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The self-assembly of polymers is integral to their role in liquid formulations. In this study, we combine a
dye whose lifetime is sensitive to the nanoviscosity of its local environment with shrinking gate fluor-
escence correlation spectroscopy (sgFCS) to study the self-assembly of a model telechelic polymer,
hydrophobically modified ethoxylated urethane (HEUR). Fluorescence lifetime measurements show a
monotonic increase in average lifetime with increasing HEUR concentration driven by a small fraction of
dye (<1%) with long lifetimes strongly bound to HEUR. Despite this small fraction, sgFCS isolates the diffu-
sional dynamics of the bound fraction with no a priori assumptions as to the distribution of lifetimes.
Sensitivity is greatly enhanced compared to standard FCS, revealing micellar aggregates forming between
0.2 and 1 wt% followed by formation of a percolated network. This sgFCS approach, which we apply for

rsc.li/nanoscale

1. Introduction

Associative polymers are key components in a wide range of
liquid formulations, as they impart non-Newtonian rheological
behaviour to products such as paints™* and lubricants.**Their
useful properties arise from the formation of concentration-
dependent self-assembled structures,” which have been
studied by a range of techniques including dynamic®® and
static®” light scattering, nuclear magnetic resonance,’ fluo-
rescence spectroscopy,”'®'" and rheology.>® Obtaining a full
picture of the self-assembly process requires combining obser-
vations from multiple techniques.

One of the newer approaches applied to this problem is the
utilisation of dyes whose fluorescence lifetime () depends on
the viscosity of their nanoscale environment.'>'* These dyes,
known as molecular rotors, have been used to monitor the
self-assembly of tri-block associative polymers and determine
the corresponding nanoscale viscosity within their aggregated
structures.’®'* Another increasingly adopted approach in
materials science is fluorescence correlation spectroscopy
(FCS), which typically measures the dynamics of fluorophores
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the first time to polymers in this work, is readily extendable to any dye that changes lifetime on binding.

within a confocal volume on the order of 1 femtolitre.’>™*®

While this often requires careful choice of dye to ensure strong
binding to the polymer,” the 3-4 orders of magnitude
reduction in probe concentration compared to dynamic light
scattering allows simultaneous detection of free dye, micelles
and larger aggregates.'®

FCS can be enhanced by time correlated single photon
counting (TCSPC), as it provides a record of both the nano-
second-scale photon arrival time relative to the laser pulse
(microtime) and the second-scale arrival time relative to the
start of the experiment (macrotime). This allows species to be
filtered by their fluorescence lifetime, even when they emit in
the same spectral region.”® However, accurate extraction of life-
times is not always possible due to the exponential nature of
the fluorescence decays. This has been addressed recently
through the introduction of shrinking gate fluorescence corre-
lation spectroscopy (sgFCS), which was developed to dis-
tinguish lifetime changes from photophysical processes while
making no prior assumptions about the distribution of
lifetimes.**

In this article, we demonstrate for the first time the appli-
cation of sgFCS to polymers. We combine a water soluble
molecular rotor and sgFCS to study the self-assembly of a
model telechelic polymer, hydrophobically modified ethoxy-
lated urethane (HEUR).>' Notably, our approach only requires
very small sample volumes (~50 pL) and is able to isolate the
signal from a small fraction of bound dye with minimal
assumptions about dye-polymer interactions.

This journal is © The Royal Society of Chemistry 2024
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2. Experimental

2.1. Materials

All aqueous solutions were made with ultra-pure water (18.2
MQ cm™', Suez Select Fusion). Glycerol (>99.0%) was pur-
chased from Merck (Gillingham, UK). Poly(ethylene glycol)
10000 g mol~ " was purchased from Alfa Aesar (Kandel,
Germany) and Fisher Scientific (Loughborough, UK) for HEUR
synthesis and fluorescence measurements, respectively.
Dibutyltin dilaurate (DBTDL), dodecyl isocyanate, toluene, and
diethyl ether were purchased from Sigma-Aldrich Merck
(Darmstadt, Germany). The NMR solvent CDCl; was purchased
from Eurisotop (Saint-Aubin, France). Sulfo-Cyanine3 (sCy3,
Scheme 1) dye was purchased from Cambridge Bioscience
(Cambridge, UK). Rhodamine 6G was purchased from Merck
Life Science (Gillingham, UK). All materials were used as
received.

