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ABSTRACT: Block copolymer molecular weight is a crucial factor
influencing micelle fragmentation kinetics. In particular, it is not
established how block length affects the fragmentation rate, and
which block is more important. In this work, we studied the
separate dependence of micelle fragmentation kinetics on core and
corona block lengths, with temperature-jump experiments by
dynamic light scattering. Two series of 1,2-polybutadiene-b-
poly(ethylene oxide) (PB-b-PEO) were prepared: one with fixed
Npg (degree of polymerization of the core block) and various Npg,
and the other with near constant Ny, and different Npg. In all, a
total of nine narrow dispersity (P < 1.1) polymers were used, with
PB-b-PEO block molar masses (in kDa) of (9—6), (9—9), (9—12),
(9-13), (9-19), (15—10), (15—14), 15—17) and (15-22).

Fragmentation Kinetics
of Block Copolymer Micelles

N,

0.6
corona

Stronger dependence on N,
due to core chain extension
in the transition state

Micelles were initially prepared using direct dissolution of PB-b-PEO in the ionic liquid 1-ethyl-3-methylimidazolium
18 bis(trifluoromethyl sulfonyl)imide [C,MIM][TFSI], followed by fragmentation during thermal annealing at 170 °C. The relaxation

time (7) for micelle fragmentation exhibits a power—law correlation with both Npg and Npgg as 7 ~ N,

14 0.6 N
core X Negrona - Micelles were

also characterized before and after fragmentation, by small-angle X-ray scattering and by liquid-phase transmission electron
microscopy. Both analyses confirmed that all micelles were spherical, and the mean aggregation numbers before and after
fragmentation could be extracted. The stronger 7 dependence on N, suggests a higher core elastic free energy penalty due to core
chain extension in the transition state, compared to the contribution of corona crowding. These results are apparently not captured

by any current theory of micelle fragmentation.

B INTRODUCTION

Polymeric nanoparticles play important roles in various fields
due to their exceptional versatility and customizable character-
istics, with applications including biomedical imaging, sensors,
energy storage, and drug delivery.'”> Amphiphilic block
copolymers (BCPs) with contrasting solubilities can sponta-
neously form discrete nanostructures such as spherical
micelles, cylindrical micelles, and more complex structures
through solution self-as.sernbly.“’5 For instance, BCP micelles
are widely considered as imaging a(gents, viscosity modifiers for
motor oil, and nanoreactors.'”>° Extensive theoretical and
experimental studies have revealed that multiple factors, such
as block chemistry, solvent type, the preparation method, and
block length, can influence the resulting structures.” When
considering other interesting applications of BCP micelles,
such as drug delivery carriers, the dynamics of BCP micelles,
rather than their equilibrated size and shape, also assume a
pivotal role in determining effectiveness. To customize the
rates of micelle dynamics for desired applications, experimental
understanding of equilibration processes is also required.”
While external factors, including solvent quality, temper-
ature, and concentration, significantly influence micelle
dynamics, molecular properties can also impact behavior.
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Molecular weight (M) is a key aspect of an amphiphilic BCP 48
influencing its structure and equilibration kinetics.* Generally, 49
higher M leads to the formation of larger domains, while lower so
M facilitates rearrangement and self-assembly into smaller s;
domains.” Furthermore, M significantly impacts the drug s»
loading capacity and release kinetics in drug delivery.'”~"* By s3
precisely controlling M and investigating the effect on micelle s4
dynamics, we can gain a deeper understanding of the ss
underlying mechanisms and inform targeted synthesis. 56

Micelle fragmentation or fission is a relaxation process in s7
which a larger micelle spontaneously breaks apart into two (or ss
more) smaller micelles, to approach the equilibrium size.” To so
fragment, the initial BCP micelles must overcome an energy 6o
barrier. Since M of polymer chains influences both the 61
stretching energy within the micelle core and the steric 62
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crowding in the corona, one can expect a strong M dependence
on the fragmentation rate. A few reