Results and discussion

Raman and THz Raman spectroscopy for polymorph
discrimination of MOFs

Two Ce MOFs, F4_MIL-140A(Ce) (Fig. 2(a)) and F4_UiO-66(Ce)
(Fig. 2(b)), which are analogues prepared from ammonium
cerium(wv) nitrate and tetrafluoroterephthalic acid were selected
to evaluate the potential use of Raman spectroscopy for poly-
morph discrimination of MOFs. These MOFs were synthesised
at small-scale according to reported procedures® and the iden-
tity of the products were confirmed by powder X-ray diffraction
(PXRD) analysis (Fig. S1, ESIf). THz Raman spectra were
successfully measured for these MOFs using a purpose built
instrument.”>"* The features in the THz region vary substantially
between the two different MOFs (Fig. 2(c)). This suggests THz
Raman as a promising technique for polymorph discrimination
of MOFs, particularly analogues prepared from the same metal
sources and ligands with different structures. In the mid fre-
quency Raman region there are also identifying peaks for the two
different structures (Fig. 2(d)), for example the CF peak® of the
tetrafluoroterephthalate ligand at 762 and 768 cm ™" for F4_MIL-
140A(Ce) and F4_UiO-66(Ce), respectively (Fig. S2, ESIt). Detailed
assignments are outside the scope of this paper, but using the
assignments for a UiO-66(Ce) structural analogue as guidance,””
differences are also observed for the CeO vibrational modes
between 200 to 500 cm " that would be expected between the
two analogues (Fig. 2(c)). Compared to PXRD, Raman spectro-
scopy is a more rapid technique (spectrum acquired in one
minute) and sample preparation is not required for analysis.

Non-invasive Raman spectroscopy for in situ monitoring of
MOF formation and rapid screening of MOF products

As the two Ce MOFs could be successfully characterised by
Raman spectroscopy, with identifiable peaks, they were
deemed suitable for investigating with larger scale reactions
to monitor MOF formation by in situ Raman and THz Raman
spectroscopy. A 250 mL glass STR permits different monitoring
modes. Invasive probes may be positioned within the vessel
with the optical lens submerged in the reaction contents.
However, restrictions may be posed by the compatibility of
the invasive probe with the reaction medium and process
conditions. Additionally, the effect of the presence of additional
physical components upon crystallisation is unknown. Therefore,
the initial experiments commenced with non-invasive monitoring
modes. Both Raman and THz Raman spectra were acquired of the
same process to allow comparison of their performance for the
same reaction. The non-invasive sampling optics differ between
the two instruments, with a focussed non-contact optic (100 pm
diameter spot) for the THz Raman and wide-area illumination
(6 mm diameter spot) available for the Raman instrument. Data
acquisition was interleaved to avoid saturation of the THz Raman
detector with light from the conventional Raman laser. This is a
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Fig. 2 Structures of (a) F4_MIL-140A(Ce) and (b) F4_UiO-66(Ce).> Atom
colours are blue, red, grey, and green for cerium, oxygen, carbon, and
fluorine, respectively. Raman spectra of products from small-scale reac-
tions: (c) low frequency (or THz) region with the secondary building units
of the MOFs (infinite cerium oxide chains with 6-fold connectivity,
Cez03(CO2R)g, in FA_MIL-140A(Ce) and CegO4(OH)4(CO2R);; in F4_UiO-
66(Ce), where R = CgF,4) and (d) mid frequency Raman region.
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Table 1 Summary of large-scale (250 mL) monitoring experiments
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Experiment number System, conditions

Monitoring present

F4_MIL-140A(Ce), 60 °C
F4_MIL-140A(Ce), 50 °C
F4_Ui0-66(Ce), 60 °C

F4_MIL-140A(Ce), 60 °C
F4_MIL-140A(Ce), 60 °C
F4_MIL-140A(Ce), 60 °C

AU R W=

challenge presented by having multiple light sources present in
the same vessel for process analysis.

To assess non-invasive monitoring of the formation of
F4_MIL-140A(Ce) in Experiment 1 (Table 1) the PhAT probe
and non-contact optic were used for Raman and THz Raman
monitoring, respectively (Fig. S3, ESI%). In the mid frequency
Raman spectra, emergence of the F4_MIL-140A(Ce) peak at
762 cm™ ' is observed over the course of the experiment (Fig. 3);
indicating Raman spectroscopy may be used to non-invasively

a) 10°
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Fig. 3 Raman spectra from non-invasive monitoring of Experiment 1:
(@) spectra as acquired and (b) focussing on the region around the
F4_MIL-140A(Ce) peak at 762 cm~*. The colour scheme goes from blue
to yellow with experiment progress.
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Non-invasive THz Raman, PhAT probe Raman
Non-invasive THz Raman, PhAT probe Raman
Non-invasive THz Raman, PhAT probe Raman
PhAT probe Raman, Tornado Hudson Raman
PhAT probe Raman, Tornado Hudson Raman
Invasive Raman, invasive THz Raman, PhAT probe Raman

monitor the formation of the MOF. It appears that non-invasive
THz Raman monitoring has been unsuccessful for detection of
formation of the F4_MIL-140A(Ce) MOF product (Fig. S4, ESL}).

A benefit of using Raman spectroscopy is that the nitric acid
is also detected, with a characteristic peak®” at 1048 cm™*
observed (Fig. 3(a)). Reference spectra of the components were
acquired prior to the experiment (Fig. S5, ESIE). In the ligand
solution there are peaks at 441 and 507 cm ™" corresponding to
ring bending and OH stretching modes from tetrafluoroter-
ephthalic acid, respectively.>® For the metal solution there is a
peak at 746 cm ' in the reference spectra (Fig. S5, ESIZ).
However, this peak is difficult to observe in the spectra from
large scale monitoring because of two interferences. Initially,
this peak is masked by the polytetrafluoroethylene (PTFE)
peak®® at 733 em™" originating from the PTFE stirrer (Fig. 3)
in the reactor. Then later with the presence of particles from
the formation of the MOF product, which changes the sampling
depth of the Raman technique owing to scattering, the domi-
nant peak in this region is at 716 cm™' from nitric acid®’
(Fig. 3(b)) which is present at a much higher concentration.
Therefore any unreacted metal will likely be at a concentration
below the limit of detection. For the conventional Raman
monitoring, there is also a large fluorescence glass signal at
ca. 1500 cm™' observed in the spectra (Fig. 3(a)), which is
expected owing to the non-invasive setup (Fig. S3, ESIi) and
wavelength of laser used.®

Application of a Savitzky-Golay second derivative filter to the
data removes baseline effects and allows for the identification
of the peaks of interest in the same position (Fig. S6, ESIL).
Univariate trending of the second derivative F4_MIL-140A(Ce) peak
shows that the timescale of the reaction from non-invasive Raman
monitoring appears to match the reported time for complete
crystallisation of ca. 40 min at 60 °C (Fig. 4).® Experiment 2 was
carried out at a lower temperature (Table 1), with increased spectral
acquisition times (Table S1, ESI}). The Raman monitoring of the
MOF peak indicates a slower reaction profile and agreement with
the reported time for complete crystallisation in ca. 80 min at
50 °C.® Non-invasive Raman spectroscopy also enables the beha-
viour of components in solution to be probed. The depletion of
nitric acid is slower for Experiment 2 (Fig. S7, ESIi), which was
carried out at a lower temperature than Experiment 1. Similarly, the
depletion of the ligand is also slower for Experiment 2 (Fig. S8,
ESI%). The results of univariate trending of the MOF, ligand, and
nitric acid peaks suggest that non-invasive Raman spectroscopy is a
suitable technique to obtain mechanistic insight into different
components in the reaction medium. Raman spectroscopy is a
more broadly applicable technique by potentially providing further
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mechanistic insight into all components in the reaction medium,
which is not directly offered by X-ray diffraction methods.

Experiment 3 (Table 1) was undertaken with a similar
experimental setup to Experiments 1 and 2 (Fig. S3, ESI}), with
non-invasive Raman and THz Raman monitoring of the for-
mation of F4_UiO-66(Ce). The characteristic Raman peaks of
F4_UiO-66(Ce), nitric acid, and acetic acid are detected by non-
invasive Raman (Fig. S9 and S10, ESIi). However, the temporal
resolution of the spectra (every 150 s) is very slow compared to
the expected reaction timescale (300 s).® Therefore, to gain
insight into the mechanism of the formation of F4_UiO-
66(Ce) by non-invasive Raman spectroscopy would require
more rapid data acquisition. The characteristic MOF peaks
(Fig. 2(c)) were not observed by non-invasive THz Raman
monitoring (Fig. S11, ESI%). Therefore, THz Raman monitoring
was not used in the remaining experiments, which removes the
need for interleaving the spectrometers for data acquisition,
increasing the temporal resolution of the data. To monitor
MOF formation via non-invasive THz Raman spectroscopy would
require further exploration; the lack of success here may be
ascribed to the small sampling volume of the non-contact optic
used® (an accessory allowing for a larger sampling area®" may be
more successful) and lower laser power.

Off-line analysis of the products from Experiments 1 and 3
by THz Raman (Fig. S12, ESI#) and Raman (Fig. S13, ESI%)
spectroscopy show differences in the spectra between the
structural analogues F4_MIL-140A(Ce) and F4_UiO-66(Ce).
The identities of the products were confirmed by PXRD analysis
to be F4_MIL-140A(Ce) and F4_UiO-66(Ce) for Experiment 1
(Fig. S14, ESI) and Experiment 3 (Fig. S15, ESIt), respectively.
This suggests THz Raman and Raman as suitable techniques
for rapid solid form screening of the products from MOF
reactions (Fig. 1(a)). Detection of the MOF peaks by the PhAT
probe in Experiments 1 to 3 also suggest non-invasive Raman
spectroscopy could be used to confirm the identity of a synthe-
sis without having to isolate the solid from the reaction
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medium, which could greatly accelerate screening. This could
even be deployed for vessels typically used in screening reac-
tions such as glass vials and pressure tubes.

Kinetic insight determined via non-invasive Raman
spectroscopy

As non-invasive Raman spectroscopy was demonstrated to be
suitable for monitoring MOF formation, Experiments 4 and 5
were performed with additional Raman monitoring from a
Tornado HyperFlux PRO instrument with the non-invasive
Hudson S04 probe head (4 mm spot size). This instrument
benefits from a high throughput virtual slit (HTVS) technology
that permits faster measurements.®® The experimental setup
was similar to that used previously, with the Tornado instru-
ment in place of the THz Raman (Fig. S16, ESI}). The temporal
resolution for the PhAT probe monitoring was improved in
Experiment 4 (a spectrum every 70 s) and the Tornado permits a
much higher temporal resolution (spectra every 10 s). For both
instruments, the Raman spectra obtained include a broad glass
signal from the STR and is dominated by a nitric acid peak at
ca. 1047 cm™ " (Fig. S17, ESI$). Using the Hudson, the nitric acid
peak intensity is comparable to the glass signal, therefore, the
exposure time cannot be increased significantly without satu-
rating the detector. Non-invasive monitoring of the formation
of the F4_MIL-140A(Ce) MOF product is improved with the
increased temporal resolution (Fig. S18, ESIi). As the MOF
product has a weak intensity, the noisy trend obtained from
the Hudson (Fig. S18, ESI#) is perhaps anticipated, especially
with the rapid acquisition time. However, there is the benefit
that the behaviour of components in solution, nitric acid
(Fig. S19, ESIi) and ligand (Fig. S20, ESI%), are captured by
non-invasive Raman spectroscopy. As the quantity of acid is a
significant factor in the reaction kinetics for the formation of
the MOF product,® Raman spectroscopy could be proposed as
an appropriate technique to probe the role of the acid in the
reaction.

Experiment 5 was carried out for monitoring of the F4_MIL-
140A(Ce) with optimisation of the exposure time for the
Hudson probe. A spectrum every ca. 17 s (Table S1, ESI¥) still
provides a much higher temporal resolution in comparison to
the PhAT probe for non-invasive monitoring. To assess the
suitability of Raman spectroscopy for determining reaction
kinetics o was calculated from the second derivative peak area
in a similar procedure to that reported.® The « determined from
the PhAT probe data from Experiments 4 and 5 indicate
reasonable agreement with the reported kinetics for the
F4_MIL-140A(Ce) system at 60 °C with 32 equivalents of nitric
acid present (Fig. 5).® Some deviations from the reported
kinetics are expected owing to experimental differences, such
as a significant difference in scale (250 mL herein vs. 5 mL
reported), stirring mode,* and stirring speed (150 rpm here vs.
1200 rpm reported), which may have implications on mass
transport effects. The « determined from simultaneous Hudson
monitoring of the same experiments suggests a different and
faster reaction profile (Fig. S21, ESI%). This may be attributed to
the optical properties of the setup, such as differences between
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Fig. 5 The extent of crystallisation, o, determined from the second
derivative F4_MIL-140A(Ce) peak area at 762 cm™' from non-invasive
Raman monitoring via the PhAT probe in Experiments 4 and 5 overlaid
with the reported Gualtieri fitting as a function of time for the formation of
F4_MIL-140A(Ce) at 60 °C in the presence of 32 equivalents of nitric acid.®

the probes including sampling volume (4 mm vs. 6 mm laser
excitation spot for Hudson and PhAT probes, respectively, and
different collection optic designs).®**® The particle size of material
in the solid state and optical configuration of the probe can have a
significant contribution to Raman scattering,®>®” further compli-
cating a direct comparison. The PhAT probe used has been
well-characterised previously,”® however, experimental factors
such as working distance have not been fully optimised for the
Hudson probe.

Despite the poorer temporal resolution of Raman spectro-
scopy compared to the synchrotron X-ray diffraction technique,
one advantage is that the solution behaviour can also be

-
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Fig. 6 Change in normalised second derivative intensity of the nitric acid
(1047 cm™Y and ligand (507 cm™Y) Raman peaks determined by non-invasive
Raman monitoring of Experiment 4 using the Tornado Hudson, overlaid
against the reported probability of nucleation, Py, for the formation of
F4_MIL-140A(Ce) at 60 °C in the presence of 32 equivalents of nitric acid.®
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probed. Overlay of the second derivative nitric acid peak
intensity with the reported Py (Fig. 6)° indicates a rapid con-
sumption of nitric acid initially that corresponds to a high Py.
This then drops as Py decreases, offering an insight into the
role of the nitric acid not available from a synchrotron techni-
que that is only sensitive to the solid phase. Whilst the Tornado
Hudson is suspected to be extremely sensitive to the scattering
properties of particles, the univariate trends of the liquid phase
nitric acid are in good agreement between both instruments
(Fig. S22, ESI%). In this instance, the increased temporal
resolution from the Tornado Hudson proves advantageous to
capturing the kinetic behaviour of the nitric acid.

Challenges encountered

During this study, some challenges were encountered that are
important to highlight with regards to using Raman spectroscopy,
especially for process analysis. As previously discussed, inter-
leaving of the spectrometers was required to avoid saturation of
the THz Raman detector. Similarly, with complementary techni-
ques, additional light sources could pose problems for Raman
data quality if they also emit at similar wavelengths. For acquisi-
tion of all spectra in this study, the experimental setups were
covered in blackout material for protection against accidental
exposure to laser irradiation and to block out signals from
fluorescent room lights.

Sample stability to laser irradiation is also an important
consideration and may present a restriction for the deployment
of Raman spectroscopy as a technique for monitoring of MOF
formation. HKUST-1 was selected as a well-studied MOF,*® with a
reported aqueous room temperature synthetic procedure® pre-
senting particularly attractive for Raman monitoring. To acquire
reference spectra of the MOF product, HKUST-1 was prepared in
batch according to a reported procedure.”” However, attempted
Raman analysis of the product indicated instability to laser
irradiation (Fig. S23, ESIf). Reported Raman studies of HKUST-1
used different excitation wavelengths,’®”" with a low laser
power required to avoid sample decomposition.””””> Therefore,
HKUST-1 was considered an unsuitable system to pursue
further development for in situ monitoring with the available
Raman instrumentation.

Whilst monitoring of MOF formation was successfully
demonstrated for non-invasive monitoring, invasive monitor-
ing modes were also considered for comparison of data quality
when the optic is in direct contact with the reagents. Experi-
ment 6 (Table 1) was carried out with three types of Raman
monitoring present (Fig. S24, ESI}): immersion (i) Raman and
(if) THz Raman probes, as well as (iii) the non-invasive Raman
PhAT probe. THz Raman monitoring was once again unsuc-
cessful in this instance, with the characteristic low frequency
peaks of F4_MIL-140A(Ce) not observed (Fig. S25, ESIi) even
though the optic was immersed in the reaction medium.
Reassuringly, the trends for the MOF, nitric acid, and ligand
(Fig. S26, S7, and S8, ESIi respectively) derived from non-
invasive monitoring of Experiment 6 are in agreement with
those for Experiment 1, demonstrating reproducibility. Uni-
variate trending of the second derivative MOF peak at 762 cm ™"
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(Fig. S27, ESI%) indicates similar trends are obtained with both
monitoring modes (Fig. S28, ESI}). With invasive monitoring, a
peak at 748 cm™ ' is observed upon addition of the metal source
(Fig. S27, ESI%), which is ascribed to the metal source (Fig. S5,
ESI%). This is possible as the PTFE stirrer is not detected in the
invasive mode and the concentration of the metal is shown to
decrease over the course of the experiment (Fig. S29, ESI).
Despite the use of a similar immersion Raman probe being
reported for monitoring of MOF formation,'*'®"” the two probes
used herein were found to not be entirely compatible with the
reaction medium and signs of damage were observed. This high-
lights the need for caution regarding chemical compatibility of
the probe with the reaction medium. In this instance, whilst the
invasive probe allows detection of more chemical components, it
may also have an unknown effect upon crystallisation such as
serving as nucleation sites and is therefore not recommended.

Conclusions

It has been qualitatively demonstrated that non-invasive Raman
spectroscopy is a suitable technique for i situ monitoring of MOF
formation. The sensitivity of the Raman technique to both the solid
and liquid phases of the reaction medium has allowed for mecha-
nistic insight into materials present in the solution phase during
the formation of the MOFs, which was not obtained from the X-ray
diffraction technique.® These preliminary investigations demon-
strate the feasibility of using non-invasive Raman spectroscopy with
scope to further optimise the experimental setup. Quantitative
insights would be possible with further development to obtain
suitable reference information. Correction of the effects upon
spectra from the scattering of light from particles””” could also
lead to improved data interpretation. It may be possible to acquire
higher time resolution data, by reducing the acquisition time for
each spectrum, and still obtain spectra of sufficient quality for
mechanistic insights. The sensitivity of the Raman techniques to
structural analogues also provides scope to utilise this in mixed
phase systems or for deployment as rapid screening tools. These
advances demonstrate that significant insights may be elucidated
via non-invasive Raman spectroscopy, and show that it can be a
powerful analytical technique for the commercialisation of MOFs.
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