2.2. HEUR synthesis

HEUR10kC12 was synthesized as per earlier work,> except
that the molar mass of poly(ethylene glycol) was 10000 g
mol™" and dodecyl isocyanate was used to create
HEUR10kC12. Here, 7.5 g (1 eq.) of poly(ethylene glycol)
10000 ¢ mol™* and 0.016 g of DBTDL (0.2 wt% of the total
mass) were solubilized in 15 mL of dried toluene. After azeo-
tropic distillation and removal of the residual water traces,
0.333 g of dodecyl isocyanate (1.05 eq.) were added to the
mixture at 80 °C under stirring and argon atmosphere. After
2 h of reaction, 10 mL of toluene was added, and the heating
was stopped. Once the solution was back to room temperature,
the polymer was precipitated in 300 mL of diethyl ether to
remove the remaining isocyanates, urea traces and catalyst.
The polymer obtained, HEUR10kC12, was then washed with
diethyl ether before drying under vacuum. A white powder was
finally obtained with a yield of 89%.

Proton nuclear magnetic resonance ("H NMR) analyses
were performed in deuterated chloroform (CDCl;, 99.50% iso-
topic purity) using Bruker Advance 400 MHz NMR spectro-
meter at a temperature of 25 °C. The resulting spectra is pro-
vided in Fig. S1.1
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Scheme 1 Structure of sCy3 dye.
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2.3. Fluorescence lifetime spectroscopy and fluorescence
correlation spectroscopy

Lifetime spectroscopy and FCS measurements were performed
on a MT200 confocal microscope (PicoQuant, Berlin,
Germany) integrated with an IX73 inverted microscope
(Olympus, Hamburg, Germany). A picosecond 531 nm laser
diode (LDH-D-TA-530B, PicoQuant, Germany), driven at a rep-
etition rate of 40 MHz by a PDL-828 pulsed laser diode driver
(PicoQuant, Germany), was used for excitation. Excitation light
was passed through a dichroic mirror (NFD01-532, Semrock,
Rochester, USA) and then coupled into a single-mode fibre.
This light was focused through a UPlanSApo 60x/NA 1.20 water
immersion lens (Olympus) onto the relevant well of a p-Slide
18 well glass-bottom coverslip (Ibidi, Munich, Germany) con-
taining 50 pL of sample with approximately 12.5 nM of the
chosen dye. Fluorescence emission was collected using the
same objective and was separated from the excitation light
using a dichroic mirror (ZT532/640 rpc-UF3, Chroma, Bellows
Falls, USA). The separated light then passed through a tube
lens, 50 um pinhole and 532 nm LP filter (Semrock) onto a
hybrid photomultiplier detector (PMA-hybrid-40, PicoQuant).
Time tagged data from the laser and detector were collected
using a time correlated single photon counting (TCSPC) unit
(MultiHarp 150, PicoQuant). The time-tagged data records
both the macro and micro arrival times, corresponding to the
arrival times relative to the start of the experiment and the
laser pulse, respectively. An acquisition time of 30 min was
used to improve the signal to noise ratio at low polymer and
dye concentration, and longer micro-times. Note, 10 minutes
of acquisition is sufficient in most cases. The instrument
response function (IRF) was collected from backscattered light
from the bottom of a clean coverslip. 1.25 pM sCy3 solutions
in DI H,O were prepared by successive dilution of a 1.6 mM
stock solution. 12.5 nM dye solutions were then prepared by
combining 1 pL of 1.25 pM sCy3 with 99 uL of the polymer
solution, mixed thoroughly, and allowed to equilibrate for at
least 1 hour prior to measurement. Polymer concentrations
higher than 0.63 wt% were equilibrated for at least 4 hours.
Measurements were performed at 22 °C.

