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Real-Time In Situ Raman Monitoring of
Photomechanochemical Reactions

lvica Cvrtila,” Vjekoslav Strukil, *® Marija Aleskovi¢,” Ivan Kulcséar,™ Tomislav Mrla,”

Evelina Colacino,™ and Ivan Halasz*®

In its ongoing development, mechanochemistry is becoming
equipped with additional energy inputs such as light. In this
work we demonstrate a proof-of-principle setup for real-time
in situ Raman monitoring of photomechanochemical reactions.
Using photoisomerization of azobenzenes, and photolysis of

Recent development of mechanochemistry shows a strong
incentive to explore its combination with energy input in forms
other than mechanical force, such as sound, electricity, or
irradiation."? Light is particularly interesting as it offers direct
introduction of energy into the reaction system, as well as a
superior level of control over the dynamics of energy input.
Among the used wavelengths, UV irradiation is experiencing
renewed interest thanks to the development of UV LED
sources.”’ Besides, there is an extensive body of knowledge of
photochemistry not only in solution, but also in the solid state,
that may serve for developing photochemistry in a mechano-
chemical setting.”” The solid state may restrict motion of
molecules and could thus affect the distribution of products,
which has previously been applied to increase selectivity and
yields in e.g. the photolysis of diazenes® the synthesis of
compounds with vicinal quaternary carbon atoms,” or in the
preparation of ladderanes.” Furthermore, continuous mixing
and crystal or particle breaking in a photomechanochemical
setup can be expected to facilitate reactions by maintaining the
constant exposure of the whole reaction mixture to the
irradiating light."” Despite these benefits over solution photo-
chemistry or static irradiation of solids, there are not many
reports on combining irradiation with mechanochemistry.'®'®
Some of the reasons for such scarcity may be found in the lack
of readily available irradiation sources and compatible milling
media that would allow for a practical, yet safe coupling of
photochemical reactions with high intensity grinding. Addition-
ally, techniques for real-time in situ monitoring of such photo-
mechanochemical reactions, crucial for an in-depth understand-
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adamantane diazirine as model reactions, we show that multi-
ple photoisomerization cycles can be performed and monitored
in a ball mill, and highlight reaction selectivity that can be
achieved by photomechanochemistry.

ing of underlying mechanisms, have not been developed,
further limiting the research to more demanding and necessa-
rily delayed ex situ monitoring.

We approached this challenge by upgrading our previously
developed ball milling setup for in situ Raman monitoring,"**”
with a suitable irradiation equipment,”’® in a similar fashion as it
had previously been done for tandem monitoring
techniques.”’ This approach required a few conditions to be
met. First, it was necessary for the irradiation sources and the
Raman probe to fit together around the reaction vessel, without
interfering with, or being obstructed by the oscillating reaction
vessel and shaker-mill arms. Second, the reaction vessel must
be transparent in the wavelength range of both the irradiation
source and the Raman laser, and must also endure milling.
Third, due to the heat released by the irradiation source, a
means of cooling of the reaction vessel needed to be arranged.

As our model reactions we chose E/Z-isomerization in the
photoswitches azobenzene (1) and its derivative 4-methoxyazo-
benzene (2), and the photolysis of adamantane diazirine (3)
(Scheme 1). Aside from displaying archetypal reversible photo-
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Scheme 1. Photomechanically driven reactions for developing in situ mon-
itoring by Raman spectroscopy: a) Z—E isomerization of 1, b) reversible Z—E
and E—Z isomerization of 2, c) photolysis of 3 in the solid state. In this work
4 is the dominant product.
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chemical isomerisation reactions, azobenzenes are interesting
as energy storage materials.**® Compound 2 was selected for
its absorption maxima at 348 nm for the E—Z isomerization,
and at 440 nm for the Z—E isomerization, both suitable for
commonly available LED sources. In contrast, solid £-1 can only
be converted to the Z-isomer by using laser irradiation,”” and
our attempts to obtain it in the mechanochemical setup, led to
no conversion at all. Therefore, Z-1 was prepared in solution,
purified by column chromatography and isolated as a pure solid
(Figure S2). Only the Z—E isomerization was then performed in
the photomechanochemical setup.

The photolysis of 3 is a complex reaction producing reactive
adamantyl carbene, which can react with a multitude of other
compounds, including itself and the starting material. To date,
photochemistry of 3 has been thoroughly explored in
solution?3?  matrix  environment,***?  and  within
supramolecular containers, both in solution and in the solid
state.®**¥ Upon irradiation, diazirines can isomerize into linear
diazo compounds,”*” where both can release nitrogen to form
the corresponding carbenes.”*=? Carbene species, depending
on the other compounds present in the mixture, can afford
various addition products, which have been used e.g. in
cyclopropanations,“? preparing organometallics* or for pho-
toaffinity labelling.""

