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ABSTRACT. Due to their slow kinetics, the dynamical pathways of block copolymer micelles are as
important as the copolymer architecture, particularly when making self-assembled nanostructures.
Two types of dynamical pathways could govern these dynamics: insertion/expulsion of copolymer
chains and fusion/fission of micelles. However, quantifying and understanding the fusion and fission
processes remains very limited in copolymer micelles, especially at equilibrium. In this article, it was
demonstrated the use of a fluorescent technique, using randomization of a highly hydrophobic pyrene
derivative between micelles, as a tool to quantify the fusion and fission at equilibrium in a series of
triblock copolymers micelles Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) in
aqueous solution. The temperature dependence of fusion and fission is investigated for copolymers
with various core block lengths (NPPO) in the spherical regime. Fusion and fission rates were found
to strongly decrease with increasing the core block length. The dependence of the fission rate on NPPO
is analyzed in terms of thin corona and starlike micelle models which suggest that fission is mainly
dominated by the core interfacial tension as predicted by Halperin et al. The comparison between
fission and expulsion kinetics and their dependence on PPO block is also reported. Finally, fusion is
found to follow the same temperature and core length dependencies as fission, which is an indication

that the interfacial tension plays a relevant role in the fusion kinetic.
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INTRODUCTION

Nanoscale morphologies such as spherical micelles, elongated rod-like, bilayer vesicles, etc., are
normally achieved by controlling the self-assembly of block copolymers.!> When block copolymers
are integrated into emerging technologies, full control of their elaboration and their temporal evolution
becomes crucial.!? Drug delivery, nanoreactors, cosmetic and nanolithography are examples where
the control of the block copolymer morphology is essential for the process.' This has motivated
decades of research activities to establish the know-how for designing these structures either through

synthesis of novel macromolecular architectures or via tuning the copolymer interactions.*>

Besides the macromolecular architecture design, which plays a substantial role in the morphology
control of block copolymers, their dynamical pathways are crucial as well to control the nanoscale
morphologies.’*14 Indeed, the self-assembly of block copolymers in selective solvents is highly
dependent on the polymer dynamic, particularly when the surface tension of the core-forming block
is high, which can even trap the structure in metastable states.”!>"!> The kinetic pathways are as
important in the self-assembly as the dynamic itself, particularly in the trapped states.!>!> In analogy
to small surfactant molecules, copolymer micelles involve two classes of dynamic processes:>1024 f)
an individual process, which includes insertion-expulsion of copolymer chains to and from the

micelles,'®23-2>-32 and ii) a collective process, which involves the fusion and fission of micelles.!?33-41

Acquiring the appropriate method for discriminating the kinetical pathways remains one of the
main tasks toward understanding the micellar dynamic. 64145 This task becomes even more
challenging when it comes to block copolymer micelles in a selective solvent due to its slow
dynamic.?>! The kinetic measurements could be carried out either in out-of-equilibrium?!1-28,29,38,46,16-
23 or in an equilibrium pathway.?326:30:4347-33 Most of the knowledge about the dynamic processes of
block copolymer micelles comes from out-of-equilibrium experiments which are usually conducted
by inducing a rapid change in the environmental conditions using stimuli such as temperature-jump,
pH-jump, solvent jump, while the return to the new equilibrium is monitored. >-11,2829.38,46,16-23 Time-
resolved light scattering is used to probe the structural evolution of these micelles between the different
equilibrium states either from unimer-micelles, spherical-to-cylindrical micelles or vice versa.!828:2
These experiments give trends of the unimer insertion and expulsion behavior and suggest the

existence of the collective mechanisms of fusion and fission from the dependence of the kinetic life
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time on the concentration of copolymer micelles. Time-resolved neutron and X-ray scattering were

also used for this task giving more details on the structural aspect of these kinetic processes.!!

Although the out-of-equilibrium kinetic could be instructive for these systems, it does not give a
true picture of the intrinsic dynamical pathways of the block copolymer micelles, particularly at
equilibrium. This requires a direct probing and quantifying of all the dynamical processes at
equilibrium. 232630434753 Time-resolved neutron scattering with mixtures of deuterated and
hydrogenated copolymers in selective solvent gives the basis of the kinetic behavior of the insertion-
expulsion of copolymer chains at equilibrium. 232630434753 Similarly, time-resolved fluorescence
technique with fluorescently labeled copolymer chains has been used to gain insight on the insertion-
expulsion in copolymer micelles.** However, these equilibrium techniques were found to be
irrelevant for probing the fusion/fission, because no dependence of the copolymer concentration was
detected.*> The fusion/fission mechanisms manifest mainly in kinetics involving morphological
transitions such as sphere-to-cylinder or cylinder-to-sphere.?®2° On the other hand, time-resolved
fluorescence experiment using a highly hydrophobic probe was found to be pertinent in quantifying
fusion and fission mechanisms in surfactant micelles.?>3¢ The exchange of solutes between micelles
shares the same pathways with the exchange of surfactant molecules (Chart 1). This technique uses
the inability of these probes to exchange via the aqueous phase and only exchange via fusion of two
micelles or fission of one micelle. By using such a technique and the appropriate dye, one can quantify
fusion and fission rate in a pseudo-equilibrium state with a rate from millisecond to hours in
surfactants.?-¢ however, this technique applied to block copolymer micelles remains a challenge
because of the extreme slow kinetics of the hydrophilic copolymer micelles in water, when the core
surface tension is high. Pluronic copolymers were found to be good candidates for such methodologies
because of the fast exchange mechanism with insertion and expulsion in the range of milliseconds and
fusion and fission in the range of minutes to hours. Indeed, this technique shows that fusion and fission

takes place in block copolymer micelles at equilibrium.>?
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Chart 1. Scheme depicting the various mechanisms in which the probes (P) and copolymer chains
exchange between micelles: a) exit-entry of the probe, b) fission-growth, c) fusion-fission and d)

insertion-expulsion of individual chains.

