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How molecular architecture defines
quantum yields

Fred Pashley-Johnson 1,2,3, Rangika Munaweera 4, Sheikh I. Hossain4,
Steven C. Gauci1,2,5, Laura Delafresnaye1,2, Hendrik Frisch 1,2,
Megan L. O’Mara 4 , Filip E. Du Prez 3 &
Christopher Barner-Kowollik 1,2,5

Understanding the intricate relationship between molecular architecture and
function underpins most challenges at the forefront of chemical innovation.
Bond-forming reactions are particularly influenced by the topology of a che-
mical structure, both on small molecule scale and in larger macromolecular
frameworks. Herein, we elucidate the impact that molecular architecture has
on the photo-induced cyclisations of a series of monodisperse macro-
molecules with defined spacers between photodimerisable moieties, and
examine the relationship between propensity for intramolecular cyclisation
and intermolecular network formation. We demonstrate a goldilocks zone of
maximum reactivity between the sterically hindered and entropically limited
regimes with a quantum yield of intramolecular cyclisation that is nearly an
order of magnitude higher than the lowest value. As a result of the molecular
design of trifunctional macromolecules, their quantum yields can be decon-
voluted into the formation of two different cyclic isomers, as rationalised with
molecular dynamics simulations. Critically, we visualise our solution-based
studies with light-based additive manufacturing. We formulate four photo-
resists for microprinting, revealing that the precise positioning of functional
groups is critical for resist performance, with lower intramolecular quantum
yields leading to higher-quality printing in most cases.

Photochemical transformations are essential to both life1 and con-
temporary society2, and will continue to play an increasingly integral
role as we proceed through the 21st century. The significance of uti-
lising light to control chemical reactions is further emphasised in the
shift towards greener synthetic methods in industry3, and the demand
for spatiotemporal control over reaction conditions4. Currently, the
main limiting factors for the incorporation of photochemical pro-
cesses into industry are the low photoproduct selectivity and yields of

the reactions, the extensive cooling required due to the heat influx of
the commonly employed large mercury lamps, and the limited scal-
ability of reactor vessels due to the exponential nature of Beer-
Lambert light attenuation5–7. Since the 1960s, some of these problems
have been partially negated by the advent of light emitting diodes with
long lifetimes, well-defined emission spectra and excellent energy
efficiency8. However, these challenges can only be completely solved if
the efficiency of the photochemical processes themselves is high.
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The efficiency of photochemical processes is usually described in
terms of quantum yield, defined as the number of photochemical
events that occur per photon of light absorbed9. The quantum yield is
used to assess photochemical processes such as the efficiency of fluor-
escence and phosphorescence10, photochemical polymerisations11,
photolysis12, and photochemical bond-forming reactions13. Many factors
have been shown to impact luminescence quantum yields including
solvent14, temperature15, and excitation wavelength16. Our group has
recently demonstrated—via photochemical action plots17,18—that
the quantum yields ofmany photo-dissociations, -dimerisations19,20, and -
polymerisations21 display awavelength dependence that is often strongly
disparate to the absorption profile of the starting material(s). This phe-
nomenon is currently being explored in depth and often manifests as a
red-shift, with the maximum photochemical activity occurring at wave-
lengths with far lower molar extinction coefficients.

One factor that has been shown to increase reaction yields and
rates significantly in chemical reactions is the design of specific
molecular environments. In catalysis, confinement of reagents
into small spaces has proven effective for lowering energetic
requirements22. Nanoreactors have also become common in settings
such as photochemical upconversion23, polymer synthesis24, and
photocatalysis25, often enabling low absolute reactant concentrations,
whilst retaining their ability to react with each other by keeping the
local concentrations high. For example, single chain nanoparticles
have been shown to enhance catalysis through such confinement
effects26. Although these intramolecular reactions are promising, they
are still limited by the fact that additional reagents must be used, and
that the precise local concentrations are not perfectly defined as a
result of the disperse nature of the polymer and the changing local
concentration during the folding process27. MacGillivray and collea-
gues have shown in several studies that photochemical reactions are
able to be efficiently templated in the solid state, too, using structural
motifs such as hydrogen bonding28 and metal coordination in
crystals29. This templating improves reaction efficiency, enabling
photochemical reactions that are not otherwise possible30, and facil-
itates the construction of complex molecular structures such as
ladderenes31. More recently, Frisch and colleagues showed that pep-
tides can be used as templates in the liquid state, inducing self-
assemblies that showcase pH-gated control over [2 + 2] photo-
cycloadditions in extremely dilute conditions32. The geometry
required for [2 + 2] photocycloadditions to take place has also been
used to stabilise specificmacromolecular geometries, locking dynamic
assemblies into position33. While these studies show that there is a
relationship between architecture and efficiency of bond-forming
reactions, it is yet to be systematically explored in solution.

Herein, we close this critical research gap by showing the
precise impact that molecular architecture has on the efficacy of
intramolecular photoreactions and how this subsequently determines
intermolecular network formation along with the resulting material

properties. By synthesising a library of four monodisperse macro-
molecules functionalised with three photo-dimerisable units that have
variable spacingbetween thephotoreactive groups (L, Fig. 1), we reveal
a goldilocks zone of maximum reactivity between the entropically and
sterically limited constraints (schematically represented in green in
Fig. 1), as well as relating the quantum yield to specific reaction out-
comes. Critically, two-photonmicroprinting has been used as a tool to
visualise the impact that the variation in quantum yield has on the
printability (schematically represented in purple in Fig. 1) andmaterial
properties.

Results and discussion
Synthesis of monodisperse, trifunctional macromolecules
Firstly, we developed a synthetic method (summarised in Fig. 2) to
enable the fabrication ofmonodispersemacromoleculeswith tuneable
spacer length between three photoreactive units. The design of
the trifunctional crosslinkers was motivated by our goal to directly
visualise the impact that the efficacy of intramolecular cyclisation has
on two-photon microprinting. To ensure a well-defined network
structure, we selected a chromophore that is able to undergo a [2 + 2]
photodimerisation upon irradiation with visible light—namely, pyrene-
chalcone (PyChal)19,34. We selected an ε-caprolactone-based backbone
due to its regular use as a backbone in light-driven 3D printing35,36, its
large linker size enabling facile synthesis of structures with significant
difference in spacing between reactive units, and the breadth of lit-
erature available showing the enhanced crystal formation and thermal
properties when molecularly defined37,38.

Initially, we synthesised a difunctional alcohol bearing a PyChal
moiety that acts as an initiator for the subsequent sequential addition
steps. Next, an acid bearing a protected alcohol functionality is cou-
pled to the initiator affording a doubly-protected diol with one extra
linker unit. Here, we exploit the hydrophobicity of the chalcone
initiator—and the resulting oligomers—to allow us to purify exclusively
by aqueous extractions from the organic reaction mixture. As a result,
the need for laborious and costly column chromatography in the
sequence synthesis is completely negated. The doubly protected chain
end of the growing macromolecule can be efficiently and rapidly
removed with tetrabutylammonium fluoride to obtain a diol, which
can then be further reacted to grow the chain. Detailed experimental
procedures can be found in the supplementary information, sec-
tion 2.4.

Once a suitable linker length had been synthesised, the chain end
was functionalized by coupling with a carboxylic acid-functionalised
PyChal, producing a trifunctional macromolecule that can be cross-
linked upon irradiation with visible light. For the present study, we
synthesised T0, T1, T3, and T5—where the number denotes the num-
ber of caprolactone units between each of the PyChal-bearing func-
tionalities—(structures shown in section 2.5 of the supplementary
information document).
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Fig. 1 | Schematic summary of the study presented herein. (left) Schematic
representation of the trifunctional macromolecules synthesised in the current
study showing L, the distance between terminal and central functional units.

(right) Schematic representation of how a varying L is able to impact both the
quantum yield of intramolecular cyclisation of the macromolecules and the print-
ability when applied to two-photon microprinting.
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Efficiency of intramolecular cyclisation
To investigate how themolecular architecture influences the efficiency
of the intramolecular cyclisation reaction, the quantum yield of the
reaction was determined. Initially, we confirmed the formation of the
[2 + 2] photocycloadduct upon irradiation of T0-5 in an acetonitrile
solution by monitoring the NMR resonances of the cyclobutane pro-
tons (Supplementary Fig. 52). Acetonitrile was selected as the solvent
for our study for both consistency with our previous work on the
PyChal chromophore19, and the lack of solute-solvent interactions that
can occur, such as hydrogen bonding, that could influence the pho-
tochemistry. We started by irradiating low concentration (25μM in
acetonitrile) solutions of macromolecules T0-5 using a monochro-
matic tuneable pulsed laser, and simultaneously recording the absor-
bance spectrum, enabling us to graph the conversion ofT0-5 into their
cyclic counterparts vs. the number of photons. By fitting the linear
section of this curve with Eq. (1)—where ρ represents the conversion to
dimer, Φc is the intramolecular quantum yield, Np is number of pho-
tons, c is concentration, V is volume, A is the extinction at 445 nm, and
NA is Avogadro’s number—the quantum yield of intramolecular cycli-
sation can be directly extracted from the gradient of the linear section
of the graph (Supplementary Fig. 49) and plotted against the average
spacing between reactive units.

ρ=ΔΦcNp ;Δ=
2ð1� 10�AÞ
c � V � NA

ð1Þ

When the reactive units are positioned too closely together (T0),
we observe that the quantum yield is low, caused by steric hindrance
that is preventing the ready fulfilment of Schmidt’s topochemical
postulate. According to this postulate, the parallel or antiparallel
approach of the two dimerising units is required within 0.35–0.42nm
for dimerisation to take place39. Upon the inclusion of a single mono-
mer unit between the central and terminal reactive units (for T1), the
quantum yield of the intramolecular reaction increases by a factor of
more than seven, attributed to the increased flexibility, which sig-
nificantly increases the likelihood of fulfilling Schmidt’s postulate. By
further increasing the average PyChal—PyChal distance, the efficiency
of the cyclisation decreases as a result of the lower local concentration
of PyChal in the larger macromolecules with increasing entropy,
meaning that the probability of cyclisation slowly decreases until it is
the same as the bulk (Fig. 1, right). Interestingly, this mirrors a trend
observed for excimer fluorescence formation that has been described
in several studies40,41, and later used quantitatively as ameasure for the
spatial arrangement of chromophore-bearing molecules42,43. However,
the transition tobond-forming reactions shifts themaximumreactivity
to a much longer distance, highlighting the importance of the geo-
metry of the reacting chromophores in space, and the additional lim-
itations that must be considered when designing systems with bond-
forming systems.

The intramolecular cyclisation reaction can result in two struc-
tural isomers, either a structure resembling the letter P (chain end to

centre dimerisation) or the letter Q (chain end to chain end dimer-
isation) (Fig. 3a).

We thus determinedwhich of the two possible reaction outcomes
was most favourable for each macromolecule. In a low concentration
regime (12.5μM), the intermolecular dimerisation reactions can be
completely suppressed on short timescales, allowing us to investigate
the isomer distribution via size exclusion chromatography (SEC)44. By
triggering the intramolecular cyclisation under dilute conditions using
a 10W light emitting diode (LED, λmax = 445 nm), we were able to
observe a shift to lower apparent molecular weight for each of the
macromolecules that is characteristic of intramolecular folding
(Fig. 3b)45. Notably, the SEC traces of the folded macromolecules all
feature a bimodal distribution, which is attributed to the difference in
hydrodynamic volume between the P andQ conformation as shown in
Fig. 3a. By fitting the peaks with twomonodisperse distributions using
the tool developed by Konkolewicz and colleagues (Fig. 3c)46, we were
able to deconvolute the P and Q isomer based on their hydrodynamic
volumes. Moreover, using a tandem SEC-ESI-(MS)2 system47, we were
able to determine the identity of each isomer. Indeed, by probing the
secondary-ion-extracted-ion-chromatographs for diagnostic frag-
ments of eachmacromolecule, i.e. the tail fragment of the P isomer, we
can determine at which time the P isomer elutes. The ratio of the tail
fragment tomolecular ion is higher at shorter retention times (Fig. 3d),
indicating that the P isomer has a higher hydrodynamic volume than
the Q isomer, consistent with the literature on controlled folding48.
When overlaid with the aforementioned quantum yields in Fig. 3e, it is
clear that more efficient bond formation occurs when there is a higher
fraction of the large isomer P present in the isotopic mixture.

