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Photoactive molecules are of central interest due to their roles in light–matter interaction and in biologi-

cal systems, and their applications in technology and medicine. Many important photoactive molecules

undergo photodegradation, which is a complex, multi-path process involving many molecular species.

One compelling case of photodecomposition involves retinyl acetate, which is necessary for vision pro-

cesses. Here, we demonstrate a comprehensive approach in which the informativity of NMR can be har-

nessed for the in-depth investigation of the way in which photodegradation proceeds via a combination

of two approaches: the interleaved time-resolved non-uniform sampling and time-resolved diffusion

NMR. Specifically, the mass evolution, which was estimated from the first approach, was compared with

the mass calculated from the diffusion coefficient estimated from the second approach, and the corre-

lation between them was identified, enabling NMR signal assignment. This comparison is used for the

Monte Carlo-like assignment, in which a vast library of potential reactants is scanned to determine the

proper assignment. The presented approach is general-purpose and can be easily implemented for the

investigation of many important photodegradation processes.

Introduction

The interest in photoactive molecules is currently increasing.
This is because photoactive molecules are currently being
widely utilized in materials chemistry and medicine. For
example, photoactive molecules are used for the construction
of complex functional photoactive materials, and they are also
used in medical phototherapy in the treatment of serious dis-
eases, including cancers. One can provide even more compel-
ling examples than the ones mentioned above, and their
descriptions can be found in many review articles.1–9 The
interaction of light with molecules can lead to the molecules’
conformational changes or decomposition. Insight into these
processes is pivotal in the context of obtaining an in-depth
understanding of photochemistry and its applications. The
photodegradation process is a complex reaction that can occur

via a variety of possible pathways.10,11 Moreover, many of the
photogenerated products can share similar chemical struc-
tures – including isomers – which makes the analysis of such a
system a tremendous task, as most of the analytic tools used
for reaction monitoring might have a problem distinguishing
reactants. One of the most important such instances with a
host of biochemically relevant functions, but which undergoes
detrimental photodegradation, is Retinyl Acetate (RA), which is
also known as vitamin A acetate. RA has crucial importance in
the pharmaceutical industry as a main compound used to
deliver retinol to human beings. This substance is necessary
for proper vision, immune function,12 skin health, and the
regulation of hormones13 and enzymes.

RA was first synthesized by Hoffmann-La Roche in 194714

and is now used in both human supplements and animal feed
to support overall health. Retinoids (particularly RA), includ-
ing both natural and synthetic forms, have shown the ability to
inhibit mammary carcinogenesis.15 Their conjugated double
bond system forms an electron-dense region, making them
highly reactive. The polyene chain in these compounds can
also undergo cis–trans isomerization. RA, commonly used in
food fortification16,17 is particularly vulnerable to degradation
due to its double bonds and ester group, which are affected by†Those authors contributed equally.
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light (UV), heat, oxygen, and peroxides. These conditions can
alter its structure and reduce its effectiveness. Vitamin A
derivatives were among the first recognized for hormone-like
activity in the skin, participating in regulated processes such
as metabolism,18 and systemic distribution. As a result, con-
siderable research has focused on improving their stability for
use in food, supplements, and pharmaceuticals, and poten-
tially yieldable photo products, which can be harmful to
humans.19–25 Therefore, the photostability of retinyl-based
molecules and the possible pathways of their photodegrada-
tion are of vital importance.

Previous studies on the photodegradation of RA indicate
that sunlight-induced degradation occurs much faster than for
retinol.26 Upon exposure to UV light, it shows the maximum
absorption at 325 nm. It undergoes isomerization, forming a
mixture of cis and trans isomers, with the solvent polarity
influencing the extent of isomerization.26–29 The isomerization
of RA and its degraded products, such as vitamin A ethyl
ether, 4-ethoxy anhydro vitamin A, anhydroretinol (AR), and
the homodimer of RA in ethanol30,31 occurs through an ionic
photodissociation mechanism via cationic intermediates.
Techniques like laser flash photolysis and pulse radiolysis
have been used to identify the retinyl cation formed from the
photoreaction of RA, which produces many products, such as
retinyl methyl ether, acetic acid, and methyl acetate, along
with AR in methanol, hexane, and acetone.32–37 AR formation
has been reported from the photoirradiation of retinyl palmi-
tate (RP) under exposure to UVA, UVB, and UVC radiation in
methanol and ethanol. The resulting products were confirmed
by high-performance liquid chromatography (HPLC) and mass
spectrometry.38–40 Photooxidation of retinyl acetate in
benzene, with a trace of water, resulted in different products
such as dihydroacetinidiolide, β-ionone, 2-hydroxy-2,6,6-tri-
methyl cyclohexanone, geronic acid, and desoxyxanthoxin.41

