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Light plays a pivotal role in many solid-state materials technologies.
High-resolution solid-state nuclear magnetic resonance (NMR) is a key
tool for characterizing atomic-scale structures and dynamics in solid
compounds, but requisite magic angle spinning (MAS) of the sample-
containing rotors limits the measurement of these systems in their
irradiated states. Here we report on a bespoke methodology for per-
forming solid-state NMR of a sample irradiated with visible/ultraviolet
(vis/UV) light, while undergoing MAS at frequencies =15 kHz. A fiber
optic insert guides vis/UV light to the spinning NMR rotor, where
a glass end cap and dispersion rod act to illuminate the sample inside
the rotor. This methodology was used to follow the photo-
polymerization reaction of n-butyl acrylate, providing well-resolved
'H and $3C NMR assignments of the formation of a semi-solid poly-
mer gel.

Introduction

Solid-state photochemistry describes a wide range of photon
energy driven reactions of great importance to several indus-
tries. UV-cured polymerization has become commonplace in
production, wused for printing, coating, and additive
manufacturing." Photodegradation is an obstacle in food
science, pharmaceuticals, polymers, solar cells, and space
materials.>® Optoelectronic semiconductors are finding use as
heterogeneous photocatalysts to increase the efficiency of
various reactions,® and have long been used as light emitting
diodes and photo-voltaic cells.”® Each of these applications is
an area of active scientific research as the community searches
for greener processes and energy solutions. Photochemistry is
also prevalent in biological systems such as photosynthesis,
skin damage and vision.*
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High-resolution in situ photo-irradiation MAS NMR:
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One of the most powerful tools for studying solid materials
in general is nuclear magnetic resonance (NMR), which
provides atomic-scale structural information of crystalline and
amorphous materials alike. In addition, it can probe molecular
dynamics over a range of time-scales. Magic angle sample
spinning (MAS) is necessary in solid-state NMR to achieve
resolution of individual frequencies of different chemical sites.
It involves rotating the sample at an angle of 54.7° from the
static magnetic field and acts to reduce the NMR line broad-
ening which results from anisotropic interactions. Methodology
development towards in situ solid-state NMR harnesses the
power of NMR for elucidating complex processes and reactions
in solid materials, resulting in interesting bespoke systems
tailored for studying specific processes.’*™ Photochemical
reactions are often fast and reversible, hence the ability to
perform MAS NMR measurements while irradiating the sample
with UV/vis light in situ has great utility.

There are existing reports of in situ photo-irradiation MAS
NMR. Starting in 1977, D. Raftery, et al. utilized a home-built
system to perform in situ photo-irradiation solid-state NMR of
various photo-catalytic materials.*>* Their system utilized
a quartz rod to guide light through a 10 mm gap in the RF coil
onto the side of a 5 mm glass tube which contained the sample.
Hence, a bespoke RF coil was required, and MAS frequencies
were limited to <2.7 kHz. In 2004, M. Hunger, et al. developed
an impressive system which modified a 7 mm Bruker MAS
probe with an injection system allowing in situ continuous flow
reaction MAS (3 kHz) NMR measurements.>® The bottom of the
rotor was replaced with a quartz glass window, allowing in situ
photo irradiation supplied by a fiber optic fed through the
bottom of the stator. The photoreaction pathways in retinal-
binding photoreceptor proteins have received much attention
with nascent photo-irradiation MAS NMR techniques. Over the
last 30 years, multiple groups have studied photoreceptor
proteins using home-built in situ irradiation setups which
guided light through the MAS stator (perpendicular to the rotor)
to shine light onto the sides of the rotor walls, achieving suffi-
cient light penetration from thin wall zirconia rotors,***” or by
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using specially designed transparent rotors.”*** The advent of
photo-chemically induced dynamic nuclear polarization (photo-
CIDNP) in solid-state, a hyperpolarization technique where
nuclear polarization is created by the evolution of spin-
correlated radical pairs, has also resulted in multiple groups
utilizing photo-irradiation MAS NMR setups.**~*® The majority
of these used DNP MAS probes, where light was directed
through the existing microwave waveguide onto the sides of
clear sapphire rotors spinning at 8 kHz. Bruker states
a maximum MAS frequency for its 3.2 mm sapphire rotors of 12
kHz.*® In 2011, A. Naito, et al. developed an in situ irradiation
MAS NMR setup which irradiated the sample from inside the
rotor. The end cap of a 4 mm Varian pencil rotor was swapped
for a tapered glass rod, attached with glue. The narrow end of
the glass rod extended into the rotor, allowing dispersal of light
into the sample space. The light was supplied by an unattached
fiber optic cable directed onto the exposed end of the glass rod.
Their system was also used to study photoreceptor proteins,
with a maximum MAS frequency of 4 kHz throughout.**-**