Statistical sampling of molecular conformations
To better understand the impact of molecular architecture on the
efficiency of intramolecular cyclisations, we conducted molecular
dynamics (MD) simulations on T0-5. By conducting simulations of
each molecule solvated explicitly in acetonitrile for 1500ns, we are
able to examine the range of conformations each molecule adopts in
solution.We initially found thatT1, T3, andT5 havemore independent
flexibility in eacharmthanT0. The rootmean squaredeviation (RMSD)
provides a normalised distance of each atom in the macromolecule
from its initial conformation over the combined 1500ns simulation,
giving ameasureof theflexibility of eachpolymer.TheRMSD increases
from 0.80 ±0.12 nm in T1, to 1.17 ± 0.22 nm in T3 and 1.18 ± 0.21 nm in
T5, indicating that polymer flexibility increases with increasing arm
length as expected. However, for T0, the reduced RMSD of
0.69 ±0.11 nm indicates that the absence of any aliphatic linker limits
the flexibility. Through cluster analysis of the conformational dis-
tributions of T0-5, we saw that each macromolecule preferentially
adopted conformations that promoted π-π stacking between the
pyrene moiety and substituted benzene rings within a PyChal unit
(Supplementary Fig. 50). In the 1500ns of MD simulation, T0, T1, T3
and T5 adopted these conformations for 86.6% (1299 ns), 93.6%
(1404 ns), 91.8% (1377 ns), and 95.6% (1434 ns), respectively, indicating

ISG

==

Fig. 2 | Reaction scheme for the synthesis of the molecules synthesised in this study. General reaction scheme for the synthesis of monodisperse, trifunctional
macromolecules. Purple dots represent PyChal-functionalised units and grey dots represent a caprolactone units. ISG iterative sequential growth.
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that these π-π stacked conformations are energetically favourable.
However, these conformations did not facilitate photoreactions since
Schmidt’s topochemical postulate could not be fulfilled39. To identify a
subset of conformations that fulfil Schmidt’s postulate from MD
simulations, we examined the pairwise distance between the first
carbons of the three photoreactive double bonds (Supplementary
Fig. 51). In agreement with the experimental results for T1-5, we found
that the average distance between the photoreactive groups in the
terminal and central PyChal arms were closer than the two terminal
PyChal arms (Fig. 4a), indicating they are more likely to sample inter-
actions that promote cyclisation to the P isomer rather than the Q
isomer.

However, the P isomer average distances ranged from
1.50± 0.52 nm for T0, to 1.68 ± 0.62 nm in T1, to 2.13 ± 0.80 nm in T3
and 2.21 ± 0.96 nm in T5, indicating that macromolecular conforma-
tions that facilitate photodimerisation are statistically a rare event. We
found that in all four macromolecules, parallel π-π stacking between
PyChal units promotes a conformation that minimises the distance
between the photoreactive double bonds, while antiparallel π-π
stacking is associated with longer distances between the photo-
reactive double bonds (Fig. 4b, c).

Unlike T1-5, we found experimentally thatT0 has a propensity for
Q-isomer formation despite the P-type interaction being closer than
the Q-type interaction (Fig. 4a). By examining the structure of the
energetically favourable states in the simulation period, we found a

distinct conformation for T0 in which a π-stacking network is formed
through the three PyChal units that persisted for 1.4% of the total
simulation time (Fig. 4c). This low enthalpy conformation of T0
involves an edge-to-face π-π interaction between the terminal PyChal
arms, and an antiparallel face-to-face π-stacking of the photoactive
domains of the central and a terminal PyChal. The steric constraints of
the more compact T0 prevent the transition to a parallel face-to-face
π-stacking arrangement that is required for the P-type photo-
cycloaddition reaction between the central and terminal PyChals
(Fig. 4c), meaning that P-isomer formation becomes improbable.

The proximity and orientation of the photoactive reactive groups
are critical for [2 + 2] cycloadditions. Our simulations revealed that
these are facilitated by theπ-π stacking interactions betweenopposing
PyChal groups, which promote an enthalpically favourable con-
formation whilst negatively contributing to entropy. The trade-off
between enthalpy and entropy dictates the efficiency of the photo-
cycloaddition reaction. T0 has low flexibility, showing a tendency to
undergo photocycloaddition, yielding mainly the Q isomer. However,
the low enthalpy conformation is a rare event, decreasing the prob-
ability of dimerisation overall. In contrast, the increased conforma-
tionalflexibility andentropyofT1, T3 andT5 increased the samplingof
conformations leading to P isomer formation. Longer linkers also
decrease the propensity to form a compact state with π-π stacking
between PyChal arms. The PyChal arm lengths of T1 identify the
enthalpic/entropic goldilocks balance that is required for a P-type
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Fig. 3 | Data gathered that underpins the fundamental photochemistry of the
molecules T0-5. a Two possible isomers formed by intramolecular dimerisation;
(b) Size-exclusion chromatographs of the fourmacromoleculesT0-5 before (solid)
and after (dashed) intramolecular folding upon irradiation of a 12.5 µM solution of
the analyte in acetonitrile with a 10W LED, λmax = 445 nm; (c) Deconvolution of SEC
traces by fitting with two monodisperse peaks to show the large and the small
isomer that form upon irradiation; (d) SEC-ESI-(MS)2 data showing that the

