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The morphology transition from micelles to vesicles of a solution-state
self-assembled block copolymer, containing a fluorescent dye at
the core—shell interface, has been induced by an addition—elimination
reaction using a thiol, and has been shown to be coupled to a
simultaneous ON-to-OFF switch in particle fluorescence.

Precise control over solution-state self-assembled polymer
morphologies is currently of great interest to the research
community. Various morphologies such as spherical micelles,
cylinders, rods and vesicles can be formed by the self-assembly
of amphiphilic block copolymers in selective solvents." Block
copolymer composition and properties control the morphology
that is adopted in solution by the amphiphile. Conventional
self-assembled morphologies are based on hydrophilic-hydrophobic
repulsive interactions,” and as a result, self-assembled nano-
structures formed from stimuli-responsive polymers are able to
undergo morphology transitions induced by external stimuli
such as pH, temperature and light.>® Importantly, the responsive
behavior of self-assemblies enables these new materials to find
applications in nanotechnology and/or drug delivery.">™"> Moreover,
self-assembled nanostructures having fluorescent properties are also
of interest given the desire to track such species in applications such
as nanomedicine.'®*®

Previously, Baker et al. have shown that the conversion of
dibromomaleimide (DBM) to dithiomaleimide (DTM) is highly
efficient, and that by an excess of thiol further conversions can
occur due to retention of the double bond in the DTM motif."’
Furthermore, we previously reported that DTM’s functionalized
with alkyl thiols are highly fluorescent whilst those with aromatic
substituents show a significant decrease in fluorescence emission.>’
Recently, we demonstrated that the DTM motif can be introduced
into block copolymers as a highly emissive fluorescent self-reporting
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probe via a dual ring-opening polymerization and reversible
addition-fragmentation chain transfer polymerization (ROP/
RAFT) initiator.>® Aqueous solution-state self-assembly of these
amphiphilic block copolymers results in DTM incorporation at the
core-shell interface of spherical micelles.*! Herein, we utilize the
reactivity of the DTM group to induce a morphology transition from
spherical micelles to vesicles which occurs simultaneously with an
ON-to-OFF switch of fluorescence emission (Fig. 1). The change in
fluorescence and morphology is induced by an addition—elimination
reaction which removes the hydrophobic segment that is connected
to the DTM functional group at the block copolymer interface, and
replaces it with an aromatic substituent. This subtle change in
chemistry of the DTM group has a significant effect on the properties
of the assembly. We propose the use of this triggered change in
fluorescence and overall self-assembled structure at the DTM group
as an accessible read-out for the change in chemistries within a
block copolymer in a polymeric nanostructure. As such we propose
this approach has interesting potential scope for use in sensing and
also tracking applications.

We first synthesized an amphiphilic block-dye-block copolymer
via a combination of ROP*? and RAFT polymerization* utilizing
a dual ROP/RAFT initiator, 1 (Scheme 1). The design of this
initiator species ensures that the DTM group is located between

({—\\) SH

—)

~

PTEGA-b-PLA,

PTEGA

Fluorescent Non-fluorescent

Fig. 1 Schematic of the morphology change induced by an addition—
elimination reaction of the micelle with thiophenol.
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the hydrophobic and the hydrophilic blocks, allowing the addition-
elimination reaction to be coupled with both a morphology
transition and a fluorescence ON-to-OFF switch. The structure
and properties of the amphiphilic copolymers were carefully
chosen to enable a significant modification of the hydrophilic/
hydrophobic balance alongside a fluorescence emission decrease by
changing the nature of the hydrophobic segment. As the hydro-
phobic segments were connected to the DTM motif as the thiol
ligands, subsequent addition-elimination with a thiol following self-
assembly would allow elimination of the hydrophobic blocks.

The DTM-containing ROP/RAFT dual initiator, 1, was synthesized
from a 2,3-DBM-functionalized RAFT agent.>* Reaction with
mercaptoethanol and triethylamine gives a fluorescent DTM-
functionalized ROP/RAFT dual initiator (1) with two hydroxyl
groups allowing ROP** of rac-lactide to be performed to afford
polymer 1'. This polymer was then chain-extended to afford the
diblock copolymer [poly(triethyleneglycol monomethyl ether
methacrylate)]-b-[poly(p,.-lactide)],, 2, see Scheme 1. The well-
defined fluorescent block-dye-block copolymer, PTEGA-b-PLA,, 2,
was fully characterized using NMR spectroscopy and SEC analysis
(M,, (NMR) = 33.1 kDa, M,, (SEC, DMF) = 19.5 kDa, Py, = 1.42).