Results and discussion

We have developed upon the design of A. Naito, et al., adapting
an existing solid state NMR probe and rotors to create a bespoke
setup for in situ irradiation MAS NMR. This setup uses low-cost
and easy-to-produce parts for adapting existing MAS NMR
probes, therefore not requiring coil modification, DNP probes,
or specialized rotors. It can achieve stable MAS frequencies of
up to 15 kHz, in an arrangement that allows facile rotor (re)
packing. In addition, any fiber-coupled light source can be
integrated into the setup. The traditional end-cap of a Varian
4 mm pencil rotor is replaced with a tapered glass rod (Fig. 1a),
manufactured via the KU Leuven Campus Glasblazerij. Quartz
glass cylinders of 3 mm diameter were stretched into shape
before cutting and polishing. The widest end of the glass rod fits
tightly into the rotor with the long tapered section extending
into the rotor sample space. A PTFE insert with a small divot
holds the narrow end of the glass rod to ensure stability under
spinning conditions. The glass rod is held in place by friction
alone, not requiring glue, allowing unhindered repacking of
this “windowed” rotor and minimizing 'H rotor background.
The tapered glass rod acts to disperse the light from a fiber optic
cable into the sample, which is packed around the sides of the
light dispersion rod (Fig. 1a). A 4 mm MAS HXY Chemagnetics
probe was minimally adapted with a home-built mechanical
part to guide the fiber-optic to the rotor, as shown in Fig. 1b and
c. The part was 3-D printed in 3DM-ABS resin and attached with
BeCu shielding to minimize external RF penetration inside the
MAS probe. An utensil holds the end of the fiber optic cable
2 mm from the exposed end of the glass rod within the rotor
when placed in the probe stator at the magic angle. To achieve
this angle the fiber optic cable is bent out of the top the probe,
and then fed back through the length of the probe for connec-
tion to a Thorlabs fiber optic coupled LED held at a distance of 2
m from the actively shielded magnet, as demonstrated in
Fig. 1c. The fiber optic holding utensil can be partially retracted
from the top of the probe, allowing easy rotor removal for
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Fig. 1 (a) Drawings of the windowed rotor for in situ irradiation and
a photo of the adapted rotor while under irradiation with blue light. (b)
Schematic of the arrangement of the adapted probe/rotor and the
fiber optic cable connected to a light source. (c) Photo of the 3D
printed probe-head with fiber optic alignment utensil while the rotor is
irradiated with blue light.

sample repacking. The utensil is not in contact with the stator
and therefore has no effect on the calibration of the magic
angle. The 3DM-ABS utensil has a glass transition temperature
of ~100 °C, limiting the temperature range of this prototype,
but 3D printing resins with a higher temperature resistance
could be used if necessary.*” Further experimental details can be
found in the ESL¥

To test the in situ photo-irradiation MAS NMR setup, the UV-
initiated polymerisation reaction of n-butyl acrylate was chosen.
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Scheme 1 Polymerization reaction of UV-initiator benzoin methyl
ether and monomer n-butyl acrylate.
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The reaction is demonstrated in Scheme 1. The reactants and
products of the reaction are transparent allowing irradiation of
a maximally filled sample space and the progress of the reaction
can be easily tracked via 'H NMR, allowing high NMR sensi-
tivity. Samples were prepared by first passing the liquid n-butyl
acrylate (nBA; 98+%) (Alfa Aesar) through an Al,O; filter, to
remove the ~50 ppm of 4-methoxyphenol which is included to
inhibit polymerisation. Then 0.5 wt% of powdered benzoin
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Fig. 2 (a) Static 'H NMR spectra of the nBA polymerization reaction
during UV exposure (365 nm at 13.3 mW fiber optic output power). (b)
Plot of 'H longitudinal relaxation times (T;) versus monomer conver-
sion (X) correlating to the spectra in (a). (c) °Br NMR spectra of
powdered KBr at different MAS rates.
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methyl ether (BME; 97%) was dissolved into the filtered nBA
liquid. Irradiation at 365 nm causes photolysis of the BME
initiator resulting in two radical products. The radicals open the
C=C bond of the nBA monomer, resulting in another radical,
which can react with more monomer. As such, the reaction
propagates producing polymer chains, until the reaction
terminates via combination with other polymer -chains,
disproportionation, or, less commonly, reaction with a primary
radical.*®

The liquid reactants were packed into the rotor to the sides
of the light dispersal rod, which was sealed with the insert and
drive cap and then placed in the stator of the probe. The fiber
optic position was adjusted for good alignment with the light
dispersion rod. A fiber-coupled LED provides UV light with
a wavelength of 365 nm with variable radiant power; the radiant
power at the fiber optic output ranges from 0-13.3 mW which is
linearly dependent on the driving current of the LED.