Here fusion and fission mechanisms at equilibrium are quantified in a series of triblock copolymers
(Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)) with varying the poly(propylene
oxide) length and different temperatures, all in the spherical regime. The present work showed that
fission is highly sensitive to the core block length with a rate kji decreasing by five orders of
magnitude for core lengths between 30-60. The fission rate dependence on the core length could be
described using diblock models for the thin corona and starlike micelle. This also shows that fission
is mainly dominated by the interfacial tension, as predicted by Haleperin and Alexander.?” The
difference between fission and expulsion rates depends on the core forming block and can also be
described in terms of these models. On the other hand, fusion and fission are found to exhibit the same
temperature and core length dependencies, demonstrating that the interfacial tension energy plays an
important role in fusion kinetics. Fusion/fission was also found to generate single exponential decays
even in polydispersed copolymers. This is explained by fact that the fusion and fission activation

energies are time-averaged via rapid chain randomization between micelles.

EXPERIMENTAL

Materials.

Triblock copolymer Pluronics P103 (PEO,,PPO¢PEOQO;;), P84 (PEO;oPPO4PEQO;9), and L64
(PEO3PPO3(PEO3) were obtained from BASF and wused as received. Gas permeation

chromatography (GPC) was used for the molecular weight characterization, obtaining Mw = 4.95

ACS Paragon Plus Environment

Page 4 of 35



Page 5 of 35 Submitted to Macromolecules

oNOYTULT D WN =

kg/mol with a polydispersity of 1.72 for P103 and 4.2 kg/mol in P84 and 2.90 kg/mol in L64. Double
de-ionized water was used in the preparation of all solutions. The dissolution of Pluronic in water was
carried out by gentle agitation of copolymer/water solution for at least 24 h, at room temperature (25
°C). Pyrene (Sigma-Aldrich) was used as received. The synthesis of the probe 1-pyrenyl-octadecanone
C34H440 (PyC,g) was carried out through Friedel-Crafts acylation of pyrene using stearoyl chloride in
dichloroethane in the presence of aluminum chloride (AlCls).3¢

Solubilization of PyCgprobe in the copolymer micelles. The solubilization of PyC,gin copolymer
micelles was achieved by heating a copolymer solution (20 g/L), containing a trace of PyC,g at 85°C
and strongly agitating the solution for 10 minutes with a mechanical shaker Vortex genie 2 model G
650 at its maximum frequency (>10 Hz). The non-dissolved probe was removed by centrifuging the
solution at 5000 rpm for 15 minutes at 25 °C. The Fluoroog-3 (FL3-22) of Horiba Jobin Yvon

spectrometer was used in the fluorescence measurements.

Copolymer Micelle Characterization. Time-resolved fluorescence measurements of pyrene in
copolymer micelles were used to estimate the micelles aggregation number N,g,. Pyrene was
solubilized in the polymer micelles at 25 °C for more than 24 h. The non-dissolved pyrene aggregates
were removed by centrifuging the solution at 5000 rpm. Fluorescence decay profiles of excited pyrene
were measured by the single-photon-timing technique with A, = 338 nm and A, = 375 nm. The
excitation source was a coaxial flash lamp filled with deuterium. Fluorescence decay profiles were

fitted to the Tachiya-Infelta Poisson quenching model.3’-60

t —kpt
———(n)(1— Q
I(t) =Ipe ™ 1= ) (1)

where [ is the intensity at time zero, 7, is unquenched lifetime, (n) is the average number of molecules
of pyrene per micelle, and &, the pseudo-first-order rate constant for excimer formation. 7 is estimated
from fitting the decay of low [Py] to an exponential expression and (n) = [Py] N,../([P103] — cmc).
The aggregation number N,,, was calculated from the slope of the plot of (n) vs [P,] concentration.

Dynamic light scattering (DLS) was used to measure the hydrodynamic radius of the micelles Ry,.

DLS was measured in a Malvern zetasizer 5000 apparatus equipped with a 7132 Multi-bit correlator
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and multi-angle goniometer. The scattering intensity was measured through a 400 um pinhole at 90°.

The hydrodynamic radius Ry, was estimated using the cumulants fits method.

Kinetic experiments. Copolymers solutions (20 g/L) containing PyC,g were mixed with probe-
free copolymer solutions (at different concentrations) in a temperature-controlled home-built stopped-
flow at temperatures between the critical micelle temperature (CMT) and onset temperature to form
rod like micelles. The time decay of pyrene fluorescence was followed using a spectrofluorometer
Fluorolog-3. The ratio copolymer/PyC;s and probe-free copolymer was 1/20. The wavelength of
excitation was 344 nm and the emission was Aqy, = 375.5 nm for the monomer, and A, = 480 nm for
the excimer. The time decays were fitted to a single exponential expression Ig = Igg exp(-Kgecay t) + Ig1
for the excimer emission and Iy; = Inip €Xp(-Kgecay t) + Imi for the monomer one, where Kgecay 1s the

decay rate.

