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ABSTRACT: Controlling the formation dynamics and tuning the micro/nanoscale structures are crucial to design materials
with desired properties for specific applications. Thus, the visualization of the structures and probing of the in situ formation
mechanisms of molecular materials is quite important albeit challenging. Recently, fluorescence lifetime imaging microscopy
(FLIM) has emerged as a valuable complementary, robust, and non-invasive technique along with conventional imaging tools
to unravel the nanoscale morphology and dynamics of Self-assembly

. Formation dynamics
fluorescent or fluorophore-tagged molecular materials.
Considering the current need to understand the field, this
perspective article emphasizes the growing importance of FLIM
to explore the salient aspects of diverse materials, including
semiconductor nanocrystals, molecular self-assembly, polymers,
and metal-organic frameworks. We will deliberate the
fundamental features of FLIM and its applications to decipher
the stimuli-responsive dynamic molecular self-assembly
process, the growth kinetics and mechanistic insights of
polymers, and probe the phase purity in metal-organic
frameworks. We will also highlight the use of FLIM in
photoluminescence blinking and photon antibunching which can resolve many unreciprocated facts in the field of
semiconductor nanocrystals. Beyond presenting up-to-date knowledge in the field, we will outline the potential future
directions of FLIM, emphasizing its role in developing novel materials and improving existing ones. This advancement paves
the way for new opportunities in materials science research and applications.
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1. INTRODUCTION

Exploring the structure-property relationship of
materials has drawn the significant attention of the
scientific community because of their applications
in optoelectronics, bioimaging, sensing, and
catalysis."!” Consequently, significant research
efforts have been devoted to design and
engineering materials by elucidating the influence
of micro- and nanostructures, as well as their
formation  dynamics, on properties and
performance.'®*! Giri et al. demonstrated that
hypercrosslinked porous polymers with a
nanosheet = morphology  exhibit  superior
performance in removing micropollutants from
water compared to their spherical nanoparticle

counterparts.*? Zhang et al. studied how the shape
of amphiphilic perylene bisimide nanoaggregates
affects their light-emitting properties, showing the
impact of changes in structure on their behavior.*
Mitra et al. showed that covalent organic
frameworks with a nanosheet morphology exhibit
superior efficacy in drug delivery to cancer cells
compared to other morphological forms.**
Therefore, visualizing the nano- and microscale
morphologies of various materials has become
essential for understanding their properties and
tailoring them for task-specific applications.
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Table 1. A relative analysis of the salient features of diverse imaging tools that have been used for the exploration of the properties and
functions of different materials.

Pros

(i) Excellent surface
resolution

(ii) Detailed
topographical
information

(i) Can resolve the
atomic  structure of
materials

(ii) Provides information
about the internal
structure of samples

(i) Provides detailed
topographical maps at
the nanoscale

(ii) Can image samples in
ambient conditions
without damaging them

(i) Allows for imaging of
specific focal planes
within a specimen

(i) Can be wused to
construct 3D images of
specimens

(i) Sensitive to the
variation of the
microenvironment (e.g.,
polarity, viscosity, pH,
ion concentration)

(ii) Provides fluorophore
concentration-
independent data

Cons

(i) Samples to be conductive
and possibly coated

(i) Operates under a
vacuum, which can limit the
types of samples analyzed
(iii) No in situ imaging

(i) Samples must be very
thin (typically less than 100
nm)

(i)  Requires  complex
sample preparation and
operation

(iii) No in situ imaging
(i) Slow Scan Speed

(i) Small scanning area
compared to optical
techniques

(i) High-intensity laser light
can cause photobleaching
(i) Scan Speed: Slower
compared to wide-field
microscopy

(i) Requires specialized
equipment and expertise
(ii) Temporal resolution is
Limited by the speed of
photon detection

(iii) Requires fluorescent or
fluorophore-tagged
materials

Techniques Working principle Nature of Resolution
samples

FESEM A focused electron beam Mostly for solid Typically, 1-2 nm,
scans a sample's surface, or dried depending on the
and the interactions create samples sample and operating
signals to form an image conditions

TEM A beam of electrons passes Applicable for Down to sub-
through a thin sample, solid, dried, and nanometer, with
revealing its structure frozen high-resolution TEM
through their interactions specimens (HRTEM) reaching

below 0.1 nm

AFM A sharp-tipped cantilever Works with Typically, 0.1 nm
scans a sample's surface, solid (dried or vertically and a few
and its deflection creates a frozen) nanometers laterally
topographical map samples

CLSM Uses point illumination and Works with  Approximately 200
a pinhole to reject out-of- solutions, nm laterally and 500-
focus light, enhancing dispersions, 700 nm axially
image contrast and optical solids, and
resolution biological

samples

FLIM Measures how long a Works with  Typically, diffraction-
fluorophore stays excited solutions, limited, like other
before  emitting  light dispersions, optical microscopy
(fluorescence lifetime), solids, and techniques (200-300
revealing details about the biological nm laterally)
microenvironment samples

Over the years, tools like field emission
scanning  electron  microscopy (FESEM),

transmission electron microscopy (TEM), atomic
force microscopy (AFM), and confocal laser
scanning microscopy (CLSM) have been widely
used for imaging.*>> FESEM provides high-
resolution and detailed images of a material's
surface.*’>%! It is widely used to examine
microstructural details which are essential for
understanding material properties such as
adhesion,  conductivity, @ and  mechanical
strength.** TEM offers atomic-level resolution
to study the internal structure of materials (Table
1).56-%0 It has been used to analyze crystallographic
structures, defects, and interfaces within materials
that influence their electronic, optical, and
mechanical properties.’*%-%C  However, the
requirement of drying or freezing samples for both
(FESEM and TEM) might alter the natural state

and dynamic behaviors of the materials,
potentially affecting the authenticity of the
observations (Table 1).*¢>* Kundu et al
demonstrated how solvent evaporation affects
nanoscale morphologies in molecular self-
assembly during the sample preparation for
electron microscopy.®! On the other hand, AFM is
used to check the surface topography and
mechanical properties at the nanoscale.®?%
However, the interaction between the AFM tip and
the sample can significantly influence the imaging
results.®>% Shen et al. demonstrated that the
artifacts obtained in the morphology of sapphire
cylinder protrusions were due to the influence of
AFM tips.®” CLSM is used for optical sectioning
and 3D reconstruction of specimens. It is
particularly useful for studying fluorescent or
fluorophore-tagged biological samples, polymers,
and composite materials.*® However, the high
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Figure 1. Schematic illustration highlighting the recent exploration of fluorescence lifetime imaging microscopy (FLIM) in material
(molecular self-assembly, polymers, nanomaterials, and metal-organic frameworks) science research. Some of the images of the
figure were adapted with copyright permission from ref. no. 74, 81, 83, 107, 108, 139, 148, 152 (Copyright American Chemical
Society), ref. no. 109 (Copyright Elsevier), and ref. no. 94 (Copyright Springer).

photobleaching and low resolution are the
bottlenecks of CLSM (Table 1).%*

Considering  the  facts,  recently,
fluorescence lifetime imaging microscopy (FLIM)
has been used to explore the salient features of
different fluorescent or fluorophore-tagged
materials.®*”3 FLIM is used to measure the
fluorescence lifetime of materials, providing
information on the local environment of
fluorophores (Table 1).7#% It is particularly useful
in  studying molecular interactions and
environmental changes within materials. FLIM
can validate the presence of specific functional
groups, and dynamic processes, offering insights
into the chemical and physical properties of
materials.””" In addition, the use of FLIM for
blinking and antibunching studies aided in
exploring  the  physical  properties  of
nanomaterials, especially for semiconductor
nanocrystals.®!"! Thus, FLIM has been invoked as

a complementary tool to decipher the unique
aspects of diverse materials including
nanomaterials, molecular self-assembly,
polymers, and metal-organic frameworks.’”*"7-":
9298 This perspective article will highlight the
importance and need of FLIM in material research
by summarizing some of the recent key articles
(Figure 1). In addition to the state-of-the-art
knowledge of the field, the future scope of FLIM
for the in-depth understanding for the
development of a range of molecular materials
will also be delineated.

2. FLUORESCENCE LIFETIME IMAGING MICROSCOPY
(FLIM)

FLIM is a powerful imaging method that measures
how long a fluorophore stays excited before
emitting light, using tools like time-correlated
single-photon counting (TCSPC).”® The simplest
instrumental setup of FLIM has been shown in
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Figure 2. (a) The schematic illustration depicting the simplest instrumental setup and working principle for fluorescence lifetime
imaging microscopy (FLIM). (b, ¢) FLIM images and lifetime mapping for the exploration of various aspects of morphological
evolution in material science. (d, €) The additional use of FLIM as single-particle spectroscopy for deciphering the material aspects
of semiconductor nanocrystals and quantum dots through photoluminescence blinking and antibunching analyses.

