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The last few decades have withessed significant progress in synthetic macromolecular chemistry, which can
provide access to diverse macromolecules with varying structural complexities, topology and
functionalities, bringing us closer to the aim of controlling soft matter material properties with molecular
precision. To reach this goal, the development of advanced analytical techniques, allowing for micro-,
molecular level and real-time investigation, is essential. Due to their appealing features, including high
sensitivity, large contrast, fast and real-time response, as well as non-invasive characteristics,
fluorescence-based techniques have emerged as a powerful tool for macromolecular characterisation to
provide detailed information and give new and deep insights beyond those offered by commonly applied
analytical methods. Herein, we critically examine how fluorescence phenomena, principles and
techniques can be effectively exploited to characterise macromolecules and soft matter materials and to

further unravel their constitution, by highlighting representative examples of recent advances across
Received 4th August 2023

Accepted 10th October 2023 major areas of polymer and materials science, ranging from polymer molecular weight and conversion,

architecture, conformation to polymer self-assembly to surfaces, gels and 3D printing. Finally, we discuss
the opportunities for fluorescence-readout to further advance the development of macromolecules,
leading to the design of polymers and soft matter materials with pre-determined and adaptable properties.
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Introduction

Polymers play an indispensable and ubiquitous role in human
society, with applications ranging from clothing to medication
to aviation. Polymers are formed through polymerisation
processes, which transform monomers into polymeric chains.
During the last few decades, polymerisation processes have
matured enormously - especially benefitting from a fusion with
advanced organic chemistry methodologies — and it is perhaps
no exaggeration to note that almost any polymer topology and
functionality is accessible within certain limits, including in the
by now established field of sequence-defined polymers.'”
Historically, the discovery of living anionic polymerisation by
Michael Szwarc in 1956 opened a key avenue for the synthesis of
well-defined polymers,” albeit not with the precision of
contemporary sequence-defined polymers. Subsequently, the
advent of reversible deactivation radical polymerisation
(RDRP),"** ring-opening polymerisation,**>* ring-opening
metathesis polymerisation (ROMP)**2* has revolutionised
polymer science, enabling the above noted complex macromo-
lecular architectures, including self-assembly through non-
covalent linking (including supramolecular interactions),
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enabling applications in nanocomposites to
nanomedicine.>***” In order to perform polymerisation under
more diverse conditions to address a broader scope of appli-
cations, light,**** electricity,”** mechanical force*** and
chemical triggers***® have been successfully utilised as external
regulators in polymerisation reactions. Among them, light is
arguably the most attractive regulator due to its unique capa-
bility to spatiotemporally control chemical reactions. In
particular, photo-controlled RDRP and light triggered ligation
techniques have enabled advanced surface fabrication and new
3D printing methodologies, providing materials with advanced
properties, such as self-healing, stimuli-responsiveness and
reversibility.>**® Very recently, flow technology has received
significant attention in polymer synthesis to improve repro-
ducibility, facilitate high-throughput synthesis, and even ach-
ieve autonomous self-optimisation and self-control.>*-*>

These significant developments have brought us closer to
achieving precise control over soft matter material properties
on the molecular level.?”%*%* To reach this aim, it is critical to
develop advanced analytical techniques able to investigate
polymers and polymerisation processes at molecular and
microscopic levels, in addition to progressing advanced
synthetic methods. A plethora of analytical techniques are
routinely applied in polymer science, including spectroscopic
methods (nuclear magnetic resonance (NMR) spectroscopy,
mass spectrometry (MS), ultraviolet-visible (UV-Vis) spectros-
copy , Fourier-transform infrared spectroscopy (FTIR), Raman
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spectroscopy, X-ray photoelectron spectroscopy (XPS)), thermal
and mechanical methods (differential scanning calorimetry
(DSC), dynamic mechanical analysis (DMA)), chromatography
(size-exclusion chromatography (SEC), high-performance liquid
chromatography (HPLC)), gravimetry, microscopy (optical
microscopy, atomic force microscopy (AFM), scanning electron
microscopy (SEM), transmission electron microscopy (TEM)) as
well as coupled techniques - all of which are able to provide
valuable information, such as molecular weight, molecular
weight distributions, chemical compositions and polymer
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structures. However, when considering the time scale of poly-
merisation processes and dynamics in polymer systems, the
complexity of polymer architectures and organisation as well as
heterogeneities of polymer systems, these techniques exhibit
limitations and disadvantages arising from the necessity of
sample preparation, invasive and destructive tests, low sensi-
tivity and macroscopic measurements. Thus, it is a considerable
challenge for polymer scientists to investigate polymer systems
and polymerisation processes at molecular and microscopic
levels, especially during the macromolecular growth process.
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Fig.1 Summary of fluorescence principles (e.g., molecular rotor, aggregation-induced emission (AlE), Forster resonance energy transfer (FRET))
and techniques (e.g., fluorescence spectroscopy, fluorescence lifetime imaging microscopy (FLIM), stimulated emission depletion (STED) and
single molecule localisation microscopy (SMLM)) employed to fundamental areas of polymer science. STED image reproduced from ref. 107 with
permission from Springer Nature, copyright 2016. FLIM image copyright by PicoQuant GmbH. SMLM image copyright by ZEISS.
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Among the available methodologies, fluorescence-based
techniques present appealing features, ie., high sensitivity
(e.g., sub-micrometre spatial resolution and below millisecond
time resolution), high selectivity, large contrast, fast and real-
time response, and non-invasive characteristics. The combina-
tion of fluorescence techniques, such as steady-state, time-
resolved fluorescence spectroscopy, and fluorescence
microscopy,®®* with various fluorescence principles, including
Forster resonance energy transfer (FRET)>”* and aggregation-
induced emission (AIE)"*”® can provide outstanding opportu-
nities for polymer chemists and physicists to investigate poly-
mer systems and polymerisation processes.”*®® For example,
fluorescence spectroscopy can provide information on solvent
relaxation in polymer systems, dynamics in macromolecular
self-assemblies and physical aging of polymers in timescales
varying from picoseconds up to years;** fluorescence-imaging
microscopy can give access to 3D-structural and morphological
information of macromolecular ensembles down to a single
molecule.®*?

In fact, fluorescence-based techniques have been applied to
analyse polymers for several decades. In the current review, we
will not address the related research before 2010 and refer the
reader to the relevant literature.*****® However, significant
advances have been made thereafter regarding advanced poly-
mer synthetic techniques and their applications, such as photo-
controlled RDRP,** polymerisation-induced self-assembly
(PISA),”” supramolecular polymerisation,®® sequence-controlled
polymerisation,* surface-initiated controlled radical polymeri-
sation (SI-CRP)* and 3D and 4D printing.'*'* In addition,
recent years have also seen exciting advances in exploiting
fluorescence principles and technologies in synthetic polymer
systems, including fluorogenic,'** AIE,'* FRET,** fluorescence
lifetime imaging microscopy (FLIM),* stimulated emission
depletion microscopy (STED)**'*” and single-molecule local-
isation microscopy (SMLM).?**>% Thus, our aim is to provide
a contemporary review that critically assesses the recent
advances in the field and the opportunities and challenges that
have emerged.

In the current review, we thus focus on recent scientific
achievements covering the analysis of wide aspects of synthetic
polymer systems based on fluorescence techniques (refer to
Fig. 1). We provide an overview of the field via the discussion of
representative examples from 2010 onwards. The review is
organised as follows: we commence with two essential param-
eters for polymerisation processes - monomer conversion and
molecular  weight, describing different fluorescence
phenomena and their adaptation to various types of polymeri-
sations for the determination of these two parameters. We
subsequently discuss fluorescence-based techniques for the
investigation of polymer architecture, conformation and self-
assembly, highlighting the use of a variety of fluorescence
phenomena and advanced technical methods to access
different parameters in these areas, for example the lengths of
arms in specific polymer architectures, end-end distances in
polymer conformations as well as monomer exchange dynamics
during self-assembly. Extending from polymers to soft matter
materials, next, we discuss how fluorescence-based techniques
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can benefit the study of polymer surfaces, gels and 3D-printed
structures. Finally, we share our vision for the future of
exploiting fluorescence-based techniques in polymer and
materials science, which we suggest will give further deep and
new insights.