RESULTS AND DISCUSSION
Micelle Characterization.

The time-resolved excimer formation fluorescence decays of pyrene were found to fit accordingly
to the Tachiya-Infelta Poisson quenching model (equation 1), which suggests a random Poisson
distribution of pyrene between micelles (Figure S1, Supplementary Information).’”¢0 Several
methods were used for fitting the decays, yielding slightly different N, and kq values, which were
included in the error bar of N, and kq. In one set of analyses, all the parameters were set free. In
another analysis, the unquenched lifetime 1o was first recovered from the low pyrene concentration
and then injected in the decays fit at higher pyrene concentration to recover the remaining parameters.
The recovered average number of pyrene per micelles (n) increases linearly with increasing [P,] for
P103 (Figure 1). This suggests a constant Ny, of around 30 +/- 2.8 at 25 °C for P103, which is similar
to 34.8 estimated from neutron scattering experiments.®!-%4 Beyond 33 °C, the copolymer undergoes
a transition from sphere to rod. The recovered kq = 7.5x10% s7! +/- 1.5x10° was similar to the values
seen in other pluronics.® The unquenched lifetime ty was around 203 ns. The dynamic light scattering
experiment on P103 showed that P103 forms spherical micelles in water between 25 and 33 °C, with
a hydrodynamic radius around Rh = 8 nm.?° Above 35 °C, P103 micelles grew to form rod shape-like

micelles when increasing the temperature. With this information, all the experiments were carried out
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in a range of temperatures where micelles are sphere-like. For P84 and L64, this temperature range
was 35 to 70 °C and 35 to 45 °C, respectively. The N, for P84 and L64 was taken from the literatureS6-
"I'as 45 (35 °C) and 35 (40 °C) for P84 and L64, respectively, which increased with increasing the

oNOYTULT D WN =

temperature. One can find some discrepancy of the N,,, values in the literature®®7!; this was included

10 as an error bar in N,g, and used to estimate the error bar of the fusion rate k.

17 3.0 T T T T T T T T T T

<>

32 00 T T T T T

33 00 02 04 06 08 10 12
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37 Figure 1. Average number of pyrene molecules per micelle («n>), plotted versus the pyrene
39 concentration for aqueous solutions of P103 (50 g/L) at 25°C. The (n) is calculated by fitting the

41 time-resolved fluorescence decays to equation 1.
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Figure 2. Emission spectra of PyC;s in aqueous solution of P103 micelles (20 g/L) with an average
number of pyrene per micelle (n) > 0.5 (“before mixing”). The spectrum “after mixing” is obtained
after diluting 0.05 ml of the previous solution with 1 ml of PyC;s-free P103 micelles (20 g/L). The
emission spectrum is measured with the excitation wavelength Ao = 344 nm. Insert. Molecular structure

of the probe PyCig.

Exchange dynamics. In order to achieve a random distribution of the probe between the micelles,
the PyC;s was dissolved within the copolymer micelles upon subsequent heating the PyC,s/P103
solution above the cloud point, and then cooling themto room temperature.>® The fluorescence spectra
of these solutions exhibited a broad excimer emission at 480 nm and a monomer emission at 375.5-
400 nm (Figure 2). When these solutions were diluted with PyCig-free copolymer solution and the
solutions were left several hours to exchange, the excimer intensity (A, =480 nm, Ig) decreased, while
the monomer one (A, = 375 nm, Iy;) increased (Figure 2). This suggests that the average number PyCig
per micelle ((n)= [PyCs]/([copolymer]-cmc)/N,yge) declines in the dilution process. The ratio of the
excimer to monomer (Ig/Iy) is usually used as a means to verify the random distribution of the probes
between micelles. Ig/ly; was found to increase linearly with increasing the average concentration of
PyCig [PyCig] on (n), which confirms that PyC,g is randomly distributed as Poisson micelles at all the

temperatures investigated.5®-’> Furthermore, the fit to a Tachiya-Infelta Poisson quenching model of
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the time-resolved excimer formation fluorescence decayed, suggesting a random Poisson distribution

of PyC,g for these micelles.

The time dependence of excimer Ig(t) and monomer Iy,(t) intensities are monitored post mixing the
copolymer solution containing PyC;g with PyC,g-free solution (Figure 3). The average number of
pyrene molecules per micelle (n) was kept low (n) < 0.5, to achieve the linearity between Ig and I; and

the fraction of micelles bearing two probes (#x(2)) (Ig o¢ @), Iy oc ¢x(1)).7?

Ig (t) and Ty(t) can be estimated using the Infelta et al. model %72 by taking into account that the non-
radiative excimer dissociation is negligible compared to radiative excimer decays, which is the case

of pyrene probes in micelles. Ig (t) can be written as:

fo'e) l(l—l)TokQ
IEOC Z._ , i
l—2T0kQ(l—1)+1

(2)

where 7 is the unquenched pyrene lifetime, kg is the excimer formation rate and ¢; the fraction of
micelles containing i probe. In the limit of low probe occupancy (n), the micelles contain mainly 0, 1
or 2 probe molecules, and those containing more than 3 can safely be neglected. In the experimental
conditions of this work (n) <0.5 (thus the time evolution of Ig (t)) can be described using micelles

containing 2 probes ¢,(t). A similar expression can be derived for Iy(t):38-60.72

2 ‘L'kQ
[5(t) * 57 D2(0) 3)
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Figure 3. Time-scan experiment of the decrease in the excimer emission (A, = 480 nm) after mixing
0.05 ml of P103 solution containing PyC;s with 1 ml of a P103 solution at different concentrations 10
g/l (0), 30 g/L( @), 60 g/L.(A) and 100 g/L(V). The kinetics were monitored at 30 °C. The excitation
wavelength A, = 344 nm. Inset. Is the time-scan experiment monitoring the decrease in the excimer
emission (A., = 480 nm) and the increase of the monomer emission (Aey, = 375.5 nm) for 20 g/L P103

solution.