Figure 2a. The fundamental principles of FLIM,
along with its instrumentation and recent
advancements, have been extensively covered in
the literature. Readers seeking more in-depth
information are encouraged to look up earlier
works, including  comprehensive  review
articles,’0-7279.95,100-102° A comparative analysis of
salient features of FLIM with other imaging
techniques like FESEM, TEM, AFM, and CLSM
has been provided in Table 1.

Fluorescence lifetime is not affected by the
concentration of the fluorophore, unlike intensity
measurements (Figure 2b). By integrating
fluorescence lifetime measurements with spatial
imaging, FLIM can provide detailed maps of the
fluorescence lifetimes across a sample, revealing
spatial variations in the local environment such as
pH, ion concentration, viscosity, and the presence

of other molecules or quenchers in the proximity
of the fluorophore (Figure 2¢).” Consequently,
FLIM has been extensively explored in biological
and medical research to study cellular processes,
protein-protein  interactions, and  enzyme
activities.”®® Additionally, it is also used in
clinical diagnostics, particularly in cancer
research, where changes in fluorescence lifetime
can indicate malignant transformations or other
pathological  conditions.!®1%  Apart  from
biological applications, recently, FLIM has also
been invoked to get insights into the structural,
compositional, and dynamic characteristics of
various materials,’®-3:107-109

FLIM can detect the changes in
fluorescence lifetime caused by polymer cross-
linking or network formation, providing insights
into the final properties of polymeric
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materials.”>!!1%!! Qhifts in fluorescence lifetime
and variations in lifetime histograms are used to
track changes in polymers under different
environmental conditions.!'® Similarly, changes in
fluorescence lifetime can reveal the aggregation
state of molecular self-assembled systems,
offering valuable information about their stability
and functionality.” FLIM is also utilized to
examine the crystallinity and presence of defects
in materials, which have a direct impact on their
optical, electrical, and mechanical properties.’*!?’
Moreover, FLIM plays a significant role in

studying energy transfer processes within
materials, such as interactions between
components in  composites or  within

multichromophoric systems.”* Additionally, it
serves as a valuable tool for evaluating the
photostability of materials by monitoring
fluorescence lifetime changes during prolonged
illumination. 2114

With the addition of all the applications
discussed in the previous paragraph, FLIM has
also been explored to examine the
photoluminescence (PL) blinking and photon
antibunching phenomena, which are critical in
understanding the behavior of a single photon
emitter (Figure 2d, e).3283115:116 This is essential
for analyzing blinking kinetics which relies on
fluorescence lifetime revealing the transitions
between emissive (ON) and non-emissive (OFF)
states. This helps to track the blinking dynamics
and quantify the “ON” and “OFF” times with high
temporal resolution.®!'!'"!® Additionally, FLIM
provides insight into the quantum nature of
fluorescence emission using photon antibunching
analysis, where a single fluorophore emits photons
one at a time, rather than in pairs or bursts.®
Through TCSPC, FLIM can measure lifetime,
capturing the single-photon statistics which is
necessary to confirm antibunching behavior.®®
This makes FLIM invaluable in quantum optics
and single-molecule studies, where an
understanding of photon emission dynamics is
crucial. The current road map represented in
Figure 1 shows the material research that has
greatly  benefitted  using FLIM,7481:83.94.107-
109.139.148.152 1) the next section, we will shed light
on the work of various material research groups
that have utilized FLIM to gain insights into the
properties and dynamics of materials with a few of
the recent interesting studies.

3. SEMICONDUCTOR NANOCRYSTALS

FLIM has emerged as a unique analytical tool for
studying semiconductor nanocrystals, especially
for understanding their optical properties at the
nanoscale.®"®>  Semiconductor  nanocrystals
exhibit unique photophysical behaviors such as PL
blinking and photon antibunching, which are
essential for applications in optoelectronics and
quantum  computing.®>!"”  FLIM  enables
researchers to capture the fluorescence decay
times of individual nanocrystals, providing
insights into the dynamics of electron-hole
recombination.'®!"” By mapping fluorescence
lifetimes across a sample, FLIM effectively
analyzes variations in photoluminescence (PL),
helping to identify blinking events where
nanocrystals switch between emissive and non-
emissive states.®>!!> Additionally, FLIM’s ability
to differentiate between fluorescence lifetimes
makes it an ideal technique for studying photon
antibunching, which detects and characterizes
single-photon  emission  events.’*!2  This
capability is vital for developing single-photon
sources and advanced quantum communication
systems, underscoring FLIM's importance in
advancing semiconductor nanocrystal research.
The technique has been successfully optimized to
analyze fluorescent nanocrystals at the single-
particle level.

3.1. PEROVSKITE NANOCRYSTALS (PNCs):

Perovskite nanocrystals (PNCs) have emerged as
a crucial candidate in the development of
photovoltaic and optoelectronic devices due to the
presence of multiple pathways for exciton
relaxation. FLIM has proven effective in
understanding exciton dynamics at the single-
particle level 32115:121-124 1t hag been used to study
PNC kinetics based on photoluminescence (PL)
blinking traces.®!"!1%12>-127 Depending on intensity
fluctuation patterns, single nanocrystals exhibit
either PL blinking, characterized by rapid
transitions between high-intensity ON and low-
intensity OFF states, or PL flickering, where the
ON and OFF states transition occurs through a
continuous intensity  distribution.!?>1?®  The
synthesis method of PNCs significantly impacts
exciton dynamics and intensity fluctuations. In a
recent study, 30% of as-synthesized CsPbBr;
PNCs showed blinking when prepared at room
temperature via antisolvent precipitation.'?> In
contrast, a different intensity pattern emerged
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when CsPbBr; PNCs were synthesized using the
hot-injection method. After analyzing 55 single
NCs, 70% exhibited blinking, showing an
occurrence versus intensity pattern. The PL
intensity distribution revealed three distinct states:
a high-intensity ON state, a low-intensity gray
state, and a near-zero intensity OFF state.®!

Ahmad et al. used a picomolar solution of
CsPbBr; PNCs which was drop-casted and dried
under vacuum to study the PL blinking at the
single particle level. The PL image was taken
using a confocal microscope (Figure 3a). To
further investigate the intensity states, the PL
intensity was categorized into six levels (R1 to
R6), and decay profiles were analyzed (Figure
3b).3! The higher intensity levels (R1 to R4)
exhibited single-exponential decay, while the
lower intensity levels (RS and R6) showed
biexponential decay (Figure 3d). The zoomed-in
portion highlights the low-intensity "gray" states,
which are nearly indistinguishable from the
background (red line) or the "off" state (Figure
3b). The intensity distribution of the blinking
pattern for the high intensity is also reflected in the
occurrences vs. count graph (Figure 3c). The
highest intensity corresponded to an excitonic
emission lifetime of approximately 8.2 ns, with
lifetimes decreasing as PL intensity diminished.
The intensity-lifetime scaling factor (n) for the top

Tim1e0(ns)
Figure 3. (a) Confocal microscope-based photoluminescence (PL) intensity image of a CsPbBrs perovskite nanocrystal (PNC). (b)
Time trace of the PL intensity (binning time was used 10 ms) for a single NC. The zoomed portion highlights the low-intensity "gray"
states, which are nearly indistinguishable from the background (red line) or the "off" state. (c) Distribution of the observed PL
intensities, (d) R1 to R6 are the PL decay profiles in which R1 - R4 are single exponential decay, R5 and R6 are biexponential decay.
(e) Fluorescence lifetime intensity distribution (FLID) of a single CsPbBrs NC with a false-color representation. The figure was
adapted with copyright permission from ref. no. 81. Copyright American Chemical Society.
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four intensity levels was as follows. The higher
intensity levels (R1 to R4) exhibited single-
exponential decay, while the lower intensity levels
(R5 and R6) showed biexponential decay (Figure
3d). The zoomed-in portion highlights the low-
intensity "gray" states, which are nearly
indistinguishable from the background (red line)
or the "off" state (Figure 3b). The intensity-
lifetime scaling factor (1) for the top four intensity

levels was as follows:3!-8?

N = Kri:kraikprsikpy

_h LB (1)

T T, T3 T,

= 1.1:1.0: 0.92: 0.75

The near-unity radiative recombination
rates across the higher intensity levels suggest a
fixed radiative rate competing with variable
nonradiative rates within the NCs. The
measurements that have been conducted on
isolated single NCs confirm that each luminescent
particle consists of a single NC rather than
clusters, as suggested by the lack of biexponential
decay in the R1 level (Figure 3d). One might argue
that multistate emissions could originate from
clusters rather than individual NCs. If each
particle were a cluster of two NCs with different
PL lifetimes, the decay curve for the R1 level
would show a biexponential profile, which it does
not. Alternatively, if the two NCs had identical
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Figure 4. (A-D) Photoluminescence trajectories of (A) CdSe534, (B) CdSe551, (C) CdSe571, and (D) CdSe594 single quantum dots
(QDs) having different CdSe core sizes. (a-d, middle column) Photoluminescence intensity histogram corresponding to core-shell
QD. (E, F) Probability density distributions (PDDs) for the (E) OFF- (E) and (F) ON-time are shown, with the following color codes:
(blue) CdSe534, (green) CdSe551, (orange) CdSe571, and (red) CdSe594. Experimental trajectories were recorded for
approximately 100 QDs, and a threshold was set to distinguish between ON- and OFF-state intensities. (G-]) Fluorescence lifetime
intensity distribution (FLID) plots for (G) CdSe534, (H) CdSe551, (I) CdSe571, and (J) CdSe594 are also shown. The intensity-time
traces and lifetime fluctuations were obtained using a pulsed laser with 405 nm excitation with a 5 MHz repetition rate. A T3 mode
based on a time-tagged time-resolved operating system has been used. The intensity time trace has been recorded for 120 seconds
for each isolated QD with a bin time of 10 ms. The figure was adapted with copyright permission from ref. no. 83. Copyright

American Chemical Society.

lifetimes, the PL intensity would be twice with the
same lifetime, leading to an n value greater than
1.0, which is also not observed. Therefore, it is
evident that each luminescent particle consists of
a single NC.

The n value deviation from unity at level
R4 indicates the involvement of additional
processes  that compete with  radiative
recombination. For these lower intensity levels, a
lifetime component (~1 ns) becomes prominent,
likely due to trion recombination, as Auger
recombination also contributes to each NC
blinking. Despite this, no clear patterns were
observed for the 1 ns component in the
fluorescence  lifetime-intensity  distribution
(FLID) due to the low occurrence of the "gray"
state population (Figure 3e). Similarly, FLIM has
been used by various groups to analyze intensity

based on PL lifetime

81,82,117,119,125-127,129

fluctuations
distributions.

Garai et al. demonstrated changes in PL
blinking intensity patterns using FLIM to study
single cubes and nanorods of CsPbBr; PNCs. It
has been observed that the ON state intensity
occurrence and lifetime increased as nanorods
elongated.!*® Bera et al. studied crack platelets,
passivated crack platelets, and square platelets,
and found that only the square platelets were
single-photon emitters.'!® Singha et al. used FLIM
to study the exciton dynamics of immobilized
FAPbBr; PNCs and examined the effects of energy
and fluence in the excited state.®?

3.2. QUANTUM DQTS (QDs):

FLIM has played an important role in
understanding the kinetics of semiconductor
quantum dots (QDs) at the single-particle level as
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well B38312009.31-133 vishny et al.  have

extensively studied semiconductor QDs to explore
the exciton dynamics and PL blinking.?*!20:131
CdSe/CdS/ZnS core/shell/shell systems with
varying core sizes have been investigated to
understand the exciton dynamics. The core size
has been varied from 2.9 nm to 4.4 nm while
keeping the shell thickness constant (Figure 4).%
Intensity fluctuations were recorded for up to 120
seconds for different size QDs (Figure 4A-D), and
it was observed that the occurrence of high-
intensity (ON-state) events increased for CdSe594
(Figure 4D) which is also reflected in the
occurrence vs. count plots (Figure 4a-d). The
power law model which is based on probability
density distribution (PDD) is popular to explain
the blinking behavior for QDs. The combination
of power law and truncated power law is used to
fit the ON- and OFF-events. The PL trajectories of
individual quantum dots (QDs) were recorded for
120 seconds, enabling the construction of
probability density distributions (PDDs) for ON-
and OFF-events (Figure 4E, F). These PDDs
exhibit an initial power-law behavior transitioning
into an exponential decay at longer times,
consistent with a truncated power-law model
(equations 2 and 3). The truncation point signifies
the shift between distinct blinking, highlighting a
transition from fast to slower blinking processes.

The PDDs can be fitted using the truncated
power-law (TPL) function, P,y (t) for the ON-
state and Pypp(t) for the OFF-state:

Py (t) « t;;,nONexp_(tON/T?N) (2)
Popr(t) o t, N exp~(torr/ w2FF) (3)

The parameters ‘m’ and ‘t.’ represent the
power-law exponent and the truncation time,
respectively, with the superscripts ON and OFF
indicating the corresponding ON- and OFF-
events. These functions characterize a blinking
process, where the behavior is described by a
power-law distribution at shorter times and an
exponential decay at longer times.

The exponential truncation observed in the
ON-time PDD reflects an ON-to-OFF transition
process characterized by a single rate constant
(Figure 4E), while the OFF-time PDD represents
the OFF-to-ON transition mechanism (Figure 4F).
In PDD analysis, the truncation times, ¢ (ON-
to-OFF transition time) and 79FF (OFF-to-ON
transition time), provide valuable information

about the kinetics of charge trapping and
detrapping. Specifically, the charge trapping rate
constant (k;) is determined as the inverse of TV
and the detrapping rate constant (k) is calculated
as the inverse of T9FF. The ratio of TV to 19FF
corresponds to the ratio k,/k;, offering insight
into the balance between these processes.
Additionally, the power-law exponents associated
with ON- and OFF-events reveal trends across the
four QD sets, shedding light on the underlying
blinking dynamics. The trapping probability is
calculated using the following equation:

Ptrapping
=N/ @N + 1) = ke/ (ke k) @)

Table 2. Changes in trapping probability and ON/OFF-
truncation time with varying the core size of CdSe in
CdSe/CdS/ZnS core/shell/shell system.83

QDs Core ON- OFF- Pirapping
diameter truncation truncation
(nm) time (t2) | time (z2FF)
CdSe534 29403 0.31+0.1 0.89+04 0.73 +£0.1
CdSe551  3.2+0.1 0.45+0.2 0.66 +0.2 0.61+0.1
CdSe571  3.7+£0.2 0.68 +0.3 0.54+0.2 0.49 +£0.1
CdSe594 44+02 0.93+0.4 0.38 +£0.1 0.31+0.1

As the core diameter increases from 2.9
nm to 4.4 nm, the ON-truncation time increases
from 0.31 to 0.93, and the OFF-truncation time
decreases from 0.89 to 0.38, correlating with
higher intensity PL blinking (Table 2). In smaller
QDs, possibility of trapping which leads to the
formation of the multiexciton generation as the
wave function for electron and hole penetrates the
interface of the core-shell. Photoionization from
multiexciton generation accelerates Auger
ionization, forming trions and enhancing fast
nonradiative processes. For larger QDs, the
exciton wave function is confined within the core,
resulting in higher intensity and longer lifetimes
due to neutral exciton recombination.’?

3.3. FLUORESCENCE LIFETIME INTENSITY
DISTRIBUTION  (FLID) FOR  SEMICONDUCTOR
NANOCRYSTALS:

FLIM is useful to correlate the fluorescence
lifetime with the intensity, captured through
fluorescence lifetime intensity distribution
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(FLID). FLID is particularly useful for identifying D (L (t+ 1)) (5)
and confirming the presence of multiple 9o = (L (ONL(t + 1))

ﬂuqrqphores In a system. By mapping lifetime The terms I;(t) and I,(t + T) represents
variations and intensities, it enables a deeper

understandine of molecular environments and the emission intensity at time ¢ in detector 1 and
dynamics ing complex _systems 5183 18.119.125-127 after the time delay t at detector 2, respectively.