Recently, the UV stability of RA has been improved with buty-
lated hydroxytoluene (BHT) by scavenging the free radicals,
and converting them into a stable compound when dissolved
in ethanol. In this process, isopropyl alcohol is also used to
prevent the formation of AR.42 This clearly shows that the reac-
tion is heavily dependent on the initial conditions and can
follow either an ionic or a radical pathway, resulting in many
possible products. It is worth mentioning that previous studies
have relied on the analysis of the reaction ex situ using various
analytical techniques.

In this work we have decided to utilize a powerful method
for investigating reactions and elucidating mechanisms, which
is Nuclear Magnetic Resonance (NMR). The method is widely
used for the studies of countless reactions.43–50 However, one
has to understand its limitations. The primary consideration
for a complex mixture analysis is resolution. Especially in the
case of the conventional one-dimensional 1H NMR spectrum,
the peaks from different compounds may heavily overlap,
especially due to the low chemical shift dispersion.

There are several solutions to this issue, starting from pure-
shift experiments,51 to the introduction of additional dimen-
sions, like 13C (e.g., HSQC) or diffusion (DOSY experiments52).

However, the solution comes with a cost: the long acquisition
time, which makes the utilization of such experiments unfeasi-
ble for reaction monitoring. The solution to improve the tem-
poral resolution in pure-shift methodology is to utilize the
novel fast pulse sequences like SHARPER,53 the use of non-
uniform sampling,54 or deep learning.55,56 In the case of two-
dimensional methods, the popular solution is to use Ultra-Fast
(UF) variants of those experiments,57–59 or the Time-Resolved
Non-Uniform Sampling (TR-NUS) approach.60–62

The UF method introduced by Frydman57,63 relies on the
encoding of the indirect dimension spatially along the sample.
This method allows the acquisition of 2D spectra in a single
scan and is used extensively for reaction monitoring.50,64,65

The method allows for spatial encoding of the indirect dimen-
sion as a frequency or so-called Laplace NMR (relaxation or
diffusion).58 However, the method for now is limited by the
loss of sensitivity and possible rise of artifacts due to sample
inhomogeneity.66

The Time-Resolved (TR) methodology was introduced by
Mayzel et al.61 as a variant of NUS for time-dependent pro-
cesses, and similarly to UF was quickly utilized as a tool for
reaction monitoring.48,60,62,67,68 This method relies on the long
NUS scheme that covers the entire reaction time. After the
acquisition, the data is divided into overlapping NUS experi-
ments that can be later processed. The concept can also be
extended to the diffusion dimension.69–71 The comparison of
both methods can be found here.72

In 2022, we demonstrated the synergy of TR-NUS HSQC and
Time-Resolved Diffusion (TR-D) NMR for the study of the
photopolymerization of bis-anthracene derivatives.73 The use
of both methods acquired in an interleaved manner allows us
to obtain the information from diffusion coefficients to cor-
rectly assign the peaks in the HSQC spectra and completely
follow the reaction. This seminal work showed that the infor-
mation about the average molecular mass evolution, derived
from diffusion coefficients, only correlates with the evolution
of mass calculated from the peaks of HSQC when the peak
assignment is correct.

In the current work, we build upon the methodology intro-
duced previously,73 adapting it to a much more complex and
biologically relevant system: the photodegradation of retinyl
acetate. In such a system, the number of potential products
and intermediates is significantly larger than in our previous
investigation, and, as mentioned before, the studied reaction
can follow multiple pathways depending on the initial con-
ditions. To overcome this issue, we have introduced a new
peak assignment strategy based on the Monte Carlo approach.

Experimental section
Sample preparation

We purchased crystalline solid Retinyl Acetate (RA) from
Sigma-Aldrich (USA) and ethanol-d6 (99%) from Eurisotop
(France). To prepare the NMR sample, 50 mg (0.1524 mmol) of
RA was dissolved in 0.8 mL of deuterated ethanol-d6. After stir-
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ring the mixture in a sonicator at room temperature for
20 minutes, we used a Pasteur pipette to transfer 550 μl of the
solution into a 5 mm PhotoNMR tube (NewEra, USA).

UV illumination setup

The sample was illuminated using a 365 nm LED (M365FP1,
Thorlabs, Inc.), at a current of 1200 mA with a T-Cube LED
driver (LEDD1B, Thorlabs). The LED was coupled to a 1-meter
FT400EMT multimode optical fiber (∅400 μm core, 0.39 NA,
Thorlabs) and measured a maximum power output of 6.5 mW
at the fiber end. For all experiments, the UV light was delivered
through a 3-meter FT1000UMT multimode optical fiber
(∅1000 μm core, 0.39 NA, Thorlabs) with a sandblasted tip, as
reported previously.74 The optical fiber was secured in a
coaxial insert and placed in a PhotoNMR tube (NewEra USA).
Controlled switching of the LED (illumination only during the
1H NMR acquisition) was achieved with a modified script in
TopSpin, which allowed control of an Arduino Uno. The
Arduino was programmed to generate a PWM signal that could
be used to set the illumination power to any value between 0%
and 100%. The Arduino was connected to the LED driver with
a BNC-cable. The desired illumination power was stored in the
spectra in the constant arrays in CNST61 and sent to the
Arduino at the beginning of each new measured spectrum.
Initially, we set the illumination power to 0% for the first
4 hours of acquisition. At the 4-hour mark, we increased the
power to 20% and maintained that level for 35 hours. Then,
we raised the power to 40% and kept it constant until the 46th
hour of the illumination.

NMR

We performed all NMR experiments on a Bruker AVANCE Neo
300 MHz spectrometer equipped with a BBI 300 MHz W1
5 mm z-gradient probe with a BVT-3000 temperature control-
ler. The spectrometer was controlled via the TOPSPIN 4.3
program.

We based the acquisition protocol on the TReNDS60 acqui-
sition script, modified with the addition of TR-D acquisition
after TR-NUS and control of illumination. The interval
between consecutive HSQC, DOSY, or 1H NMR experiments is
252s. The general scheme of the acquisition is presented in
Fig. 1.

Time-resolved diffusion NMR. We have used the
dstebpgp3s1d pulse sequence as a base for the acquisition of
the TR-D experiment. The acquisition parameters for inter-
leaved acquisition were as follows: Δ: 50 ms, δ: 2 ms, pulse
length: 8.25 μs, relaxation delay 1 s, number of scans: 16. The
pulsed-field gradient strength for all data sets was set as a
shuffled linear spaced array of 32 values from 2.72 to 51.69 G
cm−1 repeated for the entire acquisition length.

Time-resolved non-uniform sampling. We based the TR-NUS
acquisition on the hsqcgpph pulse sequence. We used the fol-
lowing acquisition parameters: a relaxation delay of 1.5 s, 16
scans, an indirect dimension spectral width of 165 ppm cen-
tered at 75 ppm, and a maximum evolution was set to 256
points in the indirect dimension. We generated the sampling

