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Conventional real-time monitoring of polymerization is a laborious process that requires offline sampling
and analysis. In this work, we introduce an advanced approach that combines Time-Resolved Diffusion
NMR with *H NMR for the simultaneous, in situ tracking of both monomer conversion and molecular
weight evolution. We successfully applied this method to monitor the photoinduced atom transfer radical
polymerization (photo-ATRP) in real-time. Furthermore, by coupling the gamma model with dispersity-
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matched accumulation, we accurately determined the dispersity values of the resulting polymers. To
make the method more accessible, we developed a user-friendly program that sets up the acquisition
and simplifies real-time monitoring of photo-ATRP. Additionally, the program allows stopping illumination
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Introduction

Synthetic polymers represent one of the most widely used
classes of chemical compounds, enabling applications from
everyday packaging to advanced drug delivery systems. The
precise control over their properties, such as molecular weight,
architecture, and functionality, is paramount. This necessity
has driven the development of reversible-deactivation radical
polymerization (RDRP) techniques,> with atom transfer
radical polymerization (ATRP) standing out as a particularly
powerful and versatile method since its discovery in 1995.%*
However, conventional ATRP requires high concentrations
of an air-sensitive copper(1) catalyst. To overcome this limit-
ation, photoinduced ATRP (photo-ATRP) was developed,’
which leverages light as a clean and efficient external stimulus
to mediate the polymerization. This approach provides excep-
tional spatiotemporal control,’ as the reaction can be initiated
and halted simply by switching a light source on or off.
Furthermore, photo-ATRP can be conducted in green solvents,’
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at any desired monomer conversion, enabling easy control of the process.

including water,® broadening the scope of compatible mono-
mers and initiators.”'® It also exhibits greater tolerance to
molecular oxygen,'" eliminating the need for stringent deoxy-
genation procedures.

These features make photo-ATRP a highly promising
method for both academic research and industrial manufac-
turing. However, its implementation and scalability are hin-
dered by a critical challenge: photochemical reactions are
extremely sensitive to subtle variations in experimental con-
ditions." Factors like light source intensity, reactor geometry,
distance from the light source, and the homogeneity of the
reaction mixture can profoundly impact polymerization kine-
tics and its reproducibility.”® Minor, often unavoidable, devi-
ations between experiments can lead to inconsistent out-
comes, creating a significant barrier to the use of this
technique.

This inherent sensitivity underscores a pressing need for
robust analytical methods capable of monitoring the reaction’s
progress in real-time and under true process conditions
(in situ).** Such tools are essential for understanding reaction
kinetics, ensuring reproducibility, and enabling the effective
optimization of polymerization conditions. The ongoing quest
to develop tools for online polymerization monitoring has led
to several key methods,” including electrospray ionization
mass spectrometry,'® infra-red spectroscopy,’’ chromato-
graphy,'® and nuclear magnetic resonance (NMR)."?

NMR monitoring has become one of the workhorses of
modern chemists. However, this field is still growing in terms
of methodology, showing progress from basic "H one-dimen-
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sional series of spectra, e.g., ref. 20 and 21 to different
approaches like multidimensional spectroscopy for more
complex systems.>* >®

In the case of polymerization, researchers usually utilize "H
NMR to monitor monomer conversion.'®?%3° Additional
approaches which can be used are *C MAS NMR,*' or the
Diffusion-NMR which is rapidly being utilized to monitor
time-dependent processes.””*®*> This class of NMR is based
on the analysis of the diffusion coefficient change in time
instead of conventional frequency-based analysis. This
approach allows a better insight into a process where the peak
structure does not change (or changes insignificantly) while
the molecular weight or freedom of movement is evolving. One
of the most popular classes of reactions that fit the system
above is polymerization. Usually, the molecular weight of the
polymer changes significantly while the NMR spectrum of the
polymer stays the same.

For such a system, diffusion NMR seems to be an ideal
solution as the diffusion coefficient is linked to the molecular
weight.>® However, conventional diffusion NMR is not best
suited for reaction monitoring. As the measurement time of a
single experiment varies from minutes to hours, the temporal
information can be lost. Additionally, the change in the con-
centration of reagents can affect the measured diffusion
coefficients.*!

Two acquisition strategies have been implemented to over-
come this problem. The first, based on the spatial encoding of
the diffusion coefficient, is called ultra-fast.>®3*?> The second
is based on the time-resolved non-uniform sampling,*® where
instead of randomly sampling the t; evolution time, one
samples pulsed field gradients in the PGSTE sequence.’”*
Both methods have strengths and weaknesses, and choosing
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the proper acquisition strategy is essential for the proper
analysis.*”

In this work, we utilized the Time-Resolved Diffusion NMR
(TR-DNMR) as this method has proven successful for monitor-
ing polymerization processes.”””* Additionally, the photo-
ATRP process is light-driven; therefore, to study the process
in situ, illumination must be provided to the NMR tube. The
NMR community has proposed several approaches.*'™**
Currently, the most commonly used solution is to provide the
illumination using an optical fiber with a polished tip that is
inserted into the NMR tube.*® This allows for uniform illumi-
nation of the sample volume and enables easy switching of the
light source.

Results and discussion
In situ polymerization and light control

We employed a photo-ATRP method that combines organic
photoredox catalysis with copper catalysis (Fig. 1).*>*® A key
advantage of this dual catalytic system is its high oxygen toler-
ance, which enables efficient polymerization under green light
illumination without needing prior deoxygenation.*® This
approach yields well-defined polymers over a wide range of tar-
geted degrees of polymerization (DPy).*”™*°

To monitor the reaction in real-time, polymerizations were
conducted inside an NMR tube illuminated by a centrally posi-
tioned optical fiber. A portion of the fiber was stripped from
its cladding and polished. A New Era Photo-NMR device was
used to ensure a stable fiber alignment, minimizing inter-
ference with magnetic field homogeneity. The polished end of
the fiber was inserted in a way that the whole sample was
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Fig. 1 Proposed mechanism for EY/Cu-catalyzed photo-ATRP and an illustration of the NMR setup used to monitor the polymerization. The setup
combines in situ green light illumination with interleaved *H and TR-D experiments.
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evenly illuminated. The LED illumination (520 nm) was con-
trolled by an Arduino module, while a custom-written program
with a graphical user interface (GUI) managed the experiment.
This automated system provided real-time monitoring of
monomer conversion, polymer diffusion coefficient, and mole-
cular weight evolution. The system was programmed to auto-
matically halt the polymerization by turning off the light once
a predefined monomer conversion was achieved.

To demonstrate the effectiveness of this in situ monitoring
technique, we performed a series of polymerizations (Table 1).
The experiments used oligo(ethylene glycol) methyl ether
methacrylate (OEOMA;q,) as the benchmark water-soluble
monomer. The other components were 2-hydroxyethyl 2-bro-
moisobutyrate (HOBiB) as the initiator, eosin Y disodium salt
(EYNa,) as the organic photoredox catalyst, and a CuBr,/TPMA
complex (TPMA = tris(2-pyridylmethyl)amine) as the copper
catalyst. The polymerizations were conducted in phosphate-
buffered saline (PBS 1X) containing 10% v/v non-deuterated
dimethyl sulfoxide (DMSO). The targeted DP was varied by
adjusting the HOBiB concentration (6.0-0.375 mM), while all
other component concentrations remained fixed (Table 1).

The EY/Cu-catalyzed photo-ATRP process began with an
induction period of approximately 200 min, during which dis-
solved oxygen was consumed (Fig. 2B). In this initial stage,
oxygen quenched the excited photocatalyst and oxidized the
copper(1) activator (Cu'/L) (Fig. 1). Once the oxygen concen-
tration dropped below a critical threshold, the polymerization
started. The excited photocatalyst reduced the copper(u) deacti-
vator (X-Cu"/L), regenerating the Cu'/L activator needed for
polymer growth. Precise control was maintained through the
reversible equilibrium between the activating Cu(r) and de-
activating Cu(u) species, ensuring controlled, uniform growth
of polymer chains (Fig. 1).>°

Achieving precise control over monomer conversion is
crucial for tailoring a polymer’s final physical properties, such
as its viscosity, glass transition temperature, and mechanical
behavior. We demonstrated the versatility of our in situ NMR
monitoring method by automatically stopping the light illumi-
nation once the desired monomer conversion was achieved.
For reactions targeting a DP between 50 and 200, the process
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Fig. 2 The representative *H NMR spectrum taken during the polymer-
ization (A). The inset provides a zoomed-in view that clearly dis-
tinguishes the peak of the unreacted monomer (orange, 4.55 ppm) from
that of the newly formed polymer (magenta, 4.33 ppm). The peak at
3.85 ppm results from the overlap of monomer and polymer peaks and
is used to monitor the diffusion coefficient. The polymerization kinetics
at different DP+ (B).

diminish the dead-chain fraction (defined as the ratio of the
concentration of terminated polymer chains to the initial con-
centration of the initiator).”* As shown in Table 1, the resulting
polymers exhibited low dispersity values and molecular
weights (M, sgc) in close agreement with theoretical values

was stopped at 90% monomer conversion. For higher DPy of (M, ), confirming the well-controlled nature of this
400 and 800, the reactions were halted at 70% conversion to technique.