To test the irradiation efficacy static "H NMR measurements
were acquired at different time points during continuous irra-
diation of 365 nm UV light with a radiant power of 13.3 mW.
The static "H NMR spectra are shown in Fig. 2a. As the time
under UV irradiation increases, the intensity of the acrylate
hydrogens resonances (~6 ppm) is reduced as the polymeriza-
tion reaction propagates. After sufficient time, there is negli-
gible 'H signal at ~6 ppm confirming that the whole sample
space is effectively irradiated by the light dispersion rod. The
resonances also broaden and their T, relaxation time decreases
(Fig. 2b), indicative of the increase in viscosity of the forming
polymer. An initial increase in 7; can be attributed to an initial
decrease in viscosity due to the exothermic nature of the
reaction.

High-resolution NMR spectra of the polymerization can be
achieved via MAS. To demonstrate the stability of the MAS
spinning, the windowed rotor was initially packed with
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Fig.3 Molecular drawing of (a) nBA monomer and (b) PBA polymer with labelled hydrogen/carbon environments. (c) *H and (e) **C MAS (6 kHz)
NMR spectra of monomer/polymer mixture (X = 0.84) after 140 s total UV exposure duration. (d) *H and (f) 33C MAS (6 kHz) NMR spectra of PBA (X
=1.00) after 630 s total UV exposure duration. The resonances in the NMR spectra are labelled with numbers relating to assignments in (a and b),
or as relating to the BME initiator or the PTFE insert. The irradiation wavelength was 365 nm with a radiant power of 13.3 mW, throughout.
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powdered KBr. Fig. 2¢ shows the "’Br NMR spectra of KBr at
multiple MAS rates up to 15 kHz. Once the MAS stability of the
windowed rotor had been demonstrated the polymerization
reaction could be examined under MAS.

However, to avoid spinning liquid material the polymeriza-
tion reactants were initially exposed to 60 s of UV (365 nm at
13.3 mW) in the windowed rotor under static conditions; this
initial polymerization resulted in ~50% conversion of the
monomer providing a sufficient increase in viscosity to avoid
possible sample leakage under MAS. Then the rotor was spun to
6 kHz and "H NMR spectra were acquired at different time-
points while under continuous UV irradiation (365 nm at 13.3
mW). Fig. 3¢ and d shows two of the 'H NMR spectra taken
during the polymerization reaction, where 'H resonances are
well resolved for each of the hydrogens in the monomer/
polymer (see Fig. 3a and b for assignment). Integration of the
well resolved resonances of the remaining monomer acrylate
hydrogens (6.8-5.5 ppm) gives the monomer concentration (M)
allowing accurate tracking of the progress of the polymeriza-
tion. The monomer conversion ratio is given by:

e () 8

Hence, the displayed "H NMR spectra were acquired at 84%
(Figure 3c) and 100% (Fig. 3d) monomer conversion. Fig. 3¢
therefore contains a mixture of both monomer (Fig. 3a) and
polymer (Fig. 3b) 'H resonances. On the other hand, Fig. 3d
contains only polybutyl acrylate (PBA) resonances and shows
significant broadening due to the increased viscosity, as seen
previously in the static spectra (Fig. 2a). At various time points
the UV irradiation, and hence the polymerization reaction, was
stopped to acquire longer >C NMR spectra (experimental time
of 600 s). Fig. 3e and f shows two ">C NMR spectra taken during
the polymerization reaction, where "*C resonances are well
resolved for each of the carbon sites in the monomer/polymer
(see Fig. 3a and b for assignment).

The polymerization reaction was shown to stop rapidly after
the UV irradiation was removed, by acquiring static '"H NMR
spectra under UV, turning off the UV LED immediately after
acquisition, and then re-acquiring in dark conditions (see ESI
Fig. S17). The pre- and post-UV spectra are highly similar
throughout the polymerization process demonstrating that the
reaction halts quickly. These results also confirm that the
paramagnetic radicals created by the UV polymerization process
has a negligible effect on the 'H NMR spectra of the bulk
materials, due to the low relative concentration of radicals at
any one point in time during the UV exposure (<0.6 mol%; i.e.
double the initial concentration of the photo-initiator).