2.3.1. Fluorescence lifetime spectroscopy analysis. The
fluorescence decay in the system is modelled as the sum-
mation of a series of exponential decays with lifetime z; and
amplitude a;. However, the measured fluorescence decays (I(z))
consists of this summation convolved with the IRF:

I(t) = IRF = Y aje " + BKG (1)
i

where BKG is background noise. eqn (1) was evaluated using a
custom Python script built from the iterative reconvolution
algorithm of the LifeFit Python package.”> We have signifi-
cantly modified their approach to include maximum likeli-
hood estimation (MLE)** and error analysis via a Python
implementation of an affine-invariant ensemble sampler for
Markov chain Monte Carlo (MCMC).”*>?*® Analysis was per-
formed on a random subset of 10° time-tagged photons to
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achieve a comparable level of statistical significance to the IRF
measurement. The intensity average lifetime was calculated as:

Z (lﬂ'iz
i

I(t) = S o

(2)

Intensity average lifetime was chosen for representation as
it is intrinsic to the fluorescence decay and independent of
model choice.””

An example workflow is provided in the ESIf or can be
found at https:/github.com/t-j-murdoch/sgFCS_PTU (https:/
doi.org/10.5281/zen0do0.10533738) under a Creative Commons
Attribution 4.0 International license.

2.3.2. Shrinking gate fluorescence correlation spectroscopy
analysis. In shrinking gate fluorescence correlation
spectroscopy (sgFCS) we calculate the autocorrelation function
G(z,ty) for increasingly smaller subset of photons set by gate
time, t,:

Gle,ty) = (I(t, t)I(t + Z tg)) 3)
(It ty))
where I(t) is the intensity at time ¢ and 7 is the lag time. Here,
ty refers to the photon arrival time relative to the pulse, ie.,
the micro-time.

Our analysis takes advantage of an advanced time-tag-to-
correlation algorithm to calculate G(7).>® We utilize a modified
version of the implementation of this algorithm found in the
FoCuS-point Python package.*® The algorithm takes a list of
macro arrival times and their corresponding weights as an
input. Time-gating is performed by choosing a window of
micro-times and excluding photons arriving outside this
window from analysis. While any arbitrary window can be
chosen, by convention we choose a window that starts at a gate
time (t,) and extends up to the 5™ to last photon bin. The last
5 bins are excluded to avoid histogram artefacts.

At high values of ¢, there is a significant contribution from
uncorrelated background signal that needs to be corrected.
While one could use an FLCS based approach to correct for
this,>® we found that this introduced significant amounts of
noise. Instead, we apply the following correction to the ampli-
tude of the autocorrelation function:*!

- (I(t)) 2
G(T’ tg)corr - G(T) X (m) (4)

To estimate uncertainties we split the raw data into 10 even
parts by macrotime and calculate the average and standard
deviation of each calculated G(t,t,).*" Note 5 parts were used
for 5 wt% HEUR to ensure the slice length is 10° times longer
than the characteristic diffusion time.*> We combine this
approach with the algorithm of Ries et al. to exclude curves
containing artifacts such as intensity spikes from the
analysis.*?

sgFCS is performed by calculating G(z,ts)corr for a range of
10 linearly spaced values of ¢,. The workflow utilizes Python
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scripts to allow batch importing and processing of data. An
example workflow is provided in the ESIf or can be found at
https://github.com/t-j-murdoch/sgFCS_PTU (https://doi.org/
10.5281/zen0do.10533738) under a Creative Commons
Attribution 4.0 International license.

G(7,tg)corr curves are analyzed using the equations described
in the Results and discussion. Data fitting utilizes the LMFIT
Python package.>® For each curve, an initial least-squares fit is
performed to provide an initial guess for subsequent MCMC
sampling.”®

Rhodamine 6G solutions in DI H,O used for calibration of
the diffusion coefficient were prepared by successive dilution
of a ~40 uM stock solution to a final concentration of ~4 nM.
A diffusion coefficient of 382 pM> s at 22 °C was determined
by interpolation of values reported in the literature.'***

3. Results and discussion

In this work HEUR consists of a hydrophilic 10 000 g mol™
poly(ethylene glycol) (PEG) backbone end-capped with hydro-
phobic C12 alkyl groups, i.e., HEUR10kC12 as a representative,
well-studied associative polymer.®®'"3>3¢ previous studies
indicate the formation of flower-like micelles occurs over a
wide concentration range (~0.01-0.6 wt%). Further increasing
the concentration leads to the formation of a dynamic network
responsible for their non-Newtonian rheology at the critical
percolation concentration (Cp). This concentration is com-
monly taken as the concentration at which the viscosity starts
to increase sharply.’’” Using linear rheology, we estimate C,, for
our HEUR to be between 1 and 2 wt% (Fig. S2t). Here, the
wide possible concentration range observed is a result of the
slow change in viscosity around C, as well surface tension
effects when measuring viscosities close to water’® that make
accurate measurements difficult.