Monomer conversion and molecular
weight

In polymer chemistry, monomer conversion is defined as the
consumption of the initial monomer(s) during macromolecular
growth, and molecular weight often refers to an average
molecular weight due to dispersity. Both of these are strongly
linked to the progress of polymerisation and have a striking
impact on the polymer properties, from the rheological and
mechanical properties to morphological characteristics.'*®'*
Therefore, following the reaction kinetics via monomer
conversion and determining the molecular weight of a polymer
is often the initial key step in its characterisation.

Monomer conversion and molecular weight can be deter-
mined by several analytical methods, including gel-permeation
chromatography/size-exclusion chromatography (GPC/SEC),
NMR spectroscopy, MS, FTIR and Raman spectroscopy.
However, these methods are typically challenged in providing
real-time information for ongoing reactions, and they often
require fully soluble polymers, preventing characterisation of
cross-linked and high-molecular weight polymers as well as
conjugated polymers. Fluorescence-based techniques provide
the opportunity to overcome these difficulties. In order to
successfully visualise and monitor polymerisation processes,
the addition of a fluorophore (profluorophore) to a polymer
system or, in many cases, the covalent attachment of a fluo-
rophore (profluorophore) to a polymer chain is often required
due to the generally very weak intrinsic fluorescence of
polymers.

In the following, a variety of fluorophores will be introduced
with regard to different polymerisation systems ranging from
conventional polymerisation, conventional photo-
polymerisation, to controlled polymerisation, then to supra-
molecular polymerisation.

While different types of polymerisations exhibit different
mechanisms and kinetics, the polymerising system always
undergoes a transformation from a lower viscosity liquid to
a more viscous, even rigid material as monomer conversion and
molecular weight increases. Driven by this realization, various
fluorophores (refer to Fig. 2) have been designed and applied to
monitor conventional and photo-induced
polymerisations.*****?

For example, pyrene can undergo intermolecular interac-
tions to form excimers (dimers that exhibit different fluores-
cence emission from the single molecule, Fig. 2) depending on
the lateral diffusion of pyrene in the medium."* An increase in
local viscosity limits the diffusion of the ground state pyrene
molecules towards the excited state ones, resulting in a decrease
in the ratio between the maximum fluorescence intensity of the
excimer and the maximum fluorescence intensity of pyrene
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Fig. 2 Overview of six categories of fluorescence compounds allowing to monitor the polymerisation process and map monomer conversion
and molecular weight. Anti-rigidochromic fluorophores: images reproduced from ref. 141 with permission from Wiley, copyright 2022.

(Iexcimer/Tpyrene)- This has been exploited to follow the conversion
of methyl methacrylate (MMA) in situ during miniemulsion
polymerisation.”® However, a high concentration of pyrene is
required in order to achieve sufficient proximity for two mole-
cules to form excimers, and due to the rapid decrease of Iexcimer/
Ipyrene, it is often challenging to monitor long-term polymeri-
sation processes.

Unlike the excimer-forming compounds, different types of
environment-sensitive fluorophores including intramolecular
charge transfer compounds (Fig. 2) have been developed by the
group of Ortyl and others, such as coumarin-based mole-
cules,"”*'** 2-amino-4,6-diphenyl-pyridine-3-carbonitrile deriva-
tives,"® rare earth complex compounds,”” meta-terphenyls,"*®
dansyl hyperbranched fluorophores,'*® benzylidene scaffold-
based and 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY)-based iodonium salts,"*>*** to monitor free-radical
photopolymerisation, ring-opening and chain growth cationic
photopolymerisation, based on a changing fluorescence inten-
sity or fluorescence intensity ratio as well as shifting emission
wavelengths. We note common principles: (i) when the excited
state of the fluorophore is more polar than the corresponding
ground state, the reduced polarity of the system leads to an
increased energy gap between the ground and the excited state
of the fluorophore. As a result, the fluorescence emission
wavelength shifts toward shorter wavelengths; (ii) the increased
microviscosity of the system slows the solvation of the excited
fluorescent molecules, thus preventing them from reaching

12818 | Chem. Sci,, 2023, 14, 12815-12849

their most relaxed conformation before emission of a photon,
while the rigidity of the medium inhibits conformational
changes of the excited molecules which is one of the de-
excitation pathways. Therefore, a hypsochromic shift of the
emission wavelength and an increase in fluorescence intensity
can be observed."***!