The Ig(t) and Iy (t) decays exhibited almost an exponential behavior for all the concentrations and
temperatures investigated (Figures 3 and 4). The decays were found to be mainly dependent on the
concentration of the PyC,g-free copolymer solution for all the three copolymers investigated (Figs. 4A
and 4B respectively). Fitting these decays to the exponential expression yields a rate Kgecay, Which
increases linearly with increasing the concentration of empty micelles ([micelle] = ([copolymer]-
cmc)/Nage) (Figure 5) . The Kyecay followed a linear fit as kgecay = k1 + &, [micelle], which suggests the
concurrence between second-order kinetics with a rate (k, [micelle]) and first-order kinetics with a rate

ki.
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Figure 4. top. Time-scan experiment monitoring the decrease of the excimer emission (Aey, =480 nm)
42 A: after mixing 0.05 ml of P103 solution (60 g/L) containing PyC,g with 1 ml of a P103 solution (60
44 g/L) at various temperatures: 23 °C (o), 25 °C (0), 26 °C (A) and 30 °C (<).(—) The fit to a single
46 exponential expression). B: Excimer decays after mixing 0.05 ml of P103 solution containing PyCg
with 1 ml of a P103 solution at 20 (o), 40 (0), 60 (A) 80 (V) and 100 g/L (<) at a temperature of 26
49 °C. (—) The fit to a single exponential expression. The excitation wavelength A.x = 344 nm. Bottom:

51 the residuals of the fits to a single exponential expression of the top decays.
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The various probe exchange mechanisms between block copolymer micelles. The transfer of a
probe from the full micelle to an empty one takes place through (chart 1)33-363: j) the exit and entry
process via the aqueous phase, ii) fission of the full micelles into two micelles each bearing one probe
followed by the growth of the fragments and iii) fusion of the full micelles with an empty micelle to
form a large micelle “super-micelle” followed by the fission of this “super-micelle” into two proper
ones containing each one probe. Although these three processes can be superimposed in the same
kinetics, experimentally they can be distinguished through their concentration dependence and the
probe polarity i) The exit-entry process takes place via the exit of the probe from the micelle into the
aqueous phase followed by its entry in an empty one. This is a first-order process with a rate
independent of the [micelles]. The fission-growth (kggs) process takes place through the breaking of
one a micelle containing two probes into two small micelles “sub-micelles” followed by their fusion
with an empty micelle or their growth by association with free macromolecules. This is a monomodal
process and therefore exhibits first-order kinetics with a rate independent on [micelles]. On the other
hand, fusion-fission requires the collision of one micelle bearing two probes with an empty micelle,
the formation of a super-micelle, the exchange of the probes within this super-micelle, and fission of
the super-micelle into two micelles containing each one probe. Because fusion process is a bimodal
mechanism it exhibits second-order kinetics with a rate dependent on [micelles]. In the case where the
concentration of empty micelles is larger than the full ones, the fusion-fission gives a pseudo-first-
order kinetics with a rate kg,-[micelle]. The exchange rate can be written as Kgecay = Kexit T Kriss T Krus

[micelle].

An insight on the role of probe diffusion on the exchange process can be taken from the first-order
rate constant for excimer formation (ko) of this probe within the micelles. The kg, for this probe is
found in the range of 7.5x10% s-!,which point out to the fluid aspect of the micelle core within the
time scale of fusion and fission processes 10-3s to 103s and therefore one can discard the probe

diffusion as a potential limiting effect of the exchange process.

Fission of a loaded micelle can either split into two loaded micelles or in loaded and unloaded
micelles. Only the first case can be seen as an event in the exchange experiment. Assuming 50/50%
happening, the calculated fission rate is kg = 2 k;. As the fusion of loaded and unloaded micelles is

followed by a fission event, the fusion rate is kg,s = 2 k.
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Probe exit-entry vs. assisted exchange or fusion-fission process. Probe molecule selection is
crucial since it defines whether the kinetics occurs via the exit-entry process or the fusion-fission
mechanisms. The exit-entry process is most likely dominated by the exit rate (k) of the probe from
the micelles because the entry rate is a diffusion-controlled process with a rate in the order of (k"= 3
x10°M-1's1).74 The exit rate can either be measured directly via a kinetic experiment or estimated from
the equilibrium solubility limit as ke = &7 [Cy,]/ (n), where [C,,] is the solubility limit of the probe in
water and (n) is the average number of probe per micelles. [C,] decreases with decreasing the polarity
of the probe in an Arrhenius way:

—NEcy,/RT

[cw] = [Cwloe @)

where [Cy]ois the pyrene water solubility of 1-acetylpyrene in the order of 10-° M-!-N and the number
of the additional CH, group.”* 76 The excess energy induced by adding a CH, group to the pyrene E ¢y, is

reported to range between 4.3x107'5 mol/L and 4.7 x10-'7 mol/L.”-7 If one considers (n) = 1 and
neglects the effect of the corona viscosity on k™, it is possible to estimate the k.,; in a range between
1.3 x10% s'and 1.4 x107 s7!, at room temperature. Figure 5 shows that the probe exit rate is at least
100 times smaller than the lowest measured decay rate in the present copolymer. This demonstrates

that the exit-entry process can safely be neglected in the exchange process of the present copolymer.