Different fiber optic output radiant powers were used to
explore the rate of the polymerization reaction under different
UV fluxes. As above, each experiment began at ~50% monomer
conversion after 60 s of 365 nm light at 13.3 mW under static
conditions to partially solidify the sample. Afterwards, the rotor
was spun at 6 kHz and the 'H NMR was recorded every 20 s
during continuous exposure to UV irradiation at a set power to
track the polymerization reaction. Fig. 4a shows the in situ "H
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MAS NMR spectra over time during UV irradiation at 6.7 mW.
The monomer conversion ratio, determined via '"H NMR inte-
gration, is shown as a function of continuous UV exposure
duration in Fig. 4b. The dataset at 3.3 mW only reaches
a maximum conversion of ~96%, suggesting a small amount of
liquid monomer may have leaked beneath the PTFE insert, out
of reach of the UV irradiation.

At each UV power the reaction begins with an induction
period at a slower rate before following an exponential curve
fitted with:

X=1-¢* (2)

The resulting reaction rates constants k, at each power for
the exponential section of the reaction are displayed in Fig. 4b.
As expected, the rate of polymerization is reduced with reduced
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Fig. 4 (a) MAS (6 kHz) *H NMR spectra of nBA polymerization under
continuous UV exposure (365 nm at 6.7 mW fiber optic output power).
(b) Plot of monomer conversion X, determined via integration of
monomer NMR resonances, versus UV exposure duration at different
radiant powers. Exponential polymerisation curves are fitted via eqn (2)
(with an offset where necessary) and reaction rates k are displayed.

This journal is © The Royal Society of Chemistry 2025
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(@) Comparison of experimental and calculated polymerisation curves at each radiant power. Solid lines represent extrapolated expo-

nential reaction curves (egn (2)) utilising the reaction rate constants k determined via fitting of the in situ NMR data (Fig. 4b). Dashed lines
represent calculated polymerisation curves from the analytical egn (3) derived by K. V. K. Boodhoo et al.,*¢ assuming 100% of the radiant power is
incident on the sample. (b) Plot of monomer conversion from UV irradiation at 13.3 mW while under MAS (6 kHz) and static conditions. (c) Plot of
monomer conversion from UV irradiation at 1.7 mW while under MAS (6 kHz) and static conditions; two static datasets are provided: one with
continuous irradiation and one where irradiation was halted at X ~50% for 10 min before the UV irradiation and *H NMR acquisition were
reinitiated. Exponential polymerisation curves are fitted via eqn (2) (with an offset where necessary) and reaction rates k are displayed.

UV power, with a non-linear relationship between reaction rate
and radiant power. K. V. K. Boodhoo et al., previously studied
the polymerization of a thin film of n-butyl acrylate with variable
UV intensities via gel permeation chromatography.*® In their
work, they mechanistically derived equations describing the
polymerization reaction, which, under certain assumptions,
provided an analytical solution for the monomer conversion:

Aky [(1 — B) — (1 — BeX1)eCT]

X=1-eVh , (3)
which is dependent on a polymerization propagation rate
constant k;,, a termination rate constant k;, and the incident
light power I. By utilizing the rates used by K. V. K. Boodhoo
et al. (k, = 16300 L mol ' s 5k, = 6 x 10" L mol ' s~ ') the
polymerization curves for each radiant power can be simu-
lated;* these curves are shown as dashed lines in Fig. 5a. The
coefficients contain the photo-initiator initial concentration P,
quantum yield of initiation ¢, and absorption coefficient «; the
average film thickness L and surface area S; and the light
wavelength A. These parameters are provided in the ESIt and
were measured directly from our system or have been provided
by the literature.*®* Hence, the results of the in situ NMR
experiments can be compared to the predicted polymerization
curves of the analytical equation. Solid lines in Fig. 5a show the
extrapolated exponential polymerization curves determined in
Fig. 4b (shown without induction periods for clarity). As shown,
the exponential curves provide a good approximation of the
analytically simulated polymerization curves with a similar
relationship between reaction rate and radiant power. This
corroborates the equation derived by Boodhoo et al, with
a larger dataset than provided by their experimentation, giving
credence to the proposed values for the polymerization propa-
gation rate k;, and termination rate constant k.. The analytically
calculated polymerization curves are visibly faster than the
experimentally derived polymerization curves. This can be