Vishnu et al. also used FLID to analyze the The g (2)(t) is a powerful anglysis method to
CdSe/CdS/ZnS  core/shell/shell system and degnonstrate p hOt,OH antibunching. A Valu.e of
observe multiple recombination pathways with g (0) approachlng zero conﬁrms tha}t a smgle
varying core sizes (from 2.9 nm to 4.4 nm) while photon emitter QD is being sj[qdled. This fupctlon
maintaining the same shell thickness across all measures the joint probabl.hty of detecting a
four QDs (Figure 4G-1).* Two components were photon at j[wo detec;tors ata tlme' t'= Oandatt >
observed in the FLID plots: a component with 0. For a single emitter, after emitting a photon at
high intensity and a longer lifetime, was assigned ¢ = 0, the molecule relaxes to the ground state and

to neutral exciton recombination, and the second ~ €annot emit another photon until re-excited,
component with low intensity and a shorter leading to a zero probability of photon emission at
lifetime was assigned to Auger recombination and t =0. Vishu er al. toolF the FL.IM 1mages.for
trap states. The decreasing curvature of the FLID CdSe/ CdS/ZnS QDS‘ Wlth varymg core  S1zes
plot with increasing core diameter indicates less (Figure 5a-d). The dip in the gorrelatlon curves
involvement of the Auger process, which relatesto ~ observed for the QDs signifies the photon

the trapping/detrapping rates and ON/OFF antibunching (Eigure Se-f). The second-order
truncation times (as discussed earlier). Ahmad et photon correlation for CdSe/CdS/ZnS quantum

al. also used FLID to study two simultaneously dots displayed a peak with a lower magnitude at
occurring recombination processes, but the low t = 0 compared to the side peaks.™

intensity and shorter lifetime were unclear due to The same group used the photon
the low occurrence of the gray state in CsPbBr; antibunching technique for CsPbBr; PNCs to
PNCs (Figure 3e).%! demonstrate how facets affect multiexciton

generation. They found that the enhancement of

3.4. PHOTON ANTIBUNCHING FOR SEMICONDUCTOR biexciton formation increases with the number of

NANOCRYSTALS: facets, from 6 (cubic) to 26
FLIM is also an effective technique for confirming (rhombicubocatahedron), as it enhances surface
whether a particle is a single emitter through polarity.’** A similar method was employed by
photon antibunching experiments,®>%:116.131.132 Singha et al. for FAPbBr; PNCs to confirm
Photon coincidence can be analyzed using second- single-emitter behavior.> Thomas et al. also
order photon correlation analysis: confirmed a dip in the g(Z) (0) value approaching

.
i

zero at zero time delay for the CdSe/CdS core-
anisotropic shell system, confirming that the

6
e std sth
4
4 —_
e s e s
N N N
o2 o, L o,
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Figure 5. (a-d) FLIM images of (a) CdSe534, (b) CdSe551, (c) CdSe571, and (d) CdSe59 core-shell QDs. The second-order photon
correlation (antibunching) plots of (e) CdSe534, (f) CdSe551, (g) CdSe571, and (h) CdSe594 core-shell QDs. A 405 nm pulsed laser
was used to excite the samples with a repetition rate of 5 MHz. The figure was adapted with copyright permission from ref. no. 83.
Copyright American Chemical Society.
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exciton is localized within the core.'?? A similar
dip in the g®(0) value was observed for the
CdSe-CdS system with tadpole morphology,
where the electron delocalizes between the CdSe
core and the CdS shell, while the hole remains
localized in the CdSe core. This confirms that the
system is a single emitter, even though the exciton

wave function is not entirely confined within the
131

core.

Thus, FLIM has proven to be an
indispensable  tool  for  advancing the
understanding of nanocrystals, particularly in
elucidating their photophysical properties and
exciton dynamics at the single-particle level. By
offering the ability to map fluorescence lifetimes
across individual nanocrystals, FLIM enables
researchers to explore complex phenomena like
PL  blinking, photon antibunching, and
multiexciton generation, which are critical for
optoelectronic and quantum applications. It can
distinguish between multiple emissive states and
track variations in lifetime intensities providing
deep insights into electron-hole recombination,
charge trapping, and non-radiative processes
within nanocrystals. These insights are vital for
optimizing the design and synthesis of
nanocrystals for use in quantum dots, perovskite
nanocrystals, and other advanced materials,
making FLIM a crucial tool in the development of
next-generation optoelectronic devices and
quantum technologies.

4. MOLECULAR SELF-ASSEMBLY

FLIM has been explored as a powerful tool for
studying in situ supramolecular aggregation
processes.*>” It provides detailed information
about the local environment and its impact on
molecular  self-assembly.”®!3  Fluorescence
lifetime often alters due to the variations in their
microenvironment, such as differences in polarity,
viscosity, or the presence of quenchers.””!'3 FLIM
can detect minute changes in such parameters by
monitoring the fluorescence decay rates, allowing
researchers to distinguish between aggregated and
non-aggregated species even when their
fluorescence spectra overlap. This technique is
particularly useful for the visualization of the
spatial distribution of self-assembled structures
through lifetime maps. Furthermore, FLIM can
track the dynamics of molecular aggregation

providing insights into the formation, stability, and
dissociation processes.”?:108:109:113,136-139

Kundu et al. demonstrated the need for
FLIM  to  decipher the  spontaneous,
microenvironment-sensitive dynamic molecular
self-assembly process for a fluorescent alkyl-
substituted dibenzophenanthroimidazole
derivative, BPIB1 (Figure 6 1).!°® BPIB1 formed
green emissive gel (~ 530 nm) in a binary solvent
mixture of CHCIl; : MeOH (1 : 4, v : v). The
FESEM image of BPIB1 gel showed the
connected network of nanofibers (Figure 6 ii).
However, the morphology could be altered due to
the solvent evaporation during the drying process.
To ensure morphological evolution, the in situ
dynamic molecular self-assembly of BPIB1 was
probed through FLIM (Figure 6 iii).

The FLIM images of the BPIB1 solution
showed nanofiber formation (length of the fibers
~5-10 pm) at 2 min (Figure 6 iiia). Such smaller
nanofibers were found to be connected to
themselves to form a flower-like morphology at 4
min (Figure 6 iiib). The branching of the fibers
was further becoming dense at a time point of 6
min (Figure 6 iiic). The sample at 8 min exhibited
the starting of gel formation along with the other
branched nano-/microstructures of BPIB1 (Figure
6 iiid). The FLIM image at 10 min showed the
complete conversion of BPIB1 sol to gel (Figure 6
iiie). The CLSM images provided the same
information in view of the morphological
evolution of BPIB1 (Figure 6 iiif-j). However, the
distinct variation in fluorescence lifetime
[indicated by distinct colors in FLIM images]
ascertained the influence of the microenvironment
changes at different stages of the molecular self-
assembly process of BPIB1 (Figure 6 iiia-e).
Further, it was anticipated that the morphology of
BPIB1 nano-/microstructures could be subjected
to external stimuli like pH due to the presence of
basic nitrogen centers. Thus, the stimuli-
responsive (in the presence of acid-base duo) in
situ dynamic morphological variation was probed
using FLIM. %8

The BPIBI1 gel was prepared on a quartz
plate and the FLIM image was captured. The
connected network of nanofibers formation was
noticed for native BPIB1 gel with tavg ~ 6 ns
(Figure 6 iva). The broad distribution of lifetimes
in the histogram profile indicated the presence of
multiple heterogeneous emissive species. A
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Figure 6. (i) Molecular structure of alkyl-substituted dibenzophenanthroimidazole derivative, 2-(4-(1H-phenanthro[9,10-
d]imidazol-2-yl)phenyl)-1-octyl-1H-phenanthro[9,10-d]imidazole, BPIB1. (ii) Field emission scanning electron microscopy (FESEM)
image of BPIB1 gel [sample preparation: the heated solution (~ 40 °C) of 1 mM of BPIB1 in 1 : 4 CHCI3 : MeOH (v : v) was added onto
silicon wafers after the cooling and subsequently drying under vacuum)]. (iii) The need for fluorescence lifetime imaging microscopy
(FLIM) over confocal laser scanning microscopy (CLSM) for unraveling the time-dependent morphological evolution of molecular
self-assembly of BPIB1. (a-e) The in situ FLIM images demonstrating the time-dependent morphological variation of BPIB1
molecular self-assembly [sample preparation for FLIM: the heated solution (~ 40 °C) of 1 mM of BPIB1 in 1 : 4 CHCl3 : MeOH (v : v)
was added onto a quartz plate] from small nanofibers to a connected network of nanofibers to gel. The color alterations in the FLIM
images ascertained the variations in fluorescence lifetime due to the microenvironmental changes during the dynamic self-assembly
process. Scale = 10 pum. (f-j) CLSM images of molecular self-assembled structures of BPIB1 at different time points. Scale = 10 um.
(iv) The FLIM images deciphering the microenvironment-sensitive spontaneous reversible gel-to-sol-to-gel transformation of
BPIB1. FLIM images of (a) BPIB gel, (b) trifluoroacetic acid (TFA; the demarcation in the image depicts the auto adjustment of the
focus during the gel to sol transformation upon the TFA addition during the imaging)-treated BPIB1 gel, (c) nanoparticles of BPIB1
due to sol formation, and (d) reformed gel by the addition of triethylamine (TEA) to TFA-treated BPIB1 sol [Insets: the lifetime
histograms highlighting the spontaneous reversible gel-to-sol-to-gel transformations; the average lifetime values for each of the
distinct self-assembled states are mentioned (gel: tavg ~ 6 ns; sol: tavyg ~ 2 ns)]. (e) The FLIM images of time-dependent in situ,
spontaneous sol-to-gel formation of BPIB1 upon the addition of TEA to the TFA-treated BPIB1 sol. The figure was adapted with
copyright permission from ref. no. 108. Copyright American Chemical Society.

distinct morphological transformation from the
connected network of nanofibers (gel: Tavg ~ 6 ns)
to the smaller version of fibers (sol: Tavg ~ 2.5 ns)
was observed upon the addition of trifluoroacetic
acid (TFA; Figure 6 ivb). Further, the histogram
showed a narrow distribution of fluorescence

lifetime tave ~ 2 ns indicating the complete
conversion of BPIBI pristine gel to BPIB1 sol
(Figure 6 ivc). Such conversion was found to be
directed by the protonation of basic nitrogens of
BPIB1 upon the TFA addition. In the next, the
addition of triethylamine (TEA) to the TFA-
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treated sol led to the spontaneous reformation of

the gel with Tavg ~ 6 ns due to the deprotonation of
acidified BPIB1 (Figure 6 ivd).