‘P’ isomer has a larger hydrodynamic volume than the ‘Q’ isomer; (e) overlay of the
percentages of the P and Q isomer. Left axis shows intramolecular cyclisation
quantum yield (dotted grey lines), right axis shows percentage of P and Q isomers
present (purple and red respectively). Intramolecular cyclisation quantum yield is
calculated ashighlighted in section2.7 of the supplementary information, using the
data presented in Supplementary Fig. 48. The raw data values can be found in
Supplementary Table 2. Error bars show the mean value ± SD, n = 3.
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photocycloaddition, as clearly reflected by the higher quantum yields
of T1 (Fig. 3e).

Quantum efficiency visualisation via two-photon microprinting
In order to investigate the effects of varying the quantum yield based
on molecular architecture in the realm of additive manufacturing, we
employed two-photon microprinting. Four resists were formulated by
dissolving T0-5 in a mixture of propylene carbonate: acetophenone
(3:2 volume:volume ratio, C = 93.9 µmol L-1), a solvent system selected
for its high boiling point and good solubilising properties for large
aromatic hydrocarbons. These four resists were subsequently printed
using a Nanoscribe two-photon printer and imaged via scanning
electronmicroscopy (SEM)49. To access the performanceof eachof the
four resists, two arrays of 25 micro-cubes with 10 µm side length were
printed onto a glass substrate with laser power and scan speeds
varying between 5–100% and 0.5–12.5mms-1 respectively (Fig. 5).
When the exposure is low, i.e., lower laser power and scan speeds
(Fig. 5a–e), it is clear that the printing quality increases as the PyChal—
PyChal distance increases, with T0 featuring the worst print quality,
through to T5 being the best performing resist. The trend is mirrored
when the exposure is high, i.e., higher laser power and scan speed
arrays (Fig. 5f–h). One explanation for the decrease in printing quality
for smaller PyChal—PyChal distance is that the quantum yield of
intramolecular cyclisation increases, removing potential sites for
intermolecular crosslinks, and thus jeopardising network formation.
The effect is best exemplified by the drastic difference in print quality
between T1 (Fig. 5c) and T3 (Fig. 5d), where the increased intramole-
cular quantum yield for T1 manifests as poor print quality. The

exception to the trend is T0 (Fig. 5b, g), whose quantum yield is low,
but print quality is poor, due to the enthalpically favoured π-stacked
structure (Fig. 4c) that sterically shields the reactive double bonds
from intermolecular attack.

It is important to note that the tendency for micro-explosions is
far higher for the macromolecules with smaller PyChal—PyChal dis-
tances, manifesting itself as holes in the structures and as lumps for
smaller explosions (seen with higher laser powers for T3, Fig. 5i). At
higher laser powers and lower scan speeds, the micro-cubes fuse
together due to the thermal swelling that takes place during the
printing process (evident in Fig. 5j). Consequently, the next print
begins inside the over-sized structure before it relaxes to its deswollen
volume, resulting in the bridges between structures.

To quantify the difference in material properties between the
printed T3 and T5 structures, two sets of identical blocks,
25 × 25 x 20μm, printed using identical printing parameters (laser-
power = 15, scan speed = 1.5mms-1), were probed using displacement-
controlled nanoindentation. These measurements revealed a pro-
nounced difference in both the modulus and the hardness of the
structures (Fig. 6), which is attributed to their difference in network
densities. T3 has a much higher reduced modulus and hardness than
T5 due to the shorter linkers, creating a more tightly-packed network
structure50.