schedule using a sampling generator from the MDDNMR
package.75

Mass spectrometry

We performed mass spectrometry analyses using a Synapt G2-S
mass spectrometer (Waters) equipped with an atmospheric
pressure chemical ionization (APCI) ion source and a quadru-
pole time-of-flight (QTOF) mass analyzer. We dissolved the
sample in dichloromethane, diluted it with methanol, and
injected it directly into the electrospray ion source. We used
methanol as the solvent at a flow rate of 100 µL min−1. We
carried out the measurements in both positive and negative
ion modes, with the time-of-flight analyzer operating at a resol-
ving power of 30 000 FWHM. We calibrated the instrument
externally using sodium formate in the mass range of m/z
50–1200. We generated a lock spray spectrum of leucine-
enkephalin using the lock spray source and applied correc-
tions to every spectrum. We used nitrogen as the desolvation
and cone gas, setting their flow rates to 600 L h−1 and 100 L
h−1, respectively. We set the source temperature to 120 °C and
the probe temperature to 550 °C. We adjusted the nebulizer
gas pressure to 5.0 bar. We set the corona current to 13.0 µA
and adjusted the sampling cone voltage and source offset to
40 V. We controlled the instrument and processed the
recorded data using the MassLynx V4.2 software package
(Waters).

Data processing and analysis

We extracted all three interleaved experiments—TR NUS
HSQC, TR-D, and 1H—into separate folders, then processed
and analyzed them individually. We performed further ana-
lysis using Python 3.13, TopSpin 4.3, and the Dynamics Center
2.8.6 environment. As needed, we used the following packages:
nmrglue,76 NumPy,77 SciPy,78 and Matplotlib.79

1H NMR. We imported the 1H spectra using nmrglue, and
processed them with exponential apodization of 0.3 Hz and
zerofilling to 131 072 points. After this we performed the
Fourier transformation (FT) using Python. The spectra are of
the reaction at the beginning, middle and end are presented
in Fig. 2.

TR-D. We imported the diffusion data using nmrglue and
processed each spectrum using a standardized workflow. This
included zero-filling (to 131 072 points), phase correction, apo-
dization (0.3 Hz exponential function), and Fourier transform-
ation within the Python environment. After processing, we
integrated the region from 5.4 to 7 ppm (as shown in Fig. 2)
and stored the resulting values.

We then divided the integrals into overlapping subsets of
32 points acquired over the period of 2 h 14 m, with each
subset overlapping the previous one by 31 points, making the
time interval between frames equal to 252 s. We used each
subset to fit the diffusion coefficient using a mono-exponential
decay model:

IðGÞ ¼ Ie�Dδ 2γ 2G 2ðΔ�δ=3�τ=2Þ ð1Þ
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Fig. 1 The representation of the sampling and data processing. (A) illumination of the interleaved acquisition of three different NMR experiments:
TR-NUS HSQC (yellow), TR-D (navy), and 1H (red) NMR. Illumination at 365 nm was applied only during the 1H acquisition phase (shown with the
symbol of a light-bulb). The sampling scheme for HSQC (increment number for the indirect dimension – inc.) and TR-D (pulsed field gradient – G)
is depicted. (B) Moving-frame subsets are extracted from the long NUS acquisition schedule and used as input to a compressed sensing (CS) recon-
struction algorithm. The resulting spectra enable continuous visualization and monitoring of the reaction. (C) The TR-D spectra are processed, and
the moving-frame subsets are fitted to the Stejskal-Tanner equation to calculate the averaged diffusion coefficient over time. (D) The 1H NMR
spectra are processed and analyzed as a fast and rudimentary preview of the changes in the system.

Fig. 2 1H spectra of the reaction mixture at times: (A) before illumination, (B) at 20 h of illumination, and (C) at the end of the reaction. The high-
lighted region is the region of the peaks from the polyene chain used in the analysis.
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where I is the integral of the peak intensity, G is the pulse field
gradient strength, δ is the time of the G, Δ is the diffusion
mixing time, τ is a delay between two bipolar pulses, and γ is
the gyromagnetic constant of 1H.

In theory, for a small number of overlapping peaks, apply-
ing the inverse Laplace transform (ILT) would allow us to
resolve the evolution of individual reactants over time.
However, ILT analysis was unable to distinguish separate
peaks in our data. Therefore, we chose to apply single-expo-
nential fitting only, as shown in Fig. 3.