Table 1 Photo-ATRP of OEOMAs( with varying degrees of polymerization?

Entry DPr Conv.? My © My sec M sec Dsgc Damr”
14 50 90% 22700 26400 21900 1.20 1.17

24 100 90% 45200 56 000 45300 1.24 1.25

34 200 90% 90200 96 300 84 500 1.14 1.08

4° 400 70% 140 200 158700 139100 1.11 1.12

5¢ 800 70% 280200 374900 251100 1.39 1.37

% Reaction conditions [OEOMA;(,] = 300 mM, [HOBiB] = 6.0-0.375 mM, [EYNa,] = 15 pM, [CuBr,] = 0.3 mM, [TPMA] = 0.9 mM in PBS with DMSO
(10% v/v), irradiated under green LEDs (520 nm) in NMR tube. * Monomer conversion was determined by using "H NMR spectroscopy. © M, 4, =
DP; x conv. X MWogomasoo + MWiosms. ¢ Molecular weight (Mp,sgc and My,sec) and dispersity (Dsgc) were determined by size-exclusion chrom-
atography (SEC) with a multi-angle light scattering (MALS) detector (DMF as eluent). ° My, sgc, Mnsec and Dgpc were determined by Mark-
Houwink calibration. / Dispersity (Pyyg) was determined by NMR diffusion measurements.

This journal is © The Royal Society of Chemistry 2026
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Time-resolved diffusion NMR

To monitor the evolution of molecular weight during the
polymerization (Fig. 2), Time-Resolved Diffusion NMR
(TR-DNMR) used.*”*®* This method the
diffusion NMR equivalent of the Time-Resolved Non-Uniform
Sampling (TR-NUS)***>* and permuted Diffusion Ordered
Spectroscopy (p-DOSY) concepts.>*

The p-DOSY technique was introduced to eliminate the
interference from the kinetics on the diffusion coefficient. The
concept is simple: instead of sampling the pulsed field gradi-
ent strengths in ascending order, they are permuted. This
makes the signal intensity change due to kinetics independent
of the gradient strength. The TR-NUS technique was intro-
duced to enable the monitoring of reactions with 2D NMR. In
this approach, the evolution step of the indirect dimension is
randomly sampled during the reaction. After the acquisition,
the data are artificially separated into overlapping subsets, and
the whole spectra are reconstructed.”® Because the average
time interval between these subsets is very short, the recon-
structed data allow the reaction to be followed with high tem-
poral resolution. We combined both concepts to monitor the
evolution of the diffusion coefficient during the polymeriz-
ation with excellent temporal resolution (the interval between
points was 1 m 12 s).

In TR-DNMR, the concept is based on a series of PGSTE
experiments, where the series of gradient strengths is per-
muted and repeated throughout the reaction time. Then, the
data are divided into p-DOSY subsets, which are used to calcu-
late the diffusion coefficients by fitting a mono-exponential
model or an inverse Laplace transform.’® Additionally, this
approach allows the use of interleaved (IL) acquisition,”® in
which each step of the TR-DNMR experiment can be combined
with a different one. In this work, we have interleaved the
diffusion experiments with 1D proton experiments to calculate
the monomer conversions.

The diffusion coefficients (D) were derived from TR-DNMR
experiments. The experiments were divided into subsets of
size 16, overlapping with each other by 15 experiments, so that
each subset contained the same set of gradients. To determine
the polymer diffusion coefficient (D), the peak at 3.85 ppm
was integrated and its intensity (I(b)) was fitted with a double
exponential model:

was combines

I(b) = I,Ce PP*? 4 1y(1 — C)e Db (1)

where C is conversion, D, is monomer diffusion coefficient, I,
is signal intensity for gradient strength equal to zero, and

b = (yG§)* (A - g) (2)

where y is the magnetogyric ratio, G is the gradient strength, &
is the gradient pulse duration, and 4 is the time between gradi-
ent pulses. For additional numerical stability, the Dy, value
was fixed to 2.29 x 107'° m* s™". This allowed us to follow the
evolution of diffusion coefficients of the polymer as a function
of time (Fig. 3A) and monomer conversion (Fig. 3B).
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In the early stages of the polymerization (conv. <15%), the
diffusion coefficient estimation had a significant fitting error
due to the low intensity of the polymer signal compared to
that of the monomer. However, after this initial disturbance,
the evolution of the diffusion coefficient followed a similar
path for all samples. The regular small fluctuations of the
diffusion coefficients were caused by the repetitive sampling of
pulsed field gradients. Additionally, we calculated the evol-
ution of the weight-average molecular weight (M,,) from the
diffusion coefficients using the equation:

D = kM,*, (3)

where k and a are scaling parameters obtained by fitting eqn
(1) with diffusion data obtained during the polymerization
and M,, acquired from size-exclusion chromatography (SEC)
measurements. Except for the early stage of the process (conv.
<15%), the molecular weight evolution follows an almost
linear increase with time (Fig. 3C). It is worth mentioning that
for systems where the viscosity changes during reaction, more
advanced approaches than eqn (3) might be needed.””**

Dispersity-matched accumulation diffusion NMR

NMR diffusion measurements can be used to calculate the
polymer dispersity (P).*”°>°® This method relies on modelling
the non-monoexponential decay of the diffusion signal, for
which a gamma distribution model can be used.®®> The data
are fitted using a modified version of the conventional
Stejskal-Tanner equation:®*

1(b) = Io(1 + bo* /D) P/ (4)

where ¢ is a standard deviation in the gamma distribution
model of dispersity. As in this case, diffusion coefficients were
different than those during polymerization due to temperature
difference, new parameters k and a were calculated and used
in dispersity estimation:

b= (1+g—2)% (5)

However, as shown in Fig. 4, for samples with dispersity
values below 2, the deviation from the classical mono-expo-
nential model is visible only for high gradients, where the
signal-to-noise ratio is significantly diminished. This causes
difficulty in fitting the gamma model for experiments with a
moderate number of scans and necessitates extremely long
experiments with many transient acquisitions. Such an
approach is far from optimal, especially for the points with
low gradient strength, where the SNR is high, and multiple
scans do not increase the data quality.

To overcome this issue, we propose an adaptation of the
matched accumulation concept for diffusion dispersity
measurements.®® In this method, the number of scans is
adapted for each gradient strength to maintain a constant SNR
across the measurement. We analyzed the dispersity of the
post-reaction samples using this combined approach of a
gamma-model distribution and dispersity-matched accumu-

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Real-time monitoring of photo-ATRP for different DP1. Evolution of the polymer's diffusion coefficient as a function of (A) time and (B)
monomer conversion. Evolution of the weight-average molecular weight (M,,) as a function of (C) time and (D) monomer conversion. The vertical
dotted line divides the low monomer conversion region (conv. <15%), where the diffusion coefficient estimation is prone to significant error, with
the rest of the reaction. The regular small fluctuations of the diffusion coefficients and, therefore, the molecular weight, were caused by the repeti-
tive sampling of pulsed field gradients. The shades represent the fitting error.
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Fig. 4 The experimental data points for the diffusion decay of a
polymer (DPt = 400), as determined by a dispersity NMR measurement.
The dotted lines show the theoretical decays for different dispersities,
while the solid black line represents the fitted Gamma function, corres-
ponding to a D of 1.12.

This journal is © The Royal Society of Chemistry 2026

lation. The resulting values were compared to those deter-
mined by SEC analysis (see Table 1) and showed excellent
agreement.

Conclusions

In conclusion, we demonstrated the efficacy of the Time-
Resolved Diffusion NMR method for monitoring the photo-
ATRP in real time. Our approach allowed us to track the evol-
ution of the diffusion coefficient and molecular weight of the
polymer as the reaction proceeded under illumination. To
facilitate wider adoption of this method, we developed a user-
friendly program that automated reaction monitoring and
enabled the polymerization to be halted at a precise monomer
conversion. Finally, we showed that the Diffusion NMR, when
combined with a gamma-model and dispersity-matched accumu-
lation, is a powerful alternative to conventional size exclusion
chromatography (SEC) measurements, allowing the study of the

Polym. Chem., 2026, 17, IO9-1115 | M3
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process in situ with significantly less effort from the operator.
Additionally, the method might be combined with a benchtop
NMR spectrometer and flow setup to monitor the process inside
the full-scale reactor for larger-scale polymerization.
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