To probe the dynamics of the reformation
of BPIB1 gel, the FLIM images were captured for
12 mins (Figure 6e). The acidified BPIBI gel
showed a complete conversion to sol with
nanoparticle morphology. Then, TEA was added
to the solution and FLIM images were taken at 3,
5, and 12 min. A gradual morphological
transformation from connected nanoparticles (at 3
min) to a connected network of nanofibers (at 12
min) was observed due to the reformation of the
gel (Figure 6¢). Thus, this study paves the way for
the use of FLIM as a complementary imaging tool
to understand the diverse kinds of dynamic
supramolecular  self-assembly  processes.!%®
Similarly, Mafas-Torres et al. used FLIM to
demonstrate the growth and dynamics of self-
assembled fibers for short peptide chains in the
presence of Ca?" and Cs' ions.*® Xie er al.
invoked FLIM to explore the nanogel formation in
the presence of light stimuli for a spiropyran-
based molecular system. The variation in the
lifetime histograms indicated the changes in the
microenvironment during the photoswitching

pI'OCGSS.137

Ali et al. investigated the aggregation
process of an organic fluorophore, DDQC (7-
(diethylamino)-3-(2,3-dihydrofuro[3,2-
c]quinolin-4-yl)-2H-chromen-2-one), in different
micellar environments to observe its aggregation
behavior (Figure 7).!°° The phenomenon of
aggregation-induced enhancement in emission
(AIEE) was a key focus, as it indicates the
potential of the system for solid-state organic
emitter.*" ! Thus, four different types of thin
films were prepared using an aqueous solution of
DDQC, and DDQC in sodium dodecyl sulfate
(SDS, anionic surfactant),
cetyltrimethylammonium  bromide  (CTAB,
cationic surfactant), and Triton X-100 (TX-100,
neutral surfactant) micellar environments.'?

In the next, FLIM was utilized to
demonstrate the role of micellar environment on
the shape of DDQC aggregates in thin films.
DDQC is an example of a push-pull fluorophore
where Coumarin moiety push and Quinolone
moiety pull the electron density and create more
electron density on quinolone nitrogen facilitating
the formation of cation in the water and anionic-
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Figure 7. (A-D) FLIM images of drop-casted samples: (A) 15
UM pristine aqueous solution of DDQC (7-(diethylamino)-3-
(2,3-dihydrofuro(3,2-c]quinolin-4-yl)-2H-chromen-2-one),
and 15 uM DDQC in (B) 15 mM sodium dodecyl sulfate (SDS,
anionic surfactant), (C) 20 mM cetyltrimethylammonium
bromide (CTAB, cationic surfactant), (D) 20 mM Triton X-100
(TX-100, neutral surfactant) [Sample preparation method: the
aqueous solution of DDQC was added to respective surfactant
solution to achieve the desired final concentration. DDQC
solution with and without surfactant was deposited on the
glass slides and vacuum drying was carried out for 24 hours. In
the case of TX-100 micelle, the sample was dried in an oven at
70 °C for 40 minutes]. FLIM confirmed the observation of rod-
like fibers for DDQC in water, SDS, and CTAB but sphere-shape
aggregation has been observed in TX-100. (E-H)
Corresponding fluorescence decays where the blue decay (i)
has been recorded using a bandpass filter (482 + 17 nm) and
green decay (ii) has been recorded using a long pass filter
(>532 nm). (I-L) Lifetime histograms were obtained using blue
bandpass [Aem (i) = 482 * 17 nm] and green long pass [Aem (ii)
>532 nm] filters. The figure was adapted with copyright
permission from ref. no. 109. Copyright Elsevier.

charged species in SDS micelles. On the contrary,
it remains neutral in the cationic charged (CTAB)
and neutral (TX-100) micelles. Rod-shaped
emissive aggregates are formed in films prepared
of DDQC in water (Figure 7A), DDQC in SDS
micelle (Figure 7B), and DDQC in CTAB micelle
(Figure 7C), while spherical aggregates are
predominantly observed in TX-100 micelle
(Figure 7D). The variation in micellar structure
may be attributed to differences in the strength of
interactions between water molecules and the
micelle cores, which depends on whether the
micelles are ionic or nonionic.'* The diverse
morphologies of micelles have been widely
reported in  the context of  some
modifications,!0%-142-144
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The fluorescence decay of the films
prepared of DDQC in water using a long pass filter
>532 nm (green) was slower compared to the
decay recorded using a 482 nm (blue) bandpass
filter (Figure 7E). The green emission primarily
showed lifetimes in the 6-10 ns range, whereas the
blue emission exhibited lifetimes in the 2-4 ns
range (Figure 7I). Notably, the distribution of
longer lifetimes displayed a higher modal
frequency. In the presence of SDS, the
fluorescence decay of DDQC has become more
dependent on the emission wavelength compared
to that in water (Figure 7F). It has been observed
that the lifetime distribution slightly shifts to the
longer value for the emission recorded using a
long pass filter (green, Figure 7J). This
observation suggests the presence of cationic
species due to the presence of trace amounts of
water leads to DDQC protonation in SDS micelle.
Meanwhile, the blue emission, originating from
micellized neutral fluorophore monomers, had a
sharper lifetime distribution and maximum at 2 ns.
This indicates that while the cationic form of
DDQC exhibits strong aggregation-induced
emission enhancement (AIEE), the micellized
neutral monomers do not display a similar
behavior.

In contrast, the wavelength dependence of
fluorescence decay was less significant in CTAB
(Figure 7G) and was absent in TX-100 (Figure
7H). For both cases, the lifetime distributions
peaked around 2 ns (Figure 7K, L). These
observations confirm that in TX-100, the cationic
DDQC molecules have been converted to their
neutral form wupon water removal. This
transformation is likely driven by the shift in
prototropic equilibrium occurring in the wet
palisade layer of TX-100 micelles. Thus, this work
highlights the use of FLIM to understand
molecular aggregation and kinetics in different
micellar environments.'%

Kistwal et al. have demonstrated the
importance of FLIM for analyzing the
morphological evolution and aggregation
behavior of DBMPT (dimethyl-2,5-bis[4-
(methoxyphenyl)amino] terephthalate) in the
presence of the surfactant Tween 40 (Figure 8).!%
The cryo-TEM and FLIM images showed a
gradual evolution of DBMPT nanoparticles
(diameter ~ 100 nm) to nanorods (length ~ 4 um)
with varying concentrations of Tween 40 from 0

HiCO._O

H3CO\©\ O}Z; /_‘)\ *<A(X”
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)| () |
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Figure 8. Top: Molecular structures of DBMPT (dimethyl-2,5-
bis[4-(methoxyphenyl)amino] terephthalate) and Tween 40.
(a-d) Cryo-transmission electron microscopy images, (e-h)
FLIM images, and (i-1) fluorescence lifetime histograms of 50
uM DBMPT in different concentrations of Tween 40. The
sample in images (a, e, i) is for 50 uM pristine DBMPT, (b, f, j) is
for 50 uM DBMPT in 12 pM Tween 40, (c, g, k) is for 50 uM
DBMPT in 30 uM Tween 40, and (d, h, 1) is for 50 uM DBMPT in
60 uM Tween 40 (Aexfor all the images = 532 nm). These panels
illustrate the effect of Tween 40 concentration on the
fluorescence lifetime distribution and morphology of DBMPT.
The figure was adapted with copyright permission from ref. no.
139. Copyright American Chemical Society.