To further investigate the self-assembly of our model
HEUR, we use time-resolved fluorescence spectroscopy and
introduce 12.5 nM of a commercially available water soluble
sulfonated cyanine3 dye (sCy3), Fig. 1a. The resulting fluo-
rescence decays are analysed with eqn (1) to extract the charac-
teristic exponential decay lifetimes as well as their relative
amplitude, Fig. 1b. These characteristic lifetimes are related to
the rate of photoisomerization from an emissive trans isomer
to a largely non-emissive cis isomer.>® Microenvironments with
higher microviscosities and/or degrees of steric hinderance
that restrict the isomerisation lead to correspondingly longer
lifetimes. In the absence of HEUR a single exponential com-
ponent with a lifetime of 0.18 ns is recovered and is consistent
with literature values for unhindered isomerisation of
SCy3.23’39_42

Solutions containing HEUR require 2 exponential com-
ponents at 0.01 wt% HEUR and 3 exponential components at
all other concentrations to maximise the agreement between
our model and the experimental decays (Fig. S37).
Multiexponential decays are observed for Cy3 derivatives, and
are associated with multiple local environments that restrict

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Background corrected and normalized fluorescence decays
as a function of HEUR concentration. (b) Lifetime components z; and
corresponding relative amplitudes «; as a function of HEUR
concentration.

isomerisation to varying degrees.*>*> Regardless of the fitting

approach, a short lifetime around 0.18 ns is required for all
HEUR concentrations, which is consistent with a population of
free dye in an unrestricted environment. This lack of change is
expected as the nanometre-scale viscosity experienced by the
rotor is significantly lower than the macroscopic viscosity.**™**

The two longer lifetimes range from 0.21 to 0.47 ns for the
medium component and are consistently around 1.1 ns for the
longest component. We can investigate what microenviron-
ments these longer lifetimes may correspond to by utilising
sCy3 as a viscosity probe. This is typically done by calibrating
lifetimes in solutions of known viscosity.*>*® Here, we use
water : glycerol solutions (Fig. S4t) to yield an apparent vis-

This journal is © The Royal Society of Chemistry 2024
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cosity of 16 cP for the longest lifetime of around 1.1 ns. This
value is lower than the 31.3 cP reported for the core of a C;,E;5
surfactant micelle.”” Therefore, instead of a viscosity effect, it
is more likely that the medium and long lifetime components
represent varying dye-polymer binding or stacking orien-
tations, as has been observed in experiments and simulations
of Cy3 derivatives linked to DNA.*>*® The middle lifetime may
also reflect changes in polarity in the vicinity of the
polymer.**? Given that the long lifetime is the same in 1 wt%
PEG10k below its overlap concentration, ¢* = 4.2 wt%, it is
most likely that the binding occurs along the PEG10k
backbone.™*

The relative amplitude of this long lifetime increases by
several orders of magnitude with increasing HEUR concen-
tration and is consistent with a greater proportion of bound
dye. Combined with an increase in the magnitude of the
medium lifetime, this leads to an increase in the intensity
average lifetime of the sample. While care was taken to sample
the available parameter space, the fits have a high degree of
freedom and are sensitive to initial parameters. In fact, the
two longer lifetimes can be substituted with a single stretched
exponential (Fig. $51).°° It is thus likely that there is a distri-
bution of microenvironments corresponding to dye-polymer
interactions. Therefore, we turn to an sgFCS approach which
does not make a priori assumptions as to the distribution of
lifetimes.

In FCS, the dynamics of dye molecules passing through the
femtolitre focal point are contained in the autocorrelation
function, G(z). The primary contributions to G(z) from sCy3
result from translational diffusion Gp(z) and a fast component
related to photoisomerization G (7).*>*' Assuming equal
brightness, we can describe the diffusion of n species through
the Gaussian-shaped confocal volume by:

GD@)—Ilvfjﬁ(l;) : L 5

z 1+ 55)

where N is the number of molecules, K is the aspect ratio of
the confocal volume, and z; and f; are the characteristic
diffusion time and fraction of species i, respectively.’’>*> The
fast photoisomerization process is approximated by an expo-
nential decay with a characteristic relaxation time g, and fis
the fraction of molecules in the dark state:*°

o) ©)

1-f

Grast (1) = (1 +

As the two processes are well separated in time, the overall
autocorrelation is then:

G(7) = Grast(7)Gn(7) 7)

which we use to fit the experimental FCS data in Fig. 2a.
Similar to the lifetime data, the FCS data in Fig. 2a largely
overlaps up to HEUR concentrations of 0.16 wt%. Further
increasing the concentration up to 1 wt% HEUR leads to a sys-
tematic shift to longer lag times, corresponding to lower

Nanoscale, 2024, 16, 12660-12669 | 12663
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used to calibrate the system. Solid and dashed lines correspond to
double and single diffusion fits, respectively. Inset: example fluor-
escence decays where the shaded region indicates the time gate used
for analysis.

apparent diffusion coefficients. In this concentration range fits
are well described by a single diffusing species (i.e. n = 1 in
eqn (5)). Further increasing the HEUR concentration leads to
larger shifts in G(z). While these larger shifts occur in the con-
centration range where the bulk viscosity begins to increase, it
likely that they are affected by the increase of the relative con-
tribution of the longer lifetime components to the fluo-
rescence intensity above 10% (Fig. S61). This higher contri-
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bution leads to fits assuming two diffusing species (i.e., n = 2
in eqn (5)) to produce statistically better fits than n = 1
(Fig. S91). However, accurately separating the relative contri-
bution of two species requires either accurate knowledge of
the diffusion and photophysical properties of the individual
species, or the relative mole fraction of the slower component
to be greater than 0.6.>> Therefore, standard FCS is not
sufficient to study the self-assembly of HEUR.

In order to improve sensitivity, the signal from the bound
fraction of dye needs to be isolated. This may be achieved
using sgFCS, which unlike fluorescence lifetime correlation
spectroscopy, makes no prior assumptions as to the distri-
bution and values of fluorescence lifetime for each species.”*
In sgFCS, G(7) is calculated for a shrinking subset of photons
that start at a lag time ¢, relative to the laser pulse. This is
enabled by TCSPC, as it provides a record of both the nano-
second-scale photon arrival time relative to the laser pulse
(microtime) and the second-scale arrival time relative to the
start of the experiment (macrotime). As ¢, is increased, G(z) is
increasingly weighted towards long lifetime components.
Isolating the signal from dye in confined environments should
improve our sensitivity to HEUR structure formation when
compared to standard FCS analysis.

To demonstrate the improved sensitivity of sgFCS, we plot
the resulting autocorrelation curves at an intermediate gate (t,
= 2.7 ns) and a late gate (¢, = 5.3 ns) in Fig. 2b and c, respect-
ively. In contrast to standard FCS (Fig. 2a), G(z) only overlaps
up to 0.16 wt% HEUR, followed by a significant shift to later
lag times at 0.25 wt%. Increasing the HEUR concentration
leads to a systematic shift to longer lag times with consistently
larger shifts compared to Fig. 2a. Note that at concentrations
below 0.16 wt% there is a large increase in the uncertainty of
the experimental data as the value of ¢, is increased. This
results from the fact that at these concentrations, a significant
proportion of the experimental time is spent waiting for a long
lifetime molecule to enter the confocal volume as N <« 0.1.
This leads to a corresponding decrease in the signal to noise
ratio, which is known to be proportional to N for N < 1.>*