A second alternative method for estimating the probe exit rate is by measuring the probe water
solubility, which unfortunately is inaccessible due to the lower detection limit of the fluorescence
spectrometer. The third alternative is to recover the probe exit rate through kinetics measurements.
Indeed, using the non-modified pyrene molecule as the probe, the dynamics is a first-order with no
dependence on [micelles] and its exchange rate is dominated by the exit-entry rates of the dye (107 s-
1), which is several orders of magnitude faster than the measured exchange rate.”* When increasing the
length of alkyl molecule attached to the pyrene pyCs, pyCs, and pyC;, as the probe, the exit rate in the
aqueous phase slows downs as the water solubility decreases but exhibits a first-order dynamic with
no dependence on [micelles] and with an increasing rate as 10%°.74 For example, the exchange rate via
exit-entry of pyCj, is found around 10? s-!, which is insufficient to validate the slow fusion-fission
mechanisms in the present block copolymer micelles. Yet, it was found to be sufficient to verify the
fusion and fission in small molecular weight surfactant, such as alkyl-PEO.!93336 To estimate the exit
rate of pyC,g from the micelle, a solution of ionic surfactant sodium dodecyl sulfate was used following

the procedure described elsewhere’®, in where the exchange was monitored at a very low ionic strength.
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Because the fusion and fission of SDS at low ionic strength occurs at an extremely slow rate, the
exchange of this probe in this system can give a lower limit for the probe exit rate. Using this procedure,
one can safely estimate a lower limit for the exit rate of this probe to be higher than several hours,
which is much higher than the exchange of the Pluronic of this study. Because the exit rate of the PyCs
from the Pluronic micelles ke is negligible compared to the two collective mechanisms, it is possible

to describe the exchange rate as kgecay = kiiss + krus [micelle].

The second-order kinetics described by the linear dependence on [micelles] is a bimodal process
and can safely be attributed to the mechanism involving fusion-exchange-fission. This process takes
place via the collision of a micelles/PyC,g with an empty one, adhesion, fusion of the two micelles, and
the exchange of solutes and fission of the large micelle into two proper micelles containing one probe
each. The collision step cannot be the dominating mechanism because the diffusion-limited encounter
rate, calculated using Smoluchowski equation, is more than 10° times the measured kg,. The linear
increase of Kgecay vs. [micelle] infers that fission of a super-micelle (2 Nyg) results from the fusion of
two micelles, which is faster than kg5 of proper micelles. This is expected since the energy resulting
from the fission of micelles of size 2 N, is negative.?’-37 If the fission rate of 2 N,g, were similar to
that of the proper micelle Nyg, the kgecay Will level off at high concentration. Therefore, the rate of

fusion is &k = k.

Because the measured first-order process is much higher than the estimated exit rate PyCg, one
can safely attribute this first-order kinetics to a mechanism involving fission-growth. This takes place
via fission of a large micelle (N,,,) containing two probes into two sub-micelles N; and N,g,-N;, each
containing one probe followed by their growth either via fusion with another small micelle or via
insertion of free macromolecules. The size of the submicelles resulting from fission can vary from Ny,
to Nyge/2 macromolecules, where Ny, is the size of the smallest micelles that is hydrophobic enough
to hold one PyC;;. This raises the question as to what is the number of copolymer chains that one probe
can transport? If one chain can englobe the probe and be transported out of the micelles (N, = 1), this
phenomenon could be called a “chain assisted probe exchange”. One way to investigate the existence
of this process is by taking a micelle solution containing two probes per micelle and diluting it to below
its critical micelle concentration (CMC). Below CMC, the copolymer chains go to the unimer state,
and if a chain can hold a probe molecule, the excimer would decrease. This is not the case here because
diluting the surfactant solution below CMC causes the PyC;g to remain in the aggregate form and

precipitate. This infers that the hydrophobic group of one chain is unable to bear one PyC,g molecule.
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Therefore, the exchange of PyCg is not likely to take place via “chain assisted probe exchange” and
requires a competition of several copolymer chains to exit the micelle. Moreover, if a macromolecule
can transport the probe (N,;, = 1), the rate of the first-order kinetics will be in the same order of
magnitude as the chain expulsion process. This process is not depicted here since the expulsion process
is several order of magnitudes faster than the exchange rate measured here kexpuision (Kexpuision = 2000 s~
1).68.80 This suggests that the first-order kinetics measured is dominated by the fission of a large micelle

into proper micelles with a size larger than a few macromolecules.

Temperature dependence of the exchange mechanism. Figure 4A shows the excimer intensity
decays for P103 in the temperature range between 21 and 33 °C, where spherical micelles are formed.
When increasing the temperature, the exchange is slowed down for all the concentrations tested. For
all studied temperatures, the decay rate kqccay undergoes a linear dependence on the concentration of
empty micelles (Figure 5) with a finite intercept, which suggests a superposition of first and second
order mechanisms. In Figure 6, the fission and fusion rates kg rates kg, vs. inverse temperature for
aqueous P103 solutions is described. These rates are found to decrease with an increase in temperature

throughout the spherical regime between 25 and 33 °C.

x10

21°C
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Figure S. The relaxation rates k4ecay calculated from the fits of the decays of figures 3 and 4 to a single

exponential expression, plotted versus the concentration of P103 empty micelles for various
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temperatures 21, 23, 26 and 30 °C. The concentration of micelles is given by ([micelles] = ([P103] —
cmc)/Nigp).
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Figure 6. The rate of fission kg (LJ) and the rate of fusion kg, (M) vs. the inverse of absolute

temperature for P103. kg is calculated from the slope of kgecay vs. [micelle] of figure 5. kg is calculated

from the intercept of figure 5.

The effect of the core-forming block length on the fusion and fission dynamics. Figure 5 and
S2, Supplementary Information, shows the exchange decays of the P103, P84 and L64 at a temperature
above their CMT in the range of sphere-like micelles, after decreasing the length of the core-forming
block the exchange kinetics speed-up.3” The decays fit well to a single exponential expression for all
copolymers investigated with a single exponential rate. K.,y 1s found to follow the same trend as that
observed for the P103 with a linear dependence on [micelles] and a constant intercept (Figure 7). This
suggests the existence of the second-order process involving the fusion pathway and a second-order
kinetic involving fission. Figure 8 shows the temperature dependence of the fusion and fission rates
for the three copolymers. While the kg, and kg exhibits a negative temperature dependence for P103,
they show a slight positive dependence for L64 and P84. The average values of kg, and kg increase by
more than 5 orders of magnitude for the PPO length, ranging between 30 to 60, which confirm the high

sensitivity of the fusion and fission to the length of the core-forming block (Figure 9).
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Figure 7. The relaxation rates kgecay for (A) L64 and (B) P84 calculated from the fits of the decays to
a single exponential expression, plotted versus the concentration of empty micelles for various
temperatures (m) 35, (@) 40, (A) 45 and (V¥) 50 °C for L64 (A) and (m) 35, (@) 37.5, (A) 40 and (V)
42.5 °C for P84 (B). The concentration of micelles is given by ([micelles] = ([copolymer] — cmc)/Nygp).
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Figure 8. The rate of fusion kg, (A) and the rate of fission kg (B) vs. the inverse of absolute
temperature for P103 ( m) P84 (0) and L64 (0). kg is calculated from the slope of kgecay vs. [micelle]

of figure 5 and 7. kg is calculated from the intercept of figures 5 and 7.
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Figure 9. The dependence of the average rates of fusion (kfys) (A) and fission (k;ss) (B) on the length
of the core forming block PPO. (k) and (k;ss) are calculated by averaging ks and kg, values from
figure 8 for a limited range of temperature. Lines in Figure (B) are fits to equation 14 for the core
limiting model with y=7 N.m ( )and corona limiting one using y = 7.8 N.m (---) as well as for expulsion

rate using equation 15 (--).

Fusion and fission vs. chain expulsion and insertion. Fusion/fission probably overlaps with the
faster chain insertion/expulsion process, as rates of this process have been reported for temperature or
pressure jump experiments.®® For example, Ainsertion and Kexpuision Tates were reported to be = 2.4 x108
M1 s! and 2 x10° s for L64 at 40°C and 1.8 x10” M! s'! and 6.7 x10* s°! for P84 at 27 °C.%® For
P103, they were extrapolated from the same reference to be 5 x10° s M-! and 2 x10° s*! at room

temperature. 3-8

While fusion and fission are slower than insertion and expulsion, they can transfer N4, chains between
micelles for every event instead of one at a time, as demonstrated for insertion/expulsion, raising the
question of chain homogenization efficiency via these two processes. Since insertion/expulsion is
controlled by the expulsion step, the Kexpuition/Nage €an give an estimate of the rate for micelle renewal
by insertion/expulsion, and Ryang = Kexputtion/Nage/Kdecay Would be a reliable parameter for comparing the
effectiveness of the two mechanisms in renewing the micelle content (Figure 10). Insertion/expulsion
accounts for most of the chain randomization between micelles in P103 copolymer with PPO60, since
it can renew the micelles 103 to 10* times for every event of fusion/fission (Figure 10). R,nq decreases

with decreasing PPO length and approaches seven times, in L64, at high micelle concentration (Figure
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10). This suggests that a decrease in the Mw of the core-forming block, favors the fusion/fission
process, and makes it competitive with insertion/expulsion. However, randomization via fission is still
50 times slower than expulsion in L64, as seen at low [micelles] (Figure 10), but when increasing
[micelles], fusion favors randomization and makes the collective mechanisms competitive with
expulsion. Still, it is seven times slower, at least for the range of [micelles] investigated in this work.
This shows that chains transport and randomization between micelles is mainly carried out via insertion
and expulsion processes, while fusion and fission controls the morphological transformation of the

micelles, and particularly the sphere-to-rod transition and probe vectorisation.®!41
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Figure 10. The plot of Ry.,¢ parameter depicting the effectiveness of micelle renewal by
insertion/expulsion and fusion/fission rate of micelle renewal by insertion/expulsion and fission/fusion
plotted vs. [ micelle] for P103 ('V), P84( A) and L64(m). Ryand = Kexpuision/Nage/Kdecay. Kdecay 1 taken from

figures 5 and 7 at the temperatures where expulsion rate is reported.

Energy barrier to fission in the spherical regime.