Finally, we demonstrated that despite the extremely low con-
centration compared to other pre-polymer based two-photon micro-
printing resists51,52, we were able to print 3D-structures with good
feature resolution, and at a relatively large scale. Figure 7 shows two
rubber duck structures with a height of 100μm, fabricated from the

b) c)

a)

Fig. 4 | Results from molecular dynamics simulations supporting the photo-
chemical conclusions. a Split violin plots showing themean distances (white bars)
with standarddeviations (blackbars)measuredbetweenphotoactive double bonds
in middle PyChal ring to terminal PyChal rings (interactions that promote P type
isomerisation) and terminal PyChal ring to the other PyChal ring (interactions that
promoteQ type isomerisation) calculated across the 1500ns simulations forT0,T1,

T3 andT5. The blue dashed line shows themaximumdistance of 0.42 nm, between
the photoactive double bonds for which photodimerisation can occur; (b) Close
proximity of photoactive double bonds (highlighted in transparent blue) in the
central (green) and terminal (black) PyChal arms results in parallel π-π stacking
between the same two arms in T1; (c) Extended intramolecular PyChalπ-π stacking
in T0 leads to Q type isomerisation. Oxygens are shown in red.

Article https://doi.org/10.1038/s41467-024-50366-1

Nature Communications |         (2024) 15:6033 5



T5-containing resist. With the rapid printing speed achievable with
these resists, compared to other photo-cycloaddition-based systems51,
such structures are able to be printed on short timescales (8min and
15 s for each structure). The pronounced overhanging features can be
well resolved (a feature that is also demonstrated by the boxing rings
shown in Supplementary Fig. 53) and demonstrate that these [2 + 2]
photocycloaddition-based resins have promise in two-photon micro-
printing going forward53.

We demonstrate—through the design of a bespoke library of
macromolecules—that molecular architecture is critical to their pho-
toreactivity, specifically in their application to two-photon micro-
printing. Bydecreasing the spacingbetween functional groupswithin a

molecular framework, the entropic limitations on the efficacy of their
reactions can be overcome and the intramolecular cyclisation quan-
tum yield can be significantly increased. This is valid until the steric
limitations outweigh the entropic ones, resulting in Schmidt’s topo-
chemical postulate not being fulfilled—a phenomenon that has been
demonstrated both experimentally and theoretically herein. We reveal
a goldilocks zone of maximum reactivity between these two con-
straints, a feature that has not previously been demonstrated via an in-
depth study of the molecular architecture.

The observed photochemical reactivity was subsequently trans-
lated into light-based microprinting where we demonstrated the
importance of molecular architecture on the printing process and
resulting material properties. We show that the feasibility of a mac-
romolecular structure for application in a photoresist strongly
depends on the precise positioning of functional groups, with higher
quantum yield of intramolecular cyclisation leading to poor print
quality, and lower quantum yields enabling printing of large struc-
tures, highlighting the link between the intramolecular quantum yields
and the resultant prints. Finally, we assessed thematerial properties of
the printed structures, and found that despite higher print quality with
longer linkers, the hardness of thematerial is compromised, indicating
an important balancing act between material properties and print
quality that will have to be considered when developing photoresists.
These findings will prove critical in the development of new photo-
resists for advanced manufacturing, especially as more and more
researchers turn to single-component photoresists with sophisticated
crosslinking methodologies.

As we demonstrate the presence of a regime of maximum reac-
tivity between sterically and entropically limited molecular design, we
also hope that fields such as photocatalysis and medicinal chemistry
will consider their molecular architecture carefully to achieve optimal
performance.

Methods
All experimental methods and analytical data are available in the
supplementary information document.
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Fig. 6 |Material properties of the printed structures.The reducedmodulus (red)
and hardness (blue) of 25 × 25 x 20μmblocks ofT3 (left) and T5 (right) determined
by displacement-controlled nanoindentation to a depth of 1000μm. Error bars
show the standard deviation of 7 measurements.
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Fig. 5 | Two sets of micro-cube arrays with changing laser power on the Y-axis
and changing scan speed on the X-axis. a–f Schematics showing the parameters
used to print the two different arrays; (b–e) SEM images of micro-cube arrays

printed with each macromolecule using lower scan speeds and laser powers;
(g–j) SEM images of micro-cube arrays printed with each macromolecule using
higher scan speeds and laser powers; scale bars = 20 µm.
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Data availability
The authors declare that the data supporting the findings of this study
are available within the article and its Supplementary Information files.
Raw data files are available from the corresponding authors upon
request.

Code availability
The essential molecular dynamics simulation data including input
atomic coordinates, force field files, mdp file, and output coordinates
and trajectories utilised in this study are accessible at https://github.
com/OMaraLab/Trifunctional_macromolecules_isomerization.
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