Photo-induced polymerisation is now routinely used in
coatings, adhesives, photolithography and 3D printing.'>*>>"'>*
One of the major benefits of photopolymerisation is the ability
to manipulate the light source to switch reactions between ‘ON’
and ‘OFF’ states and to adjust polymerisation rates. In general,
the same wavelength is applied for the initiation of the reaction
and the excitation of the fluorophore. A very elegant approach is
to use the existing photoinitiator in the system as a fluorophore
for monitoring, such as benzylidene scaffold-based and
BODIPY-based iodonium salts developed by Ortyl's group or 2,6-
bis(furan-2-ylmethylidene) cyclohexan-1-one developed by Li
et al."*>"?*'** 1t is worth noting that the design of fluorophores
for cationic polymerisation is more challenging as they need to
resist strong acidic environments.

An alternative type of fluorophore is the molecular rotor
(Fig. 2), whose fluorescence depends on the viscosity of the
surrounding medium. Upon excitation, the molecular rotor
enables rapid non-radiative de-excitation via intramolecular
rotation in low viscosity environments, in contrast, high local
viscosity hinders the rotation and thus limits non-radiative
pathways, resulting in higher fluorescence intensities and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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quantum yields as well as longer fluorescence lifetimes.****”
Molecular rotors, such as BODIPY-C12 (chemical structure refer
to Fig. 2), are thus well suited to investigate polymerisation
processes'llo,lls,IZS

For example, Nolle et al. have successfully used BODIPY-C12
to monitor bulk radical polymerisation of MMA." Different
from the abovementioned studies, the measurements in their
study were based on fluorescence lifetime rather than fluores-
cence intensity. Fluorescence lifetime detection is independent
of the dye concentration, while this factor strongly affects
fluorescence intensity measurements.’””'** Importantly, the
evolution of heterogeneities during the polymerisation process
was elucidated in their study. Meanwhile, the fluorescence
lifetimes were obtained from an advanced fluorescence tech-
nique - FLIM.®***' In addition to the values of fluorescence
lifetime, FLIM can provide spatially resolved images for addi-
tional information, which will be discussed later. Besides, the
choice of BODIPY-C12 allows for the measurement of local
viscosity. Unlike the previously mentioned fluorescent
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molecules and many other molecular rotors, whose fluores-
cence is strongly influenced by polarity and temperature, the
fluorescence of BODIPY-C12 is only very weakly affected by
these factors, at least at high viscosities."**'%*

In addition to these three types of fluorophores, fluorogenic
molecules, aggregation-induced emission luminogens (AIE-
gens) and others (Fig. 2) have also been applied to visualise the
polymerisation process,****** mainly controlled polymerisation.
Controlled polymerisation - especially RDRP - enables the
synthesis of polymers with pre-determined average molar
masses, narrow molecular weight distribution, diverse compo-
sitions and well-defined architectures. RDRP has driven the
rapid advance of polymer science and benefited numerous
fields, including biomedicine, energy and nanotechnology.>**
Recently, the utility of RDRP has been further extended by
various externally regulated polymerisations, such as photo-
controlled RDRP.** In all RDRPs, the establishment of
a dynamic equilibrium between propagating radicals and
various dormant species is central,® and has been achieved
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photographs showing the increase of fluorescence intensity with conversion of reaction and plot of conversion and molecular weight against
light intensity. Reproduced from ref. 135 with permission from Wiley, copyright 2018. (B) Scheme of ROMP polymerisation with TPE- and PDI-
labelled norbornene monomers as fluorescent probes (top) and visualisation of the polymerisation process over time based on AlE-Intensity and
anisotropy signals (bottom). Reproduced from ref. 137 with permission from The Royal Society of Chemistry, copyright 2020.
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through different methods, including atom transfer radical
polymerisation (ATRP),**'® nitroxide-mediated radical poly-
merisation (NMP),"*'* and reversible addition-fragmentation
chain-transfer (RAFT) polymerisation."”*°