uM to 60 uM, respectively (Figure 8a-h). The
fluorescence lifetime distribution histogram
reveals that the lifetime of 1 ns is shifted from a
narrow distribution for the nanoparticles in the
absence of Tween 40 to a longer lifetime of 2.5 ns
with a broader distribution for nanorods at the
highest surfactant concentration (60 uM, Figure
8i-1). The narrow distribution of lifetime indicates
the homogeneous distribution of nanoparticles,
whereas the broader distribution of lifetime
reflects the presence of multiple emissive species
having different dimensions of nanorods. In
addition, the shift in lifetime is directly associated
with the transition from spherical nanoparticles to
nanorods, due to the variation in molecular
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Figure 9. Lifetime-weighted fluorescence images of (a) DBMPT
homoaggregates, (c, e, g DBMPT-P123 mixed aggregates, and
(i, k, m) DBMPT-F127 mixed aggregates. The corresponding
fluorescence lifetime distributions are shown in panels (b), (d,
f, h), and (j, |, n), respectively. The concentrations of P123 and
F127 (in mM) are indicated alongside each lifetime distribution
histogram. These images and histograms reveal how the
aggregation  environment, influenced by  varying
concentrations of P123 and F127, affects the fluorescence
lifetime characteristics of DBMPT. This analysis provides
insight into the interaction between DBMPT and the micellar
structures formed by P123 and F127, showcasing the impact of
micelle type and its concentration on the photophysical
behavior of DBMPT. The figure was adapted with copyright
permission from ref. no. 140. Copyright American Chemical
Society.

packing and intermolecular interactions in the
presence of Tween 40. The agreement between
FLIM and cryo-TEM results confirms the
formation of nanorods in solution rather than in
solid state due to solvent evaporation (Figure 8).
Thus, the study provides insight into the molecular
dynamics and aggregation processes in a non-
invasive and detailed manner.'*’

In a similar kind of study, Rakshit et al.
demonstrated the molecular interactions of
DBMPT with triblock copolymers P123 and F127
using FLIM to emphasize the formation dynamics
and morphological evolution of molecular
aggregates (Figure 9).!* The temporally and
spatially resolved FLIM image profiles distinctly
differentiated the different morphological
structures formed by DBMPT with P123 (Figure
Oc, e, g) and F127 (Figure 91, k, n). The result

ascertained that after incorporation of DBMPT,
the fluorescence lifetime significantly increased
for the triblock copolymers leading to
morphological variation of the molecular
aggregates due to the impact of the
microenvironment and molecular packing. As
revealed from FLIM data, DBMPT exhibited
spherical aggregates in an aqueous medium with
an average diameter of ~ 150 & 30 nm (Figure 9a).

The fluorescence lifetime distribution
showed a sharp band ~ 0.2 ns due to the formation
of homogeneous aggregates (Figure 9b). In
addition, a lower intense broad lifetime
distribution was noticed at ~ 4 ns. This observation
certainly  indicated the  existence  of
microheterogeneity in homogeneous aggregates
of DBMPT in aqueous medium. On the contrary,
with the subsequent addition of P123 the lifetime
distribution of DBMPT became broader indicating
the presence of considerable portions of
microheterogeneity in the system (Figure 9d, f, h).
A similar trend was noticed in the case of F127
(Figure 9j. 1. n).!*" Thus, this work highlighted the
effective use of FLIM to demonstrate the
transition between different morphologies.
Additionally, FLIM provides vital insights into the
molecular dynamics and aggregation mechanisms
at a microscopic level and hence it offers a
comprehensive understanding of the aggregation
processes in solution.

5. POLYMER

FLIM has also evolved as an advanced tool for
investigating polymers at the microscopic level. It
provides insights into the local environment,
molecular interactions, and dynamic processes
that are not accessible through intensity-based
fluorescence imaging alone.’>!'* FLIM can be
used to detect the heterogeneity in the polymer
matrices and solvent-polymer interactions,
monitoring polymer dynamics.!!® In addition,
FLIM can help in understanding photophysical
processes in polymers, such as energy transfer,
quenching, and photobleaching.'**!4” By mapping
the fluorescence lifetime of dyes or proteins
embedded in polymers, the photostability and
efficiency can be visualized across the

sample. 1145148151 T this  section, we will
highlight a few exciting works in which FLIM was
used to explore different aspects of the
polymers. 145152
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Figure 10. (i) Schematic illustration depicting the ring-opening metathesis polymerization (ROMP) of norbornene (2) or
dicyclopentadiene (DCPD, 3) monomers using Grubbs third-generation catalyst (1) in the presence of low amounts of doped imaging
agent 4. (ii) FLIM images of polynorbornene solution at different reaction timepoints (a-d). The average fluorescence lifetimes (t)
are obtained from lifetime histograms. The molecular weight (Mw) of polymer solutions is determined using gel permeation
chromatography (GPC). FLIM images depicting the gradual increase of t with increasing molecular weight of the polymer (a-d). (e)
The correlation curve between the average fluorescence lifetime and molecular weight for the polynorbornene system (R2 = 0.99).
(iii) FLIM images of polyDCPD solution at different reaction time points (a-d). The average fluorescence lifetimes (t) are obtained
from lifetime histograms. The molecular weight (Mw) of polymer solutions is determined using gel permeation chromatography
(GPC). FLIM images depicting the gradual increase of T with increasing molecular weight of the polymer (a-d). (e) The correlation
curve between the average fluorescence lifetime and molecular weight for the polyDCPD system (RZ = 0.95). (iv) Determination of
molecular weight during polymerization reaction using FLIM. All the FLIM images were taken at the same location for a one-time
DCPD polymerization reaction at different time points of (a) t= 0 s (no catalyst), (b) t=90s, (c) t=390s,and (d) t = 690 s. (b) The
molecular weight at different time points was calculated using the t values obtained from the FLIM images and the correlation
calibration curve in Figure iii, e. The figure was adapted with copyright permission from ref. no. 152. Copyright American Chemical
Society.

no catalyst

Garcia et al. demonstrated a unique
approach to determine the molecular weight (My)
during the in situ polymerization reaction using
FLIM (Figure 10).'%2 The method is real-time, has
no need for the isolation of samples, provides sub-

ensemble information, and is applicable for both
soluble and insoluble polymers. As a model
reaction, the ring-opening metathesis
polymerization (ROMP) of norbornene (2) or
dicyclopentadiene (DCPD, 3) monomers using
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Figure 11. (i) Schematic illustration depicting the block copolymerization between monomer 1 (nonpolar system) and monomer 2
(polar system) in the presence of Grubbs third generation catalyst (G3). (ii, a) Selective tagging of the fluorescent molecular rotor

(4) in monomer 2 leading to the formation of polar block ta
Tagging of the fluorescent molecular rotor (4) in monomer 1
assembled to a core-shell structure 8. (c) FLIM images of th

gged system 5 which self-assembled to a core-shell structure 6. (ii, b)
leading to the formation of nonpolar block tagged system 7 which self-
e core region of 6 and the shell region of 8 in 7:3 CH2Clz2/toluene. (d)

Fluorescence lifetime vs. time profile for both the self-assembled structures of block copolymers 6 and 8. The figure was adapted
with copyright permission from ref. no. 74. Copyright American Chemical Society.

Grubbs  third-generation catalyst

polynorbornene with higher My,cpc (Figure 1
iid). In addition, the FLIM images displayed
gradual increase in fluorescence lifetime from 3

ns to 4.9 ns for the enhancement of My,Gpc from
158 kg/mol to 570 kg/mol (Figure 10 iia-d). On
the other hand, polyDCPD having different

(1) was
considered (Figure 10 1). A very low amount of
imaging agent 4 was added to the reaction mixture
(Figure 10 1). The molecular weight (Mw) of
polymer solutions was determined using gel
permeation chromatography (GPC). A sheet-like
morphology was observed for polynorbornene at
lower My,gpc (Figure 10 1ia-c). In contrast,
particle-type structures were noticed for the

Figure 10 iie and Figure 10 iiie show the
correlation curve between the average
fluorescence lifetime (obtained from FLIM) and
molecular weight (determined through GPC) for
the polynorbornene and polyDCPD systems,
respectively. Furthermore, to demonstrate the real-
time determination of molecular weight solely by
FLIM, a DCPD polymerization reaction was
carried out (Figure 10 iv). The FLIM images were

0 taken from the same region of the sample at
a different time points of 0 s (no catalyst), 90 s, 390
5 s, and 690 s of polymerization (Figure 10 iva-d).