We converted the diffusion coefficient (D) into molecular
mass 〈M〉D using the equation below:80

D ¼ kðhMiDÞα ð2Þ

We determined the scaling coefficients k and α empirically
by substituting known values of 〈M〉D and of D into eqn (2).
We selected reference molecules for this calibration based on
their structural symmetry and molecular mass, ensuring simi-
larity to the reactant (RA) and likely photoproducts. We also
used the diffusion coefficient from the final subset in the cali-
bration and estimated the corresponding molecular mass by
averaging the masses of probable products, weighted by the
average intensities of their respective m/z peaks from the mass
spectrometry data. The time dependence of such calculated
mass (MD(t )) is later used for the assignment of the peaks
from TR-NUS HSQC. It is important to stress that this
approach can be used only in systems where the viscosity does
not change during the reaction. This is usually the case for
small molecules. However, in the case of polymers, the change
in viscosity can be significant. The problem can be detected by
monitoring the diffusion coefficient of a non-reacting mole-
cule.81 Additionally, the viscosity-independent method for
mass determination can be used.82

TR-NUS HSQC. To make the workflow as close as possible to
the conventional, we have rearranged the TR-NUS data into a

series of conventional NUS experiments using a Python script.
We set the frame size to 64 points, acquired over the period of
2 h 14 m with a 62-point overlap, making the time interval
between frames equal to 252 s. (As we acquired two TR-NUS
points for every TR-D point, both of the methods have the
same time window.)

Initially, the prepared NUS HSQC spectra were processed in
TopSpin. Each spectrum was preprocessed the in the same
way: apodization of 1 Hz (exponential function in both dimen-
sion) and zero-filled to 4096 (direct dimension) or 256 (indirect
dimension). We applied the phase correction parameters from
the first spectrum to all subsequent spectra to avoid artifacts
from improper phasing. We reconstructed NUS using the
Iterative Soft Thresholding Algorithm83 built in TopSpin. This
method was chosen because it is convenient, as it is directly
implemented in the spectrometer software. Other algorithms
may be used which would give similar results.84–88 The results
of the NUScon competition89 might be used to choose the
method.

Next, we imported the phase-corrected spectra into the
kinetics analysis tool Dynamic Centre. As previously men-
tioned, we saved the integrals of all peaks within the
5.4–7.0 ppm region into a separate spreadsheet. We deconvo-
luted overlapping peaks by fitting a 2D Lorentzian function
using a custom Python script and calculated the peak integrals
accordingly. We then smoothed the deconvoluted integrals
using the Savitzky–Golay filter to reduce fitting artifacts.

We normalized these peak integrals to a unit value and
assigned each peak to a probable photoproduct of the reactant
(RA). We summed the signal intensities of all the assigned
peaks in the chosen region.

Using this approach, we calculated the average molecular
mass of the system over time, denoted as MHSQC(t ) using
equation:

MHSQCðtÞ ¼
X

reactant

IreactantðtÞ �Mreactant ð3Þ

where, Ireactant(t ) is the normalized integral of each assigned
peak is, and Mreactant is its corresponding molecular mass of
the molecule assigned to this peak. Due to the limit of the
maximum number of experiments analyzed by the Dynamic
Centre, we have analyzed the first 35 h of acquisition.

We repeated this analysis for all possible combinations of
probable photoproduct assignments to minimize the error
between the average mass derived from TR HSQC and that
obtained from TR DOSY data. The error (ε) is defined as:

ε ¼ jMHSQCðtÞ � hMiDðtÞj ð4Þ

We selected the set of assignments that produced the
lowest error for discussion and presented the results in
Fig. 4A–C. We show the time dependence of each reactant’s
peak intensity in Fig. 4D.