Allen et al. have synthesised fluorogenic monomers to in situ
monitor ATRP in aqueous media."** These monomers are meth-
acrylamide derivatives of polycyclic aromatic hydrocarbon
(PAH) probes such as pyrene, anthracene and acridine (Fig. 2).
After their incorporation into polymer chains, these originally
non-fluorescent PAH probes will become fluorescent, and the
fluorescence intensity of the polymer system increases as
a function of reaction time. A similar working principle has
been applied by our group to photoinduced nitrile imine-
mediated tetrazole-ene cycloaddition (NITEC) step-growth
polymerisation, which represents one of the few examples of
a photochemically driven step-growth polymerisation.’** The
reactions between the non-fluorescent tetrazole moiety and the
non-fluorescent dialkenes produce the fluorescent pyrazoline-
containing polymer. Thus, the fluorescence emission directly
correlates to the number of ligation points in the polymer,
forming an ideal self-reporting system.

In photo-controlled RAFT polymerisation, Yeow et al. utilised
5,10,15,20-tetraphenyl-21H,23H-porphine (ZnTPP) as
a photocatalyst and fluorescence probe to mediate polymerisa-
tion and report on monomer conversion.”® The fluorescence
change of the system is likely due to the incorporation of ZnTPP
into the polymer chain. Likewise, to visualise RAFT polymeri-
sation in situ, Liu et al. developed an approach based on AIE
(Fig. 3A)."> AIE describes the opposite of aggregation-caused
quenching (ACQ), which is a common phenomenon when
dyes aggregate. The fluorophores used in AIE, known as AIE-
gens, often show strong emission in the aggregated state due to
the restriction of intramolecular motion, which makes them
good candidates for sensing viscosity or other environmental
changes.” In their work, tetraphenylethylene (TPE)-containing
dithiocarbamates were designed and synthesised. These
compounds play the role of RAFT agents for the control of the
polymerisation process. Meanwhile, TPE (a typical AIEgen) can
be incorporated into the polymer chain upon light irradiation
and thus sense the viscosity change during polymerisation. As
noted, AIE may be more suitable for polymer systems with
relatively large molecular weights.

In order to track polymerisation reactions on extended time
scales, Cavell et al. combined two optically orthogonal readouts,
AIE intensity and fluorescence polarisation anisotropy, by
incorporating TPE- and perylene diimide (PDI)-labelled mono-
mers (very low amounts, ppm and even below) into the ROMP of
norbornene within a single microdroplet (Fig. 3B, top).**’
Fluorescence polarisation anisotropy can quantify the rota-
tional time scale of a fluorescent molecule, further providing
information about the chemical evolution of its environment.
As the polymerisation proceeds, anisotropy increases due to the
loss of rotational freedom upon the monomers' incorporation
into the growing polymer chain. Anisotropy is sensitive at early
temporal regimes of the reaction, thus together with AIE can
provide complementary information (Fig. 3B, bottom).

zinc
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Here, ROMP is one type of controlled polymerisation that
converts cyclic olefins into a polymer material. The key feature
of ROMP is that any monomer-associated unsaturation is
retained during the conversion of monomers into polymers,
which allows ROMP to synthesise polymers with unique archi-
tectures and useful functions.?®

In order to monitor ROMP, Iv et al. doped the initial reaction
solution with a very small amount of fluorophore-labelled nor-
bornene monomers, but, in this case, with BODIPY-labelled
monomers (Fig. 4A) and applied advanced fluorescence
microscopy - FLIM.** As mentioned earlier, fluorescence-based
techniques have significant advantages over conventional
techniques: in addition to real-time characterisation, they may
allow for determination of monomer conversions and molec-
ular weights of insoluble polymers. Their work effectively
demonstrates these advantages. The correlation between poly-
mer fluorescence lifetime measured by FLIM and molecular
weight allows readout of the molecular weight of poly-
dicyclopentadiene (polyDCPD) in ongoing reactions, as well as
molecular weight calculations for GPC-solvent insoluble, high-
molecular weight, cross-linked polyDCPDs (Fig. 4B). Not only
that, FLIM is capable of providing spatiotemporally resolved
information on polymer morphology, which plays an important
role in the properties of polymers, and the use of fluorescence
techniques for morphology studies will be discussed in later
sections.