The average lifetime obtained at different time
points from FLIM was plotted in the correlation
curve of the polyDCPD system and the molecular

molecular  weights exhibited particle-type weights (Mw,rLim) were calculated (Figure 10 ive).
morphology  (Figure 10  iiia-c).  Like Thus, this study opens a new direction for FLIM
polynorbornene, polyDCPD also exhibited which can be further utilized for various

gradual fluorescence lifetime enhancement with

increasing molecular weight (Figure 10 iiia-d).

polymeric systems. !>

Eivgi et al. used FLIM as a more sensitive
analytical tool as compared to that of 'H NMR to
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demonstrate the solvation dynamics of an
amphiphilic block copolymer system.” The
polymerization between monomer 1 (nonpolar
system) and monomer 2 (polar system) in the
presence of Grubbs third generation catalyst (G3)
led to the formation of amphiphilic polymers (3,
3a; Figure 11 ia). To understand the solvation of
such polymers by FLIM, it is necessary to tag
fluorescent molecules in either the polar or
nonpolar polymeric backbone. Thus, a BODIPY-
based viscosity-sensitive molecular rotor (4) was
chosen (Figure 11 iia, b).

The molecular rotor was tagged with both
monomers separately. In a typical procedure, 60
nM solution of 4 and monomer 2 was mixed with
a living homopolymer of 1 to obtain polar
copolymer 5. In CHxCly/toluene (7:3) solvent
mixture, copolymer 5 formed the core-shell
structure 6 (Figure 11 iia). On the other hand,
molecule 4 was mixed with monomer 1 and G3 to

2.4ns 2.7ns
Figure 12. Probing the block-selective solvation using FLIM. FLIM images of (a) block copolymer of 6 and (b) block copolymer of 8
in CHzClz/toluene 1:1 with the gradual addition of DMSO up to 2.4%. FLIM images of (c) block copolymer of 6 and (d) block
copolymer of 8 in CH2Cl2/toluene 1:1 with the gradual addition of THF up to 9.1%. The variation of the fluorescence lifetimes is
mentioned. The increase in the fluorescence lifetime due to the addition of DMSO in 6 indicating the disassembly of the only polar
blocks whereas the variation in the lifetime due to the addition of THF in 8 indicating the disassembly of the only nonpolar blocks.
The figure was adapted with copyright permission from ref. no. 74. Copyright American Chemical Society.

synthesize nonpolar block tagged copolymer 7
which further showed the core-shell structure 8 in
CHxCl/toluene (7:3; Figure 11 iia). The FLIM
images of the block copolymer of 6 in
CHxCl/toluene showed Tavg ~ 2.6 ns from the core
(as only the core contains molecular rotor 4). On
the contrary, a lower tavg ~ 1.2 ns was noticed for
the block copolymer of 8 under similar conditions
(Figure 11 11b). The higher fluorescence lifetime
of the rotor in the core is due to the more rigid
environment. The no change in lifetime values for
both core 6 and shell 8 over time indicated the
constant solvation of the block copolymers in
CH:Cly/toluene (Figure 11 iic, d).”

Further, the solvation dynamics of both
polymers were monitored in dimethyl sulfoxide
(DMSO) and tetrahydrofuran (THF). The self-
assembled structure of 6 in 1:1 CH2Cly/toluene

solvent mixture exhibited Tavg ~ 2.8 ns in the FLIM
image. Only a 2.4% addition of DMSO in the 1:1
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Figure 13. (i) Schematic illustration highlighting the catalytic ring opening metathesis polymerization (ROMP) reactions of the
monomer 1 or 4 using Grubbs third-generation catalyst (G3). Followed by the insertion of norbornene-functionalized BODIPY
imaging agents 2 or 3 into the polymeric backbone. (ii) Fluorescence intensity-based images of polydicyclopentadiene (polyDCPD)
polymer particles after (a) 11 min and (b) 25 min of G3 catalyst addition. The average fluorescence intensity profiles of polyDCPD
particles after (c) 11 min and (d) 25 min of catalyst addition. The black data points indicate the average fluorescence intensity at the
center region of the polymer particles whereas the red data points show the average fluorescence intensity of the edge region of the
polymer particles. The figure was adapted with copyright permission from ref. no. 148. Copyright American Chemical Society.

CHzCl/toluene solution of block copolymer 6 led
to the decrease of fluorescence lifetime to 1.5 ns
due to the disassembly of polar core structure in
the presence of polar solvent DMSO (Figure 12a).
However, no such variation in the fluorescence
lifetime was noticed for the self-assembly of
copolymer 8. The result ascertained the no
influence of polar solvent like DMSO on the
assembly-disassembly process of nonpolar block
in 8 (Figure 12b).”

An opposite trend in the FLIM result was
noticed in the case of THF addition to the self-
assembly of block copolymers 6 and 8. No change
in lifetime was observed for 6 with a gradual
addition of 9.1% THF (Figure 12c¢). The result
indicated that THF did not alter the assembly-

disassembly dynamics of the polar block.
Nonetheless, an increase in a lifetime from 2 ns to
2.7 ns was observed with the addition of 9.1% of
THF in block copolymer 8 due to the nonpolar
block dissolvation and stronger chain-chain
interactions (Figure 12d). This study shows that
FLIM is a useful method for understanding how
block-selective solvation drives the assembly and
disassembly of self-assembled amphiphilic block
copolymers.’

Eivgi et al. highlighted the use of FLIM as
a complementary analytical tool along with
CLSM to explore the impact of microenvironment
changes on the catalytic activity during the ring-
opening metathesis polymerization (ROMP)
reactions.'*® Dicyclopentadiene monomer (1) and
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Figure 14. (a) FLIM images of DCPD polymer during the progression of the polymerization reaction over 35 min of timeframe using
the molecular rotor 3. The variation of the average fluorescence lifetime (t) of the same polymer at the same points is mentioned.
(b) The plausible mechanism of microenvironment-sensitive catalytic activity during the polymerization reaction. The figure was
adapted with copyright permission from ref. no. 148. Copyright American Chemical Society.

Grubbs third-generation catalyst (G3) were mixed
in a heptane/toluene (2:1) solvent mixture to
initiate the polymerization reaction. Once the dark
(nonfluorescent) living polymer was formed then
the polymer particles were washed thoroughly. To
make the polymer emissive, norbornene-
functionalized BODIPY [2 (for CLSM sample) or
3 (for FLIM sample); both 2 and 3 are viscosity-
sensitive molecular rotors] were added to the
polymers and the sample was used for imaging
studies (Figure 13 1).!48

Figure 13 iia and Figure 13 iib show the
fluorescence  intensity-based  images  of
polydicyclopentadiene  (polyDCPD)  polymer
particles decorated with the molecular rotor 2 after
I1 min and 25 min of -catalyst addition,
respectively. At 11 min, the edge region of the
polymer particle exhibited higher fluorescence
intensity than the core region due to the lower
accessibility of the monomer in the core (Figure
13 iic). On the contrary, after 25 min of the catalyst
addition, both the edge and core regions showed
almost the same catalytic activities (Figure 13 1id).
It was anticipated that the catalytic activity was
reduced with increasing reaction time due to the
increasing polymer cross-linking which restricted
the diffusional motion of the monomer.'#

To validate the hypothesis, FLIM was used
to elucidate the growth of DCPD polymer
decorated with fluorescent molecular rotor 3. The
FLIM images were taken from the same region of
a single polymerization reaction. After 7 min of
the reaction, the polymer particle showed an
average fluorescence lifetime ~ 1.1 ns due to the
lower local viscosity (Figure 14a). However, an
enhancement in average fluorescence lifetime to ~
3.3 ns was noticed after 35 min of the reaction
time due to the diffusional restriction of molecular
rotor 3 (Figure 14a). Figure 14b demonstrated the
plausible mechanism of microenvironment-
sensitive  catalytic  activity  during  the
polymerization reaction which indicated that the
diffusional restriction of the monomers towards
the catalytic centers in the highly cross-linked
polymer was the prime reason for the decrease in
the rate of the polymerization reaction. Hence, the
discussion in this section highlights the judicious
use of FLIM as an emerging tool to decipher the
diverse aspects of polymeric materials.'*8

6. METAL-ORGANIC FRAMEWORK (MOF)

FLIM is also explored to study the photophysical
properties of MOFs. The energy transfer
mechanisms and the interactions between metal
nodes and organic linkers within the MOF
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Figure 15. (i) Structure of Zr-based metal-organic framework, NU-1000. The topology of (a) NU-1000 and (b) NU-901. (ii)
Fluorescence lifetime microscopy images of (a) NU-1000-1, (b) NU-1000-2, (c¢) NU-1000-3, and (d) NU-901. The false colors in the
images depicting the variation in spatial lifetime distribution. (iii) The lifetime histrograms of (a) NU-1000-1, (b) NU-1000-2, (c) NU-
1000-3, and (d) NU-901. The data were obtained from the three distinct regions (A, B, C) of the same crystal. The lifetime decay
profiles were fitted using a three-exponential function. The figure was adapted with copyright permission from ref. no. 107.

Copyright American Chemical Society.

structure were established using FLIM.** In
addition, the dynamic processes within MOFs,
such as the diffusion of guest molecules, chemical
reactions, or changes in the framework structure
are also monitored.'>* FLIM allows to capture of
these processes in real time, providing a deeper
understanding of the behavior of MOFs under
various conditions. Furthermore, FLIM can also
be used to create spatial maps of fluorescence
lifetimes within a MOF sample. This can reveal
heterogeneities in the sample, such as variations in
pore sizes, defects, or differences in chemical
composition across the MOF structure,*107:133

Chen et al. used FLIM to elucidate the
presence of polymorph in a series of Zr-based
metal-organic frameworks (MOFs, Figure 15).!%
The MOF, namely NU-1000, consisted of Zrs-
based nodes and emissive pyrene-based linkers
(Figure 15 ia, b). The irregularity in the crystal
structure was thought to be due to the presence of
the NU-901 phase. To investigate the fact, NU-
1000-1, NU-1000-2, NU-1000-3, and NU-901
MOFs were synthesized. The microcrystals of the

MOFs were used for the FLIM imaging to
decipher the heterogeneity and the presence of
different phases in the crystals.'?’?

Figure 15 iia-d shows the FLIM images of
the MOF crystals of NU-1000-1 (a), NU-1000-2
(b), NU-1000-3 (c), and NU-901 (d). The false
colors in the images depicted the spatial
distribution of the average fluorescence lifetime.
The lifetime histograms at different points (A, B,
C) in the same crystal are shown in Figure 15 iiia-
d. Both NU-1000-1 and NU-901 showed almost
the same average fluorescence lifetime in all the
regions of the crystal. The result ascertained the
phase purity of both crystals. NU-1000-2 also
exhibited a nearly uniform lifetime distribution.
Whereas NU-1000-3 showed a different lifetime
distribution in all the points of the crystal
indicating the phase impurity. The longitudinal
center of the crystal exhibited lifetime distribution
like NU-901. The result indicated the presence of
a polymorph of phase NU-901 in NU-1000-3
MOF.'
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Figure 16. Schematic illustration depicting the future directions of fluorescence lifetime imaging microscopy in materials science

research.

7. CONCLUSION AND OUTLOOK

We have highlighted the recent advancements in
the application of FLIM for investigating the
unique properties of various materials, including
semiconductor nanocrystals, molecular self-
assemblies, polymers, and metal-organic
frameworks (MOFs). The significance of FLIM in
understanding exciton dynamics and single-
photon emission properties in semiconductor
nanocrystals has been demonstrated. Its utility in
unraveling the in situ molecular self-assembly
process and  probing  stimuli-responsive
morphological transformations has also been
emphasized. Furthermore, FLIM has proven to be
a vital complementary imaging technique for
exploring the intricate  structure-property
relationships in polymers and MOFs. Thus, FLIM
is poised to play an increasingly significant role in
material science, especially as the demand for
advanced materials with precise functional
properties continues to grow. The future of FLIM
in material science is marked by several promising
prospects:

7.1. POLYMER:

FLIM will be essential in characterizing polymers
that are sensitive to external stimuli like heat, pH,
light, and mechanical stress (Figure 16). The
ability to visualize and map the dynamic changes
by fluorescence lifetime in real-time will help to
understand and optimize the responsiveness of
these materials. Imato ef al. showed the polarity-
induced photoswitching of spiropyran-based
polymer. The use of FLIM for such types of

polymeric systems can provide information about
the influence of the microenvironment on the
reversible photoswitching process.!** Kumar et al.
probed the kinetics of enzymatic hydrolysis for
supramolecular polymer using circular dichroism.
FLIM can be used as a complementary to explore
the effect of the microenvironment on the
hydrolysis process.!* In addition, FLIM could be
employed to monitor the healing process in self-
repairing polymers. By mapping changes in
fluorescence lifetime during the healing process,
one can get more information into the molecular
mechanisms that drive self-repair, leading to the
development of more efficient self-healing
systems (Figure 16). Peng et al. developed self-
healing elastomers through kinetically controlled
copolymerization. The incorporation of task-
specific fluorescent dyes in the polymeric
backbone can help to understand the kinetics of
the self-healing process using FLIM. !>

7.2. NANOMATERIAL:

FLIM can be beneficial to study nanocomposites
and nanostructured materials, where
understanding interactions at the nanoscale is key
to optimizing material properties. FLIM can also
be used to study the distribution and interaction of
nanoparticles within polymer matrices (Figure
16). This is critical for developing advanced
nanocomposites with tailored optical, electrical,
and mechanical properties.

In addition, FLIM can be employed to
explore ultrafast exciton dynamics in QDs and
PNCs, providing an understanding of charge
carrier recombination, and  multi-exciton
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interactions. The g (0) value has been used to
confirm whether a system is a single photon
emitter or not. However, a multi-order correlation
(third, fourth, and so on) can be helpful to exactly
measure the multiexciton generation. A successful
attempt has been made to calculate a third-order
correlation curve by tuning the delay time between
two pulses in a very recent study.'’ Integrating
FLIM  with  multi-modal imaging and
computational modeling can further bridge the
gap between nanomaterial synthesis and their real-
world applications in advanced technologies.
These future directions underscore FLIM's
potential as a transformative tool in
semiconductor nanocrystal research.

7.3. MOLECULAR SELF-ASSEMBLY:

FLIM can be used to study exciton dynamics in
self-assembled systems designed for
optoelectronic  applications, like  organic
photovoltaics or light-emitting diodes. The
variation of fluorescence lifetime can be useful to
demonstrate the exciton diffusion, recombination,
and quenching processes, which are critical for
optimizing the efficiency of these materials. Many
self-assembled systems involve hierarchical
organization where smaller building blocks form
larger and more complex chiral structures. FLIM
can provide insights into each level of this
hierarchy, revealing how interactions at the
molecular level influence the formation and
stability of larger structures (Figure 16).
Albertazzi et al. used stochastic optical
reconstruction microscopy to demonstrate the
monomer exchange during supramolecular
polymerization. FLIM can be utilized in the future
to explore microenvironment-sensitive similar
kinds of dynamic molecular self-assembly
processes. !>

7.4. COVALENT ORGANIC FRAMEWORK:

To date, there are no reports to explore the salient
features of covalent organic frameworks using
FLIM. However, we strongly believe that FLIM
can also be used to map the fluorescence lifetime
of molecules within the pores of COFs (Figure
16). Since the fluorescence lifetime is influenced
by the local environment, thus it can be beneficial
to reveal the differences in pore polarity, the
presence of guest molecules, or interactions
between the framework and encapsulated species.
This is crucial for optimizing COFs for

applications like gas storage and separation. FLIM
can be used to monitor the dynamics of guest
molecules within COFs in real time. By observing
changes in fluorescence lifetime, FLIM can be
used to study the diffusion, binding, and release of
molecules within the framework, which is
essential for applications in catalysis, drug
delivery, and sensing. Similarly, the growth and
formation dynamics of fluorescent COF or
fluorophore-tagged COFs can be probed using
FLIM (Figure 16). Giri et al. demonstrated the
molecular cage to COF transformation using both
microscopic and spectroscopic techniques. In the
future, the in situ incorporation of fluorescent dye
in the pores of the COF can provide an in-depth
understanding of dynamic covalent chemistry
using FLIM.!* Apart from a materialistic point of
view, the following aspects of FLIM can be
considered for the betterment of the field.

7.5. KEY DIRECTIONS:

1. The future will likely see an increase in the
integration of FLIM with other imaging
techniques, such as Raman spectroscopy, atomic
force microscopy, and X-ray microscopy. This
multimodal approach will provide a more
comprehensive understanding of materials,
correlating chemical, structural, and dynamic
information. FLIM can also be combined with 3D
imaging techniques, like confocal or multiphoton
microscopy, to produce 3D maps of fluorescence
lifetimes within materials. Also, 4D FLIM, which
adds the temporal dimension to 3D imaging, could
be used to study real-time dynamic processes.

2. The development of new fluorescent probes that
are specifically tailored for material science
applications can benefit the usage of FLIM. These
probes will be designed to respond to specific
environmental factors within materials, such as
stress, strain, or chemical changes. There is also
potential for the development of dyes with longer
fluorescence lifetimes, which could improve the
sensitivity and dynamic range of FLIM in material
science applications.

Thus, the future of FLIM in material
science is bright, with its potential applications
expanding as technology continues to advance. Its
ability to provide detailed, non-invasive, and real-
time insights into material properties makes it an
indispensable tool in the ongoing quest to develop
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smarter, more efficient, and more sustainable
materials.
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