We further highlight the improved sensitivity using the
three key scenarios outlined in Fig. 3. The first scenario at
1 wt% HEUR10kC12 corresponds to a concentration around
the estimated C, from rheology where we expect significant
network formation (Fig. 3a). In Fig. 3aii we observe a mono-
tonic increase in the amplitude of G(z) with increasing t,. This
increase results from the reducing contribution from
sCy3 molecules in short lifetime environments as G(0) is pro-
portional to 1/N. Notably, the fact that the amplitude does not
approach a constant value is consistent with a continuum of
dye environments. At intermediate gates (0.7 < ¢, < 3.3 ns) we
observe a greater contribution of a fast process, i.e., G(7)gs. In
addition to photoisomerization dynamics in a single environ-
ment, there is likely an additional exponential process associ-
ated with binding dynamics as free and bound dye have
different lifetimes.”® In principle this could be used to investi-
gate dye-polymer binding kinetics. However, further discus-
sion of G(7)ns is beyond the scope of the current work.

This journal is © The Royal Society of Chemistry 2024
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number of molecules N (Gqi#(0) ~ 1/N) sampled as a function of t,, and (iii) presents the normalized autocorrelation functions.

Normalizing G(7) highlights the monotonic shift to longer lag
times with increasing ¢, (Fig. 3aiii). In contrast to the ampli-
tude, G(7)norm converges for ¢, > 2 ns. This suggests that the
longer lifetime components have similar translational
dynamics.

The second scenario, shown in Fig. 3b, is 0.1 wt% HEUR
and corresponds to a concentration below the estimated C,.
Again, the amplitude increases monotonically albeit with a
larger jump between small values of ¢, as on average there are
fewer than 0.0001 molecules in long lifetime environments in
the confocal volume. This can lead to larger uncertainties at
higher values of ¢, but are minimized by using long acqui-
sition times. Most importantly, G(7),orm Overlaps for all values
of t,. Therefore, the shift observed at 1 wt% is not solely due to
the presence of HEUR chains and is likely related to network
formation.

The third scenario uses 1 wt% PEG as it matches the back-
bone chemistry of HEUR (Fig. 3c). However, PEG does not
form networks at this concentration. The amplitude response
shown in Fig. 3cii is intermediate between the two HEUR con-
centrations, with a large jump between early gates as per
0.1 wt% HEUR followed by a final amplitude similar to 1 wt%
HEUR. Importantly, G(7),orm Shown in Fig. 3ciii overlaps for all

This journal is © The Royal Society of Chemistry 2024

gates, which suggests that the shifts in 1 wt% HEUR (Fig. 3aiii)
are not solely associated with longer fluorescence lifetimes
(Fig. 1Db). Therefore, sCy3 combined with sgFCS can isolate
signal from the bound dye, which allows the slower dynamic
processes associated with the HEUR self-assembly to be
isolated.

Having investigated the three key scenarios, we can quantify
the results by fitting the autocorrelation curves with eqn (7).
The extracted characteristic diffusion times are converted to
diffusion coefficients via calibration with rhodamine 6G." To
probe the overall trends we present the results of single
diffusion fits in Fig. 4a as a function of ¢, and HEUR concen-
tration. At early (t, = 0 ns) and late (¢, ~ 6 ns) relative lag times
the single diffusion fit is found to be sufficient, but otherwise
gives an indication of the average dynamics in the system. As
expected, for 1 wt% PEG, and for HEUR concentrations up to
0.16 wt% the diffusion coefficient is largely invariant with
increasing t,. The primary exception being 0.01 wt% HEUR,
where the apparent diffusion coefficient decreases rapidly,
with a corresponding increase its uncertainty, at higher values
of ¢,. The rapid change is an artifact of the increasing uncer-
tainty in the value of G(z) as it becomes uncorrelated and can
be considered a criterion for exclusion. In contrast, at all
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Fig. 4 Summary of key fitting parameters as a function of time gate: (a)
diffusion coefficient from single diffusion fits, (b) fraction of free dye
from double diffusion fits, and (c) diffusion coefficient from double
diffusion fits.

HEUR concentrations greater than 0.16 wt% there is a steep
drop in the apparent diffusion coefficient for ¢, up to ~2 ns,
followed by a plateau. This lag time aligns with the value of ¢,
where the short lifetime is almost completely decayed.
Therefore, this observation supports the hypothesis that the
translational dynamics of the medium and long lifetime
species are similar.

Data in Fig. 2b and c are fit with the double (n = 2)
diffusion model using eqn (7). While the single diffusion fits
capture the overall trend, for HEUR concentrations above
0.1 wt% there is a systematic deviation of the residuals at
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values of t, between 0.7 and 3.3 ns (see Fig. S7at). In this
region, we expect both free and bound dye to be present.
While deviations from single diffusive behaviour are often fit
by an anomalous diffusion model, it has been demonstrated
that a more appropriate model for systems containing polymer
and free and bound dye is a double diffusion model
(Fig. S7b1).°>>°® We apply the latter by first determining e
for the free dye using G(z) derived data within 0.55 ns of the
pulse chosen by a reverse-shrinking gate approach (see
Fig. S8%). In contrast to sgFCS, this approach maximises the
contribution of free dye and allows us to estimate and fix the
value 7g. as it changes with solution viscosity. sgFCS data are
then analysed with eqn (7) (n = 2) allowing fgee and Tpoung to
be determined.

The fraction of free dye is summarized in Fig. 4b. Again, we
see a distinct change in behaviour between 0.16 and 0.25 wt%
HEUR. Up to 0.16 wt% HEUR, fi.. ~1 for all gates, indicating a
single fast diffusing species is sufficient (see also Fig. S9t). In
contrast, at higher HEUR concentrations fie. ~ 1 at ¢, = 0 ns,
then decreases to a plateau around ¢, = 3 ns. f.. does not
approach zero even at the highest values of t,. Assuming
species in the plateau region have similar brightness, this
suggests that a significant fraction of longer lifetime HEUR-
bound dye is highly mobile as the signal from unbound dye is
filtered out. However, in this plateau region the absence of free
dye means that an anomalous diffusion model cannot be
ruled out:*’

1 1 1

T eR)

where f is the anomalous diffusion exponent.

Here we observe anomalous diffusion exponents that are
typically between 0.9 and 0.95 (Fig. S101). However, this value
drops to 0.85 for 2 wt% HEUR which is comparable to anoma-
lous diffusion exponents reported for NMR self-diffusion
experiments, attributed to the diffusion of heterogenous
aggregates.>>*® We also observe a monotonic decrease in the
anomalous diffusion coefficient with increasing concentration
above 0.25 wt% HEUR for ¢, = 0 which reflects either an
increasing contribution of bound dye or obstructed diffusion
of the free dye.”” Regardless of model, the observations in the
plateau region are consistent with experiments®® and simu-
lations®® that show the intermediate hydrophobicity of C12
HEUR variants leads to a heterogeneous size distribution of
self-assembled aggregates.

The presence of mobile species may also arise from dye
binding and unbinding within the time it takes to traverse the
confocal volume. However, if the average displacement of
bound and free dye is smaller than the width of the confocal
volume then G(z) corresponds to the average diffusion of all
species and the double diffusion mode would not be
required.>® The diffusion coefficients of bound species as a
function of ¢, are presented Fig. 4c. Compared to single
diffusion values in Fig. 4a, the double diffusion coefficients

This journal is © The Royal Society of Chemistry 2024
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plateau earlier at around ¢, ~ 1 ns, which suggests that we are
properly accounting for the free dye diffusion.

In Fig. 5a, we see that standard FCS (¢, = 0) experiences a
roughly monotonic decrease in D when increasing HEUR con-
centration above 0.16 wt%. The value of D extracted for the
free dye is consistently higher than the equivalent standard
FCS fits, which supports the use of the reverse-shrinking gate
approach to determine zgc.. In contrast, the increased sensi-
tivity of sgFCS is highlighted by plotting the diffusion coeffi-
cient at the last gate (¢, = 6 ns). At concentrations higher than
0.25 wt%, D decreases rapidly with increasing HEUR concen-
tration due to the formation of self-assembled aggregates and
networks. At concentrations below 0.25 wt% there are a rela-
tively few dye molecules with long lifetimes, resulting in larger
uncertainties in G(z, 6 ns) and, consequently, the fitted value
of D. Data from the double diffusion fits yield a consistently
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Fig. 5 Summary of key concentration dependent results for standard
FCS (circles, ty = 0) and sgFCS (ty = 6 ns) single (triangles) and double
diffusion fits (squares). For double diffusion, the unfilled squares rep-
resent the fitted values for unbound dye. (a) Diffusion coefficients where
the horizontal dashed line corresponds to the free dye, and (b) effective
hydrodynamic radii for each condition. The lines labelled —0.5 and —0.75
in (a) represent possible power-law scaling exponents.
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lower value of D for the slow component compared to the
other approaches, with increased uncertainty at 0.25 wt%
which has a higher fitted value for fce.