Another advantage of fluorescence-based techniques is their
ability to determine molecular weights of conjugated polymers,
which are often overestimated by GPC. Tian et al. employed
single-molecule fluorescence spectroscopy to determine the
molecular weight of conjugated polymers using a single-
molecule counting method.*® However, spin-casting of the
polymer matrix in which these polymers are embedded is
required. In order to count molecules in a solution phase,
fluorescence correlation spectroscopy (FCS),"**'** a powerful
tool for detecting molecular dynamics, may be a good choice.

Notably, the aforementioned fluorophores, especially
viscosity/rigidity-sensitive fluorophores, typically blueshift their
emission or merely alter fluorescence intensities with the
growth of polymer chains. To address the challenge of devel-
oping fluorophore probes with bathochromic emission shifts,
Feng et al. developed phenanthridine-fused tri-azatruxene flu-
orophores (PTFs, chemical structure refer to Fig. 2) by judi-
ciously selecting each unit in the fluorophore: (i)
phenanthridine units to enhance the fluorophore/polymer
interaction; (ii) a rigid planar conformation by fusing 7-rings
to suppress nonradiative decay; (iii) large 7 systems to promote
electronic coupling and frontier molecular orbital energy level
alignment between the fluorophore and the polymer.*** Finally,
in the polymerisation of pentafluorophenylacrylate (PFPA),
a significant fluorescent colour change from blue to red-orange
with increasing polymer molecular weight was observed (Fig. 2),
which can be ascribed to dipole-dipole and polar-m interac-
tions between PTFs and polymeric matrixes to form charge-
transfer complexes.

In contrast to conventional covalently bound polymers,
supramolecular polymers are polymeric arrays of repeat units

© 2023 The Author(s). Published by the Royal Society of Chemistry
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showing the increase in fluorescence lifetime with higher molecular weight during the ROMP reaction (top), plotted correlation between
fluorescence lifetime and molecular weight and extrapolation of the molecular weight of insoluble material from the correlation curve (bottom).
Reproduced from ref. 85 with permission from The American Chemical Society, copyright 2022.

that are connected together by highly directional non-covalent
interactions,******** such as hydrogen bonds, m-1 stacking
and metal coordination.®**>'345-151 Dye to these non-covalent
interactions, supramolecular polymers are endowed with
some special properties, including reversibility, recyclability
and stimuli responsiveness, which can facilitate the design of
responsive, self-healing and environmentally friendly mate-
rials.**¢ In order to determine molecular weight of a supramo-
lecular polymer by optical methods, Sessler, Zhu, Ji and others
proposed to incorporate two types of fluorophores into supra-
molecular polymer monomers, a J-type dye (its aggregates
exhibit bathochromically shifted absorption bands) naphtha-
lene diimide (NDI) (Fig. 5A, top) and an AIEgen pyrene
benzohydrazonate-based fluorophore (Fig. 5B, top), respec-
tively.*>*** The former monomers interact with Zn(OTf), to
form supramolecular polymers through terpyridine-Zn** coor-
dination (Fig. 5A, top). With increasing molecular weight
resulting from the increasing monomer concentration,
a change in the fluorescent colour from green to yellow to

© 2023 The Author(s). Published by the Royal Society of Chemistry

orange was observed (Fig. 5A, middle). This can be ascribed to
the supramolecular assembly-induced aggregation of NDI
groups, Le., the supramolecular polymerisation and polymer
assembly process leads to dimeric forms of NDI followed by the
formation of J-aggregates (Fig. 5A, bottom). Differently, the
latter monomers polymerise through hydrogen bonding
(Fig. 5B, top) and the molecular weight was visualised through
aggregation-induced emission, i.e., with the increase of molec-
ular weight, a change of the fluorescent colour from dark blue to
yellow-green was found (Fig. 5B, bottom). Polymer assembly will
continue to be discussed in Section 5.

This section focuses on the principles of emission changes of
various fluorophores, including fluorogenic molecules, AIEgens
and molecular rotors, as well as their adaptability to the poly-
merisation process. Although NMR and SEC are the most
common techniques for determining monomer conversion and
molecular weight, fluorescence-based techniques are promising
for in situ and real-time characterisation. Currently, conven-
tional fluorescence spectrometry is the main adopted
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