Fig. 3 The average diffusion coefficient and mass change during reac-
tion: the average diffusion coefficient is represented in red, while the
average molecular mass is shown in blue. The grayed-out part of the
plot represents the beginning of the acquisition without illumination.
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Results and discussion

The photodegradation of RA dissolved in deuterated ethanol
using 365 nm light was followed by the interleaved acquisition
of 3 experiments: 1H NMR, TR-NUS HSQC, and TR-D. The illu-
mination was performed only during the 1H NMR experiment.
That illumination scheme was implemented to avoid the influ-
ence of the initial heating of the sample when the irradiation
level is being changed,73 which can lead to errors in the
diffusion data for the first minutes of acquisition. Our current
protocol overcomes this limitation by allowing the system to
stabilize during HSQC acquisition before the next TR-D point
is acquired. The analysis of the spectra was limited to the
region between 5.4 and 7 ppm. This decision was based on
two reasons. The first was that the potential products of the
reaction found in the literature had peaks in this region from
the polyene chain. The other was that this region was free
from the signal overlap with the solvent. The acquisition
scheme is shown in Fig. 1.

The temporal evolution of the proton spectra shows that
new products are being created, and that each spectrum is
getting more complex with high overlap (as shown in Fig. 2).
This indicates that standard one-dimensional 1H NMR does
not provide sufficient information to analyse the studied
reaction.

Mass spectrometry

To identify the actual products formed during the photo-illu-
mination study of RA, the reaction mixture was analysed after
46 hours of continuous light exposure using mass spec-
trometry. The mass spectra were measured as mentioned
below. In this study, major photoproducts with m/z values of
268, 536, 596, and 656 were detected as the predominant
signals, suggesting the formation of those products upon illu-
mination of RA. These mass values were used as references for
peak assignment in the HSQC spectra to assist in the calcu-
lation of the average mass of the system.

Fig. 4 1H-13C-HSQC spectra of the reaction: (A–C) HSQC spectra of the reaction mixture at three different time frames: (A) before illumination, (B)
after 20 hours of acquisition, and (C) at the end of the reaction. The coloured circles refer to the areas used for integration, with each colour repre-
senting the specific monomers and dimers present in the mixture. Cornflower blue represents RA, green represents anhydro retinol (AR), orange rep-
resents the homodimer of AR, grey represents the homodimer of RA, and aqua represents the dimer of RA with AR. (D) The integrals of these colored
regions shown here illustrate the evolution of products over time. The greyed-out part of the plot represents the beginning of the acquisition
without illumination.
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The analysis of diffusion NMR

The evolution of the average diffusion coefficient of the region
(shown in Fig. 3) shows a constant decrease during the reac-
tion time and, by definition, a constant rise of the average
mass of the reactants. The change of the mass/diffusion is
linear up to ∼20 h, and slows down afterwards. This indicates
that the photodegradation process leads to the formation of
higher-molecular-mass compounds. The possible molecules

that might increase the mass are the RA homodimer, AR
homodimer, and RA-AR dimer. However, the data itself does
not provide a definite answer. The overlapping of many peaks
in this region does not allow a viable separation in the
diffusion dimension, as even the most powerful inverse
Laplace transform algorithms will not be able to differentiate
more than 3 overlapping peaks, and even with such a small
overlap, they would require a bigger difference of diffusion
coefficients.90–92

Analysis of TR-NUS HSQC

The first spectra, as recorded before illumination, contained
only peaks from retinyl acetate (Fig. 4A). With illumination,
more peaks started to appear while the RA was consumed. We
have grouped the peaks into four classes with similar time
dependence, highlighted with different colours in Fig. 4A–C.
The peaks highlighted in cornflower blue obviously corres-
pond to the polyene chain of the RA. The total integral of
those peaks is steadily decaying over the course of the illumi-
nation. The second group’s integral, marked with grey, is con-
stantly rising, similarly, to the aqua-coloured group. The
groups highlighted as green and orange are rising only at the
beginning of the reaction, while later reaching a plateau. As
the number of possible reactants is vast and all the peaks in
this region represent similar chemical structures, the tra-
ditional assignment strategy of the peaks without any
additional information is very challenging. However, some
assumptions can be made: e.g., the time-dependence of the
integrals of peaks labeled with orange and green suggests that
these two intermediates might either undergo further reac-

Fig. 5 The average mass evolution calculated from DOSY and HSQC
experiments: the time dependence of the average mass is calculated
from TR-D (blue) and TR-NUS HSQC (yellow). The grayed-out part of
the plot represents the beginning of the acquisition without illumination.