For visible light irradiation experiments we used a home-
made array of blue LEDs (460 nm), that has already proven to
be an efficient means to perform photomechanochemical
reactions."” For UV irradiation experiments we used an in-
house built linear array of UV LEDs (365 nm) equipped with a
heat sink, and positioned on a movable aluminium holder
mounted on the front panel of the shaker mill (Figure 1,
Figure S5). This allowed for precise positioning of the LEDs, and
consequently for controlling the intensity of light entering the
reaction mixture. Due to their undemanding size, both LED
arrays could be mounted simultaneously, e.g. to perform
monitored photomechanochemical experiments with alternat-
ing irradiation sources (Figure S5b—d).

While PMMA jars, commonly used for monitoring mecha-
nochemical reactions, are transparent for visible light, they are
not fully compatible with UV irradiation sources.”” This reduces
the choices for the jar material to glasses, including fused silica.

[35-37]

Figure 1. Top view of the setup for monitoring UV photochemical reactions
in @ mechanochemical setting making use of a horizontal vibrating ball-mill:
a) scheme, and b) photograph. A — shaker mill arm, B - quartz jar placed in a
Teflon holder, C - Raman probe (pointing upwards), D - UV LED array, E -
cooling fan. Due to the orientation of the Teflon holder opening towards the
Raman probe and the UV source, the jar inside the holder is not visible on
the photograph.
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The first part of experiments, with azobenzene, was performed
using custom-made glass jars (Figure S4a) that were carefully
mounted onto shaker mill arms to avoid crushing and displace-
ment during the experiments. Since laboratory glass has a
broad maximum and two relatively sharp peaks in its Raman
spectrum, all overlapping with typical signals for organic
functional groups (Figure S6a), for later experiments we
switched to quartz glass, which has only a broad, low-intensity,
maximum between 2500 and 3500 cm™" (Figure S6b). Addition-
ally, a special Teflon holder (Figure S4c) was constructed to
facilitate mounting of the jars onto the shaker mill arms. A
single Teflon-coated steel ball (10 mm, 1.6 g) was used in all
experiments, and the milling frequency was set to 30 Hz.

Although LEDs are the most efficient light sources today,
the heat they release still makes up the majority of their energy
output™ This means that, along with UV photons, the
irradiated jar will also receive heat in the form of IR irradiation.
In our setup, the LED array (5x2-3 W optical power) at the
minimal distance from the jar (2.1 cm) increased the temper-
ature of the outer surface of the jar to 94°C. Ideally, IR
irradiation could be prevented from reaching the jar using a
quartz screen with circulating water. However, this is sterically
cumbersome, so we opted for a cooling fan. This worked
satisfactorily, as the fan reduced the outer surface temperature
of the jar to 36°C at the minimal distance from LEDs to the jar,
and to 27°C (which is 4 degrees above the jar temperature
without irradiation) at a higher distance (6.0 cm) (Figure S8).

In the Z—E photoisomerization of 1 (Scheme 1a), induced
by blue light (460 nm), it was noticed that the compound
readily sticks to glass of the reaction jar, which precluded
monitoring. To improve the rheological properties®” of the
reaction mixture, 80 mg of 1 was mixed with up to 5 time in
mass of anhydrous Na,SO,, finally resulting in a free-flowing
powder. A 2D data plot of the time-resolved Raman spectra
shows a smooth transition from the Z-isomer to the E-isomer in
about an hour (Figure 2a). For a more precise picture, intensities
of characteristic Raman signals for the starting material E-1
(156 cm™', phonon area) and the product Z-1 (1428 cm™,
related to —N=N— vibrations) were plotted as a function of
time (Figure 2b, see also Figures S10-S14), indicating that there
are no other species present during the photoisomerisation.

We continued with the E—Z and the Z—E photoisomeriza-
tion of 2 (Scheme 1b), using 365 nm UV irradiation for the E—Z
isomerisation, and the 460 nm blue light for the reverse
process. Acceptable rheological behaviour was now reached by
mixing 50mg of 2 with ten times as much Na,SO,.
Photomelting™®? of 2 during irradiation changed the appearance
of the reaction mixture to darker shade of orange, and to more
sticky particles, but the material in the jar remained powdery.

The E—Z photoisomerisation exhibited a rapid transforma-
tion from the pure E-isomer into a photostationary mixture with
predominately the Z-isomer (E:Z=14:86, based on NMR), in
ten to fifteen minutes, depending on the distance of the LEDs
from the jar (Figure3, see also Figures S15-S17), clearly
indicating that the intensity of the radiation delivered to the
sample influences the rate of the photochemical switching.
Period of milling without irradiation (first 2 min in Figure 3a,
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Figure 2. Z—E photoisomerization of 1 monitored by in situ Raman spectro-
scopy: a) time-resolved 2D Raman plot, b) kinetic profile of the reaction,
based on peak intensities at 156 cm™" (E-1) and 1428 cm™' (Z-1) normalized
against the Na,SO, signal at 991 cm™' (Figure S7).

and first 5 min in Figure 3b) produced no changes in the Raman
spectra. On the other hand, milling the irradiated mixture in
dark led to slow thermal isomerization (Figures S23-S30), with
isomerization rates similar to those observed in standing solid
samples.”®

Next, we hypothesised that alternating E—Z and Z—FE
photoisomerizations of 2, using intermittently the UV and the
blue sources, could be accomplished. Having mounted both
irradiation sources (Figures S5, S31-33), we performed three
switching cycles under continuous Raman monitoring (Figure 4)
demonstrating also, for the first time, that multiple photo-
switching cycles (from predominantly E-1 to predominantly Z-1)
can be achieved during ball milling, maintaining high efficiency
in each cycle.

Finally, we performed Raman monitoring of the photolysis
of the diazirine 3 in the solid state using UV LED source. Again,
sticking of the reactant to the glass walls of the jar was
prevented by adding up to ten times the amount of anhydrous
Na,SO, to 50 or 100 mg of 3. Monitoring the irradiation of 3
showed a rapid transformation, with azine 4 (Scheme 1c¢) being
the dominant product, and the reaction completed in a few
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Figure 3. Time-resolved 2D plots for Raman-monitored E—Z photoisomeriza-
tion of 2 in a mechanochemical setting: a) UV LEDs 2.1 cm away from the jar,
b) UV LEDs 5.1 cm away from the jar. Irradiation indicated on the right sides
of plots by purple shading.

minutes (Figures S41-S44). Similar reaction times have been
observed in solution, albeit with much stronger irradiation
sources.®” Sources such as mercury lamps required irradiation
times in hours.’” Notably, solvents must be dried and
deaerated before use in photochemical reactions. We also
conducted the purely mechanochemical experiment, without
UV irradiation (Figure S37), and have fully recovered the starting
diazirine 3, ruling out the possibility that a carbene was formed
due to milling.

To slow down the photoreaction, we covered 4 out of 5
LEDs of our UV source, resulting in the reaction being complete
in about 15 minutes (Figure 5a, see also Figures S45 and S46).
The reaction profile is typical for a solid-state reaction (Fig-
ure 5b), except for the strongest product signal at 1620 cm™,
which exhibits a different increase in intensity (Figure S47) from
any other signal. In particular, the two-step growth and a subtle
shift of the band maximum from 1619 cm™' to 1614 cm™". Since
this signal is most likely related to the C=N vibrations in 4,%% its
behaviour may stem either from isomerization around the N—N
bond in 4, or a phase transition that involves changes in
conformation.
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Figure 4. Switching cycles on 2 in a mechanochemical setting, using 365 nm
and 460 nm irradiation, respectively: a) time-resolved 2D plot, and b)
selected Raman signal intensities of £-2 (1466 cm™') and Z-2 (1507 cm™)
over time. Data affected by a temporary malfunction of the Raman probe
(260-270 min) not shown.

'H NMR analysis of the product mixtures (Figures S38, S39)
revealed that azine 4 is formed as the dominant product (about
70%, similar to highest previously reported yields in
solution™*"), with a minor amount of adamantanone 5. Addi-
tionally, characteristic chemical shifts indicate dehydroadaman-
tane 6 and biadamantilydene 7 as possible by-products
(Scheme 1c). The by-products were also confirmed by GC-MS
(Figure S40), but in much smaller proportions, possibly due to
their high volatility and less ready ionization. Extraction from
the reaction mixtures, followed by chromatographic purifica-
tion, yielded 39% of 4 and 15% of 5. A possible cause for lower
isolated yield is degradation during isolation.

Previous literature reports provide an insight into the
mechanism of formation of isolated products. In the case of 4,
its formation is explained by a bimolecular reaction of the
carbene with the diazo intermediate,?**'*%*? or the starting 3.”
Ketone 5 is known to form in the reaction of intermediate
carbene with atmospheric 0,.°"” We have observed, however, in
a separate experiment, performed in an inert atmosphere, that
the yield of 5 remained the same as when oxygen was present
(see Sl, Figures S48, S49, and Table S3), suggesting that species
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Figure 5. Photolysis of adamantane diazirine 3 using a single UV LED at

6.0 cm distance from jar: a) time-resolved 2D plot; b) selected Raman signal
intensities of the starting material (701 cm™') and the major product

(1206 cm™) as a function of time. Irradiation period is denoted by purple
shading.

other than O,, such as Na,SO, present in the mixture, could be
sources of oxygen for this reaction. On the other hand, 6 is
formed by intramolecular 1,3 C—H insertion of the carbene
intermediate,***? while 7 is formed directly from it. Strong
selectivity of the solid-state photolysis of 3 for 4 rather than 7 is
most likely due to high reactivity of the nascent carbene, as the
first ready co-reactant molecule to encounter is the starting
material 3, with 4 being significantly more inert. Additionally,
the photomechanochemical reaction of diazirine 3 without a
solvent prevented formation of by-products resulting from
carbene insertion into the solvent molecule.

In summary, we show that Raman monitoring of photo-
chemical reactions in a mechanochemical setting can be
efficiently performed, including photoisomerisations as well as
photolysis reactions. Photoisomerization of azobenzenes shows
that, by using different irradiation sources, multiple back-and-
forth isomerization cycles can be efficiently performed in a ball
mill, and that established photochemical reactions in solution
are likely to exhibit different product selectivity in a mechano-
chemical environment. This sets path for a more systematic
approach to study photochemistry in the solid state and creates
opportunities for extending the complex photochemistry of
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organic compounds to the mechanochemical ball milling
environment.
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