While the fission rate kg decreases with increasing temperatures for P103 between 25 and 33°C,
leading to a negative apparent activation energy of -88.2 kJ/mol in the Arrhenius fit, the fission rate
slightly increases for P84 and L64 with an activation energy of 72.2 kJ/mol and 157.7 kJ/mol,
respectively (Figure 8). Predicting the dependence of the fission rate on the copolymer Mw and how it
contrasts with expulsion is performed by evaluating the energy barriers to fission and expulsion. There

are at least 4 energy barriers to fission: 7) chains disentanglement dynamic within the core, if) interfacial
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tension, iii) core elastic free energy due to chains extension, iv) corona elastic free energy due to chain
extension.?” Although the copolymers investigated in this work are triblock, we used diblock
copolymer models for crewcut and starlike micelles to get a first insight on the dependence of fission
on the core molecular weight.?’*7 One should bear in mind that the Halperin-Alexander model
considers the limit of the solvent-free core in the case, which is clearly not the case of Pluronic
copolymers where the core is hydrated to a certain limit depending on the temperature.®® The interfacial
energy (Eg™) and the core elastic energy (Egs,°) dominates over the corona elastic energy in the
first case leading to Egg - Eges ™ + Egec°™ (equations 5,6). On the other hand, for longer coronas, the
corona extension dominates over the core extension leading to Egg - Egies ™ + Egc°™" (equations 5,7).
The present results are analyzed in terms of these two models to consider that these copolymers are
located between these two extreme cases. Egg ™!, Ego o0, B0 are taken from references 27 and

37. The % term in E 0%, Eq 0™ are added to take into consideration unidirectional extension.3’

2
inter _ a A Ta

Efiss ~ KT NPPOZ/BNmicellez/s((x)2/3 + (1 - x)2/3 - 1) (5)
1
%?gse =5Nppo _1/3Nmicelles/3((x)5/3 +(1 - x)5/3 -1) (6)
1
EFE™ = 3Nmicenie” (0% + (1 — 0% -1) (7

where a is a prefactor, Nppg is the PPO number, y is the interfacial tension, a is the Kuhn length of the
PPO molecule Ny;clie is the aggregation number of the breaking micelle and X = Npicette!/Nimicelle, With
Niicelle! the size of the fragment. Values of a = 4.6 A 8182 and o =(4m)!? - 323 = 4.8 were obtained for a
spherical core but was reported to be 3.3.4883 The PPO/water surface tension is temperature dependent
with y(T) = T,?, where T, = T/0 -1 and 6 = 195 °K.#! this is explained by a micelle core dehydration as
temperatures increase, due to the reduction of the PPO water solubility. This leads to an increase in the
interfacial tension (y(T)) of PPO/water between 4-21 mN/m,3! which explains the reduction of kg for

P103 in the temperature range from 21 to 30°C.

The micelles are distributed over a size distribution with an average size N,q, and each micelle

within this distribution (Nycere) can undergo fission with a rate dependent on the sizes of the initial
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micelle and the resulting fragments. To get a first insight from these analyses we evaluated the fission
energy only on micelles with equilibrium sizes Npjceiie = Nagg, for which Ny, is derived by minimization
of the free energy per chain (Eiter + Ecore or Einter + Eeorona ) with respect to Npicele and we consider only

fissions events generating two equal micelles x = Y.

Replacing Nyicelie With Nyge and x with V2 leads Egg to equation 11 in the case of Egg, - Egig T +

Efis" and equation 12 in the case of Egg = Eggs ™" + Eggecorom,

;/(T)a2
B=" (8)
Nogg= B Nppo ©)
Nagg = B/ NEkp (10)
4 1 1 _2
Efiss = Nppo® B*/3 ((2)3— 1+52 *— 1)) (11)
1 1!
E fiss = Nppo®/® ,39/5((2)3—1"‘5(2 2_1)) (12)
2
Eexpulsion = B Nppo® (13)

Figures 7 and 9, shows that kg decreases by 5 orders of magnitude for Nppg between 30 and 60, while
Kexpuision decreases by 2 orders of magnitude, as a consequence of the stronger Nppo dependence of Eggs
Nppo*? or Nppo®> compared Nppo?? of Ecxpuision- A quantitative comparison with these models is carried
out by estimating the kg, for various copolymers, assuming known value of kg for P103 and using
either the crewcut model or the start-like model (equation 14). A similar procedure is also applied to
the expulsion rate where Kexpuision 1S compared to the case of P103 following equation 15. In both cases
the Nppo dependence of kg and Kexpuision prefactor is omitted in this analysis since it generates a weaker
dependence; for example, the Keypuision prefactor for the crewcut case varies as Nppo2, which adds a
factor of 4 for NPPO between 60 and 30.3” However a complete analysis should consider this prefactor

in the comparison.
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k — k Ejlfiss - Ejzfiss 14
fiss; = Kfiss € (14

Elpusion — Eopusi
kexpulsionz = kexpulsionle expulsion expulston (15)

In Figure 9b kg 1s found to follow the prediction for the crewcut case with y = 7 mN/m and the star-
like with y = 7.8 mN/m, which is a strong indication that fission rate can be predicted with these
models. Figure 9b shows that these parameters can also describe the dependence Keypuision 00 Nppo but

with y = 6.4 mN/m.

Energy barrier to fusion dynamic in the spherical regime.

Figure 7a shows the fusion rate kg5 dependence on temperature in the spherical regime for three
copolymers with core lengths between 30 and 60 and figure 9a depicts the kg, dependence on PPO
core length. These figures point out two sets of clues regarding the fusion mechanism: first, kg, for
each of the three copolymers investigated, exhibit the same temperature dependence as Kgss; Kpus
decreases for P103 with an apparent activation energy of (-79.4 kJ/mol) and increases in P84 and L64
with an activation energy of 93.3 kJ/mol and 98.6 kJ/mol for P84 and L64 (Figure 7 a and b). This
constitutes a first indication that fusion shears some aspects with the barrier energy to fission. Second,
kg,s decreases by 5 orders of magnitude when Nppg increases from 30 to 60 in the same trend as ks
(figure 9a), which again emphasizes the role of the core-forming block and the interfacial tension in
the fusion process. Such behavior is not exclusive to these copolymers but was also observed in small
surfactant molecules.?* However, it is not trivial to explain such behavior using a model where the

activation free energy is solely attributed to the corona interaction because this predicts an activation
energy of Efys ~ Niyicene® for two equal size micelles (Nppiceire) in the starlike case and E ¢y ~Npicelle” -
Npgo?/ Nppo for the thin corona case.?’-37 These results point out to the need to consider the role of the

interfacial energy and the core elastic energy in estimating the energy barrier to fusion.5*

Exponential behavior vs. logarithmic kinetic. Although the PEO-PPO-PPO of this study are
polydisperse, with a polydispersity exceeding 1.7, they still exhibit an almost exponential fusion/fission

kinetics for all conditions investigated here with the exception close to CMC or CMT, but also no
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exponential tendencies are observed (Figure 4, S2, Supplmentary information). This in contrast with
the highly nonexponential chain insertion/expulsion kinetics reported in well segregated block
copolymer micelles such as PEO-PBO, which was explained by the strong sensitivity of the expulsion
activation energy to chain polydispersity (equation 13).3%* However, the core crystallinity and
polymer architecture were also found to play a role in the nonexponential behavior of the

insertion/expulsion kinetics.?>-30:85.86

To gain insight into the role of chain polydispersity in fusion/fission kinetics, the decays are
simulated by considering chain polydispersity in the activation energy (equations 11, 12). The

exchange decay can be written as I/ I, = [exp(—(kfiss Tk s [micelles]) t)]. Because fusion and fission

exhibit a similar Nppo dependence, we use the same activation energy for kggs and k.

* e_Efiss

Ig=1g,2P(Nppo)e ™t (16)

Where P(Nppp) is a gaussian distribution of the core chain length with a variance ¢ = 0.1 M,, as a

typical example and t* a nondimensional time (t* = t. kg.?, with kg, the inverse of the time to reach
activated state). The calculated decays using equation 16 were found to be highly nonexponential in a

similar way as those for chain expulsion kinetic.3%48

There are several plausible explanations for the exponential behavior for fission/fusion kinetics: 7) the
particular morphology of this triblock copolymer could play a role in this behavior.>? i) The relatively
low Mw of such copolymer could attribute to it surfactant properties instead of copolymer micelles
properties. iii) The low interfacial energy of the PPO core, which limits the core/corona segregation
and could, generates particular micelle architecture. iv) Fission/fusion takes place on all the micelles
within the size distribution and each event has its own activation energy that depends on the size of the
interacting micelles., This could pre-average the activation energy leading to an apparent exponential
behavior. v) Insertion/expulsion occurs much faster than fusion/fission which randomizes the micelles
content several times during one event of fusion/fission leading to an averaging of the activation
energy. Indeed, the last possibility was tested by calculating the decay by averaging Eg in equation
16 to take into account the role of the rapid micelle randomization via insertion/expulsion (equation
17). This leads to (E fiss) values independent of the molecular weight distribution and monoexponential
decays (Figure 11). This suggests that the fast chain randomization during fission makes these micelles

energetically homogeneous leading to a fission/fusion exponential kinetic.
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This is obtained using a copolymer polydispersity of 1.1.
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Figure 11. The calculated decay log(Ig) vs. normalized time t* for the case of non-randomization (up)

and chain randomization by expulsion/insertion (down). A similar result is obtained for fission process.

This paper describes fusion and fission mechanisms at equilibrium in the PEOxPPOyPEOx triblock
copolymer micelles in the spherical regime for various temperatures and core block length PPO. A
fluorescence technique with a highly hydrophobic probe is used to monitor these two processes. We
show that fusion and fission take place between proper micelles at equilibrium. Fission is found to be
highly sensitive to the core block length with a rate kiss decreasing by 5 order of magnitudes for
NPPO between 30 and 60. The fission rate dependence on the core length is reasonably accounted for

using diblock models for the thin corona and star-like micelle. This shows that fission is mainly
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dominated by interfacial tension as predicted by Haleperin and Alexander. The difference between
fission and expulsion rates dependence on the core-forming block is also predicted in terms of these
models. On the other hand, fusion and fission are found to exhibit the same temperature and core
length dependence, which infers that the interfacial tension energy plays an important role in the
fusion kinetic. This finding suggests that one needs to complete the existing models by considering
the interfacial tension in the fusion process. The fusion and fission are 106 times slower than insertion
and expulsion at the highest PPO length investigated here (60) and the difference between these
processes decreases with decreasing the core length. Yet the micelle randomization remains
dominated by insertion/expulsion for all the cases investigated here. Fusion/fission yields to a single
exponential decay even in highly polydispersed copolymers, in contrast to what one would expect if
the activation energy depends on the polymer polydispersity. This was explained by taking into
consideration the rapid chain randomization between micelles to average the activation energy and
attenuate the effect of chain polydispersity. This result suggests that fusion and fission take place on

homogeneous micelles.
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