Fig. 6 The structures of possible reactants, (A) retinyl acetate, (B) anhydroretinol, (C) homodimer of RA, (D) heterodimer of RA and AR, (E) homo-
dimer of AR.
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tions or be generated only at the beginning of the
illumination.

Peak assignment using the synergy of TR-D and TR-NUS

We performed the final assignment using a semi-Monte Carlo
approach.93 From the literature search and mass spectrometry
data, we had a list of potential reactants. This list comprises
isomers and dimers such as anhydroretinol, β-ionone, retinyl
methyl ether, 4-ethoxy anhydroretinol, retinol ethyl ether, the
homodimer of retinyl acetate, the dimer of retinyl acetate with
anhydroretinol, and the homodimer of anhydroretinol.26,27,30

Additionally, the result from the mass spectrometry suggests
that, in the end, a limited number of dominant species of a
particular molar mass occur. The TR-D data allowed us to
follow the change of the average mass of the reacting mixture
over time. The procedure first required a random assignment
of the group of peaks in TR-NUS HSQC to the different mole-
cules and calculation of the average mass evolution MHSQC (t )
using the eqn (3). Then, by calculating the residual between
the mass time-dependence from the TR-D and TR-NUS
methods (eqn (4)), we found an assignment that was closest to
the one from the diffusion analysis. The strategy was similar to
the one in our previous work.73 However, the list of potential
reagents was much greater than in that work. We assigned the
colour codes in 4D as follows: cornflower blue for RA, green
for anhydroretinol (AR), orange for the homodimer of AR, grey
for the homodimer of RA, and aqua for the dimer of RA with
AR. The resulting average mass evolution calculated from both
methods is shown in Fig. 5. The structures of the reactants of
this photodecomposition are shown in Fig. 6. It is worth men-
tioning that the structures of dimers presented in Fig. 6 are
only one of the possible ensembles of many isomers, as the
dimerization might follow [2 + 2] Diels–Adler or [4 + 2] Diels–
Adler reactions. Additionally, as reported previously,42 the
polyene chain of the reactants under the reaction conditions
may undergo isomerization.

The temporal profiles of the reactants shown in Fig. 4D are
in agreement with a previously reported analysis of this reac-
tion and can be explained by a two-stage photoreaction, where
in the first stage, the RA forms AR, and in the second stage,
the three products form dimers. Additionally, this assignment
is supported by the mass spectroscopy data. Moreover, it is
worth mentioning that, as shown by our previous work,73 that
the method is very robust to the noise and the limit of detec-
tion is set by the HSQC.

Conclusions

We have analysed the process of photodegradation of retinyl
acetate in ethanol using an in situ NMR approach with inter-
leaved TR-NUS HSQC and TR-D methods. The approach
allowed for the study of the temporal profile of a complex reac-
tion with many possible pathways, which were described in
the literature. The description of the final reaction is in agree-
ment with previous studies, and it is additionally confirmed

by the mass spectroscopy data. This shows that the utilization
of interleaved TR-NUS and TR-D NMR spectroscopy is highly
valuable in the analysis of complex reactions with multiple
possible products and intermediates, even with similar struc-
tures, which can make the conventional assignment close to
impossible. Based on the assignment and time-dependence,
we propose the simple reaction pathways in which the RA
follows two pathways: dimerization and degradation into AR.
Both RA and AR also follow both homo- and hetero-dimeriza-
tion, forming three dimers. However, as discussed, the dimers
reported in this work are not the only possible structures in
the reaction; most likely, they form an ensemble of different
isomers.

However, the reader has to be aware that the method itself
is based on the change in the molecular mass and therefore
will only work for systems where a significant change in the
mass occurs. In a situation of structural change that will not
affect the diffusion coefficients of the molecule, that approach
will be invalid.

The method can be additionally extended for the combined
NMR UV-VIS setup.94–96 Information from UV-Vis may be used
to track the evolution of absorption at the excitation wave-
length over time, enabling full kinetic modelling of the
system.
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coefficient-mass calibration data. See DOI: https://doi.org/
10.1039/d6an00072j.
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