This journal is © The Royal Society of Chemistry 2025

ascribed to the false assumption in the analytical calculation
that 100% of the radiant power reaches the sample. In reality,
there is light loss due to reflection from the glass rod surface
and/or non-ideal alignment. The differences in the curves allow
an estimation of the light loss in the in situ NMR setup to be

around 5-20%.
/’lCNaP()S
A= (4)

(XLPO
_ gad
€= 2hcN,S"” (6)

The induction period increases in duration with reduced UV
power and is most clearly seen at the lower powers of 3.3 and 1.7
mW. To investigate the origin of the induction period, poly-
merization curves were compared for when the rotor was static
versus spinning at 6 kHz. Fig. 5b shows the polymerization curve
with strong (13.3 mW) UV power under static and MAS condi-
tions, where the MAS curve begins at ~50% monomer conver-
sion. Both curves show a small initial induction period from
when the UV irradiation begins (or is reinitiated). Beyond the
induction period, both line-shapes can be fitted with an expo-
nential curve (eqn (1)), providing similar reaction rates of k
~0.02 s~'. The static measurement appears to have a slightly
faster polymerization rate, but this may encompass systematic
errors due to the lower accuracy of measuring the monomer
conversion from the broader overlapping resonances in the
static "H spectra. Hence, at relatively high UV power the small
induction period can likely be ascribed to chemistry
phenomena in the polymerization reaction. Induction periods
have been seen previously in photo-initiator reactions and were

J. Mater. Chem. A, 2025, 13, 933-939 | 937
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explained by: effects of exothermic heat on polymer chain
dynamics; radical-radical termination reactions being favored
over radical-monomer reactions at low radical concentrations;
or inhibitory effects of incorporated oxygen.** However,
comparison of the polymerization curves at weak UV power (1.7
mW) shows a stark difference in the data acquired under static
and MAS conditions (Fig. 5¢). The static polymerization curve
begins with a small induction period, similar to the high-power
data, before becoming exponential with a slower reaction rate of
k = 0.007 s~'. However, the MAS polymerization has a much
longer induction period, suggesting that the MAS is hindering
the initial polymerisation. To rule out the effect of halting the
UV irradiation at 50% monomer conversion to begin MAS
spinning, a static polymerisation curve was measured with a 10
minutes halt of the UV irradiation at 50% monomer conversion
before restarting the UV LED. As shown in Fig. 5¢, the halting of
the UV irradiation does not greatly influence the static poly-
merisation curve at low UV power. Instead, we hypothesize that
the MAS acts to centrifuge the monomer/polymer gel mixture.
High molecular weight (M) polymer chains will be removed
from low My, monomer units, hampering the polymerisation
chain reaction and increasing the termination rate of reaction
with other polymer chains. Presumably, the centrifugation
effect is lessened once the gel becomes more solid at higher
monomer conversion percentages and the reaction curve
becomes exponential, as in the static experiments.

Conclusions

In conclusion, an in situ photo-irradiation MAS NMR setup has
been demonstrated, which is both easy to produce and use.
Results are presented from "H and '*C MAS NMR tracking of the
UV polymerization of nBA. The MAS NMR provides highly
resolved spectra proving that the setup can be used to follow
light intensity dependent reactions in semi-solids with good
accuracy; future mixed-phase investigations could include light
induced crystallization reactions® or surface interactions in
heterogeneous photo-catalysts.'®'#2%21242551  However, care
needs to be taken to account for centrifugation of the sample
under MAS. Centrifugation would not be an issue in more rigid
materials where NMR can provide insights into their atomic-
scale structure and dynamic. We hope this will contribute to
the characterization of light-dependent solid materials at the
forefront of materials research, such as photovoltaic semi-
conductor layers or photo-stabilized polymers.**>

A Chemagnetics probe and Varian rotor were adapted for use
in this work, however MAS NMR equipment from other
commercial vendors could be adapted similarly by substituting
the MAS sample holder end-cap with a tapered glass rod and
feeding a fiber optic cable through the probe. The fiber optic
coupled system allows interchange of the light source for
observation of photochemical phenomena caused by different
wavelengths and intensities. The light source is also controlled
via USB and hence could be triggered by the NMR spectrometer.
Integration of light pulses into the NMR RF pulse sequences
would provide interesting avenues of development in areas such
as photo-hyperpolarization NMR techniques.*
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Raw NMR data for this article (Topspin data file format) are
available at KU Leuven Research Data Repository at [https://
doi.org/10.48804/VLODK1].
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