The self-assembly of copolymer, 2, into micelles, 3, was achieved
via direct dissolution of the copolymer in purified 18.2 MQ cm water
at a concentration of 1 mg mL ™. The fluorescence spectra of the
spherical micelles 3 in 18.2 MQ cm water shows an excitation
maxima at 405 nm, and an emission maxima at 510 nm, which
are similar to previously reported DTM polymer systems.>* The size
and morphology of the micelles was confirmed by light scattering
and microscopy analysis. Multi-angle laser light scattering (MA-LLS)
indicated Ry, = 26 nm (see ESIt) and dry-state transmission electron
microscopy (TEM) analysis on graphene oxide, a very thin support
that does not require staining, suggests a spherical morphology, see
Fig. 2a.%°

The micelle solution, 3, was treated with 20 equiv. of thiophenol,
and then purified by exhaustive dialysis (MWCO = 1 kDa). Further
experiments with a range of aromatic thiols indicated that the
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Fig. 2 (a) Representative unstained TEM image of micelles (scale bar =
50 nm) 3 and (b) fluorescence emission spectra before (dash line) and after
the reaction (solid line), with excitation at 405 nm.

reaction also works efficiently with a small excess of thiol. The thiol
underwent addition to the DTM group, with corresponding elimina-
tion to afford thio-terminated poly(rac-lactide), 7. Given that the thio-
PLA residue is insoluble in water, the solution was then centrifuged
to remove the thio-PLA precipitate (see ESIT for "H NMR spectrum).

To characterize the particle morphology of assembly 4a,
Multi-Angle Laser Light Scattering (MA-LLS) was performed to
determine the radius of gyration R, and hydrodynamic radius Ry, of
the assemblies, 4a. The ratio of Ry/Ry, gives an indication of the
nanostructure morphology, with 0.775 indicating a solid micelle
and 1 indicating a hollow vesicular structure.®® By interpreting the
data collected in static light scattering (SLS) mode, using CONTIN
analysis, the radius of gyration R, was determined to be 51 nm.
From the dynamic light scattering (DLS) data, Ry, was found to be
56 nm. For nanostructure 4a the Ry/R,, was calculated to be 0.91,
which suggests that nanostructures formed are hollow vesicular
particles (see ESIT). We propose that the vesicles’ hydrophobic layer
is composed of both the substituted maleimide group (containing
the —SPh ligands) and dodecyl end group (the RAFT agent Z-group).
This is consistent with previous reports which have shown that
hydrophilic polymers with hydrophobic aromatic and aliphatic

end-groups can self-assemble into nanoparticles, including
27-30

vesicles.

Scheme 1 Preparation of polymers 2 and 5 from CTA 1, preparation of micelles 3, and the addition—elimination reaction of 3 and 5 which results in a
morphology transition to afford vesicle 4. Conditions: (i) rac-lactide, thiourea, (—)-sparteine, CH,Cl,; (i) AIBN, CHCls, TEGA at 60 °C; (iii) direct dissolution

in water; (iv) thiophenol.

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 SAXS profiles for the in situ micelle-to-vesicle transition.

Moreover, examination of the emission spectrum of the
resultant solution of 4a indicated a drastic decrease of the
fluorescence as a consequence of the modification at the DTM
reactive center. At the same excitation wavelength, the comparison of
the emission spectra of the solution before and after the reaction
(measured at the same concentration) showed a decrease in the
intensity of the maxima (510 nm) from 730 to 30 a.u., see Fig. 2b.

Unfortunately, attempts to image the vesicles by dry-state
TEM were not possible as the nanostructures were not stable to
dehydration. However, to further probe the proposed micelle-
to-vesicle transition upon thiol addition synchrotron SAXS
experiments were performed. The transition described in
Scheme 1 part (iv) was performed in the beamline and the
in situ kinetics of the morphology transition were examined
(Fig. 3). This has the advantage that it allows for the monitoring
of the transition without the need for removal of insoluble PLA,
drying and suspension of the nanostructures (as was necessary
for MA-LLS analysis). Analysis of the SAXS curves over a 20 minute
time period indicates a change of morphology. At the beginning, a
spherical morphology was observed. An increase in the size of the
morphologies in solution happened promptly (less than 10 min) and
a form factor fit indicated the formation of vesicles as well as the
presence of random chains in solution (thio-PLA in solution) (see
ESIT for the different fittings of the SAXS curves over time).

To further probe the vesicle formation which was observed
in the transition from 3 to 4a, the addition-elimination reaction
was performed on a range of model homopolymers (data shown
for PTEGA,5, M,, (NMR) = 16.2 kDa, M,, (SEC) = 13.5 kDa, Dy, =
1.19), 5, synthesized via RAFT polymerization of TEGA utilizing 1
as a chain transfer agent (CTA). DLS analysis of aqueous solutions
of the initial homopolymer 5 (which possesses a-diol and w-dodecyl
end-groups), indicated the presence of unimers in solution. How-
ever, after the addition-elimination reaction between 5 and an
excess of thiophenol, well-defined nanostructures were observed,
4b. MA-LLS was performed, and values of R, and R;, were extracted
from the results. By interpreting the data collected in SLS mode, the
R, equals 63 nm and from the DLS data, the Ry, equals 68 nm and
hence the R,/R;, obtained was 0.93, which once again suggests that
the nanostructures formed in this reaction are vesicles. Similar to
particles 4a which result from reaction of the micelles (3) with
thiophenol, the reaction of the homopolymer 5 with thiophenol
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forms particles 4b of a similar size and morphology. This is
understandable as the addition-elimination reaction of 3 and
5 would be expected to give the same resultant homopolymer,
namely P(TEGA) homopolymer with o-SPh and w-dodecyl end-
groups, which would be expected to assemble into a similar
morphology. As observed for the addition-elimination reaction
with the micelles, the fluorescence emission of the homopolymer
solution again underwent a fast (15 min by analysis of the 535 nm
emission) ON-to-OFF switch during the reaction with thiophenol,
see ESL{

In conclusion, we have shown that an amphiphilic block-
dye-block copolymer containing a DTM group can undergo a fast
morphology transition from spherical micelles to vesicles. This
is triggered by the addition of thiophenol to the DTM group,
with corresponding elimination of the hydrophobic blocks. A
unimer-to-vesicle transition also occurs for a DTM group-
containing homopolymer. In both cases addition of thiophenol
leads to a simultaneous fluorescence ON-to-OFF switch. This
approach is extremely versatile and could be tuned for utilization
with a range of aromatic thiols and self-assembled systems
which contain the DTM functional group. We suggest that such
a simultaneous ON-OFF switch and morphological reorganiza-
tion could be readily applied as a tracking ingmechanism and
also as a mechanism for monitoring release in biological and/or
synthetic self-assembled systems.

We are thankful to the EPSRC and the IAS at the University
of Warwick for funding. Equipment used in this research was
funded in part through Advantage West Midlands (AWM)
Science City Initiative and in part by the ERDF. We acknowledge
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I. Experimental

Materials and apparatus

Chemicals were used as received from Aldrich, Fluka and Acros. Dry solvents were obtained
by passing over a column of activated alumina using an Innovative Technologies solvent
purification system. TEGA was synthesized as previously reported and stored below 4 °C.

CTA, 1 and PLA,, 1°, were prepared as previously reported.”

'H and *C NMR spectra were recorded on a Bruker DPX-400 spectrometer in CDCls.
Chemical shifts are given in ppm downfield from the internal standard tetramethylsilane
(TMS). Size exclusion chromatography (SEC) measurements were conducted using a Varian
390-LC-Multi detector suite fitted with differential refractive index (DRI), light scattering
(LS) and photodiode array (PDA) detectors equipped with a guard column (Varian Polymer
Laboratories PLGel 5 pm, 50x7.5 mm) and two mixed D columns (Varian Polymer
Laboratories PLGel 5 um, 300x7.5 mm). The mobile phase was either tetrahydrofuran (THF)
with 2% triethylamine (TEA) or dimethylformamide (DMF) with 5 mmol NH,BF, at 50 °C
operating at a flow rate of 1.0 mL-min-1 and data was analyzed using Cirrus v3.3 with
calibration curves produced using Varian Polymer laboratories Easi-Vials linear poly(styrene)
or poly(methyl)methacrylate standards. Multi-angle Laser Light Scattering measurements
were performed at angles of observation ranging from 30° up to 150° with an ALV CGS3
setup operating at Ao = 632nm and at 25°C * 1°C, the data was collected with 100s run time in
duplicate unless otherwise specified. Calibration was achieved with filtered toluene and the
background was measured with 18.2 MQ.cm water. Electric field autocorrelation functions
(91 (q,t)) were fitted with CONTIN. Synchrotron small-angle X-ray scattering (SAXS)
measurements were carried on the SAXS/WAXS beamline at the Australian Synchrotron
facility at a photon energy of 11 keV. The samples in solution were run by using a 1.5 mm
diameter quartz capillary. Temperature was held at 25 °C and controlled via a water bath
connected to a brass block which is part of the sample holder. The measurements were
collected at a sample to detector distance of 7.323 m to give a q range of 0.02 to 0.14 A™,
where q is the scattering vector and is related to the scattering angle (20) and the photon

wavelength (L) by the following equation:

_ Amsin(0)
A
All patterns were normalised to fixed transmitted flux using a quantitative beamstop detector.
The scattering from a blank was measured in the same capillary and was subtracted for each
S2



measurement. The two-dimensional SAXS images were converted in one-dimensional SAXS
profile (I(q) versus q) by circular averaging, where I(q) is the scattering intensity. The
functions used for the fitting from the NIST SANS analysis package were “Guinier-Porod”,*°
“Debye”,® “PolyCoreForm”’ and “Debye”.® ScatterBrain® and Igor® were used to plot and
analyse the data. The scattering length density of the solvent and the monomers were
calculated using the “Scattering Length Density Calculator™* provided by NIST Center for
Neutron Research. Limits for q range were applied for the fittings from 0.002 to 0.1 A™.
Solutions of graphene oxide were synthesised as reported previously.[%! Aqueous solutions of
graphene oxide (0.10 mg mL ~ ') were sonicated for 30 s prior to use. Lacey carbon grids
(400 Mesh, Cu) (Agar Scientific) were cleaned using air plasma from a glow-discharge
system (2 min, 20 mA). The TEM grids were placed on a filter paper and one drop ( = 0.08
mL) of the sonicated GO solution was deposited onto each grid from a height of = 1 cm,
allowing the filter paper to absorb the excess solution, and the grids were left to air-dry in a
dessicator cabinet for ~ 60 min. 4 pL of the nanoparticle dispersion (~20 ppm) was pipetted
onto a GO grid and left to air-dry in a dessicator cabinet for ~ 60 min. Brightfield TEM
images were captured with a transmission electron microscope (JEOL TEM-2011), operating
at 200 kV. Fluorescence spectra were recorded using a Perkin-Elmer LS 55 Fluorescence

Spectrometer.
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Synthetic protocols
The block copolymer PTEGA-b-PLA,, 2, has been synthesised as previously reported.

Self-assembly of PTEGA-b-PLA, micelles, 3
The self-assembly of copolymer, 2, into micelles, 3, was performed by direct dissolution of 2
in 18.2 MQ.cm water at concentrations of 0.5 mg.mL™?, 1 mg.mL™" and 2 mg.mL™.

Addition-Elimination reaction with PTEGA-b-PLA; micelles
20 equivalents of thiophenol were added to 3. The reaction was stirred at room temperature
for 1 h. The mixture was purified via exhaustive dialysis (MWCO = 1000 Da) against 18.2
MQ.cm water to remove the excess thiophenol, centrifuged to separate the precipitate (6) and
freeze-dried. The resultant solid was resuspended at 1 mg.mL™ to give a solution of vesicles
(4a).

Addition-Elimination reaction with PTEGA homopolymer
Polymer 5 was dissolved in 18.2 MQ.cm water at 1 mg/mL and 20 equivalents of thiophenol
were added to the solution. The reaction was stirred at room temperature for 1 h. The mixture
was purified via exhaustive dialysis (MWCO = 1000 Da) against 18.2 MQ.cm water to
remove the excess of thiophenol and freeze-dried. The resultant solid was resuspended at 1

mg.mL™ to give a solution of vesicles (4b).
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Figure S1. 'H NMR (400 MHz, CDCls) spectrum of PTEGA-b-PLA,, 2.
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Figure S2. Molecular weight distribution obtained by SEC, LHS: using polystyrene calibration and
THEF as the eluent and RHS using polymethylmethacrylate calibration and DMF as the eluent for the
block copolymer PTEGA-b-PLAZ2, 2.
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of the characteristic PLA signal at 5.2 ppm and the absence of characteristic TEGA signal at

4.2 ppm.
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Figure S4. Molecular weight distribution obtained by SEC, using polystyrene calibration and THF as
the eluent for the block copolymer precursor PLA, (1°), PTEGA-b-PLA, (2), purified product of the
addition-elimination reaction (4a) with residual polylactide and the PLA precipitate (6).
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Figure S5. Plot of t-1 vs. g2 for micelles (1 mg.mL™), 3.
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Figure S6. Plot of 7"q” vs. g2 for micelles (1 mg.mL™), 3.
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Figure S7. Plot of Kc/R vs. 2 for micelles (1 mg.mL™), 3.

Note for particles smaller than A/20, only a negligible phase difference exists between light
emitted from the various scattering centers within the given particle. In this case, the detected
scattered intensity will be independent of the scattering angle and only depend on the mass of
the particle which is proportional to the total number of scattering centers one particle

contains.*
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Figure S8. Plot of t* vs. g2 for the product, 4a (2 mg.mL™), of the reaction of thiophenol with

micelles, 3, prior to centrifugation, drying and re-suspension.
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Figure S9. Plot of g vs. 2 for the product, 4a (2 mg.mL™), of the reaction of thiophenol with

micelles, 3, prior to centrifugation, drying and re-suspension.
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Figure S10. Plot of Kc/R vs. g2 for the product, 4a (2 mg.mL™), of the reaction of thiophenol with

micelles, 3, prior to centrifugation, drying and re-suspension.
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Figure S11. Size distribution for the nanostructure 4a (2 mg.mL™) at 90°
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Figure S12. SAXS profile and fits for the reaction of 3 with thiophenol after 3 min. The Guinier-
Porod fit gives a Ry value of 12 nm, such a difference with LS can be explained by the hydration of the
PTEGA core, and thus the radius visible by SAXS corresponds to the radius of the core and a partial
layer of the shell, the one which is more dense and near the core. Such an incomplete visibility of a
hydrophilic corona has already been observed.'?** The PolyCoreForm used for this fit is considered as
a uniform micelle with some dispersity (P = 0.3), a radius of 14 nm was obtained, which fits well with
the Ry obtained with the Guinier-Porod plot. The scattering length density of the micelle was found
slightly higher than usual for lactide, which suggests the incorporation of some PTEGA in this layer.
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Figure S13. SAXS profile and fits for the reaction of 3 with thiophenol after 18 min. The Guinier-
Porod fit gives a Ry value of 20 nm, which is lower than the value determined by LS. Again, the
hydration of PTEGA does not allow for the polymer to be entirely visible by SAXS. A PolyCoreForm
with a core-shell structure fit the experimental curvefor g values below 0.025 A, which suggests the
presence of another morphology with poorly-defined form factor in the solution. This correlates well
with the presence of polylactide in solution. Polylactide being hydrophobic, it tends to form collapsed
coils in water, which was confirmed by a Debye fit. To further confirm the presence of these two
structures in solution, a linear combination of the PolyCoreForm with a core-shell structure and Debye
fits was performed. This Sum model confirms the structure of vesicles with a large dispersity on the
core. These vesicles are seems as a core full of water with a radius of 4 nm and a shell of PTEGA with
a thickness of 19 nm. These values are similar to the ones obtained with the PolyCoreForm fit for
vesicle alone, and are in good agreement with the Guinier-Porod fit. The addition of random coil

polymer allowed for a better fit for g values above 0.025 A™.
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Figure S14. SAXS data after 18 minutes of reaction of 3 with thiophenol. The two components of the
Sum model used previously are shown. The vesicle contribution is much more important at low q than

the Debye one and for g above 0.015 A, the two models contribute more equally.
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Figure S15. SAXS curves and fits at different time point during the reaction of 3 with thiophenol. A

Guinier-Porod used for each curve provides general information on the shape and size of the sample in

solution (see values in Table). The values follow a trend: bigger particles are obtained after the

reaction, and they are more spherical than at the beginning of the reaction. A transition from spherical

micelle to vesicle is confirmed by the change of shape of the raw data curves and the poor fit provided

by the micelle model after 7 min.
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Figure S16. Variation of fluorescence emission maxima at 510 nm over time after addition of
thiophenol to micelles, 3. Excitation wavelength 405 nm.
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Figure S17. '"H NMR (400 MHz, CDCI5) spectrum of PTEGA, 5.
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Figure S18. Molecular weight distribution obtained by SEC, using polystyrene calibration and THF as
the eluent for the homopolymer PTEGA, 5.
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Figure S19. Plot of 1 vs. ¢ for the product, 4b (2 mg.mL™), of the reaction of thiophenol with
homopolymer, 5.
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Figure S20. Plot of g vs. g for the product, 4b (2 mg.mL™), of the reaction of thiophenol with

homopolymer, 5.
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Figure S21. Plot of Kc/R vs. g2 for the product, 4b (2 mg.mL™), of the reaction of thiophenol with
homopolymer, 5.
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Figure S22. Fluorescence emission spectra for the addition-elimination reaction of homopolymer (5)
with thiophenol, before the reaction (dotted line) and after the reaction (solid line) solution 4b.

Emission maxima at 535 nm with an excitation wavelength of 415 nm.
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Figure S23. Variation of fluorescence emission maxima at 535 nm over time after addition of
thiophenol to the homopolymer, 5. Excitation wavelength 415 nm.
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