To highlight the associative nature of HEUR, we compare it
to the diffusion coefficients of its non-associative equivalent
PEG10k in Fig. 5a. With both standard and sgFCS, the
diffusion coefficient is roughly constant up to a concentration
of 1 wt%, above which it begins to decrease. This decrease is
likely due to the polymer the unentangled semi-dilute regime,
where we expect the diffusion coefficient to scale with ¢ %>."*
However, a significantly higher concentration would be
needed to confirm this scaling. Note that, differences in
diffusion coefficient using sgFCS were only apparent at
PEG10k concentrations of 1 wt% and higher (Fig. S11}). In
contrast, sgFCS for HEUR shows a scaling around ¢~ %7 at con-
centrations above 0.25 wt%, which is intermediate between
unentangled and entangled semi-dilute (c™'7%). This large
deviation from the behaviour of its non-associative equivalent
at concentrations far below the expected overlap concentration
is further evidence that we are detected self-assembly.

We now use the Stokes-Einstein equation to calculate the
effective hydrodynamic radius of the self-assembled HEUR
structures, Ry cg o 1/D. This requires the assumption that the
bulk viscosity is constant, which is the case at least up to
1 wt% HEUR (Fig. S21) and 5 wt% PEG. The slow component
of the double exponential fits yields a Ryger around 4 nm
below 1 wt% HEUR. At 1 wt% there is a marked increase in
radius with increasing concentration, consistent with the
onset of network formation. In contrast, the Ry ¢ from single
exponential fits displays a smoother increase with increasing
HEUR concentration as it includes contribution from dye
bound to oligomers. For reference, dynamic light scattering
measurements of similar HEUR that form weak aggregates
show a range of effective radii between 3.9 and 20.7 nm.’
Remarkably, standard FCS of HEUR and PEG10k display
almost no change in Ry e

4. Conclusions

In this work we have combined a dye sensitive to nanoscale
viscosity with sgFCS to elucidate the self-assembly of a well-
studied associative polymer. Fluorescence lifetime spec-
troscopy showed a systematic shift increase in the average life-
time with increasing HEUR concentration. However, the multi-
exponential nature of the decay and high sensitivity to initial
conditions when fitting prevented to reveal a full picture of
HEUR self-assembly by the chosen molecular rotor. Similarly,
conventional FCS showed systematic changes in the average
diffusion coefficient of the dye-HEUR system. However, the
sensitivity is relatively low due to the large contribution of free
dye to the signal.

In contrast, the application of sgFCS allowed the signal
from the bound fraction of dye to be isolated. This greatly
increased the sensitivity and revealed the appearance of small
aggregates around 0.2-0.3 wt% HEUR. The apparent size of
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the aggregates increased steeply above 1 wt% HEUR,
suggesting the formation of a percolated network. No signifi-
cant change in size was observed for PEG10k that has the
same backbone without associated end-groups.

While previous work has utilized molecular rotors to
monitor the self-assembly of tri-block associative polymers,*®**
this approach does not yield Ry ¢ FCS has also been used to
monitor polymer self-assembly, but required insoluble dye to
ensure a fully encapsulated probe.'® We have proven how sgFCS
allows us to interrogate the nanoscale dynamics of both free
and bound dye. Furthermore, this is done with minimal
assumptions of the lifetime distribution of the dye and can be
performed with low sample volumes. Our approach could be
further improved by harnessing meso-phenyl substituted boron-
dipyrrin (BODIPY) rotors which have monoexponential decays
and well-characterized polarity and temperature responses.'®
More importantly, this approach can be utilized with any dye
that has a significant change in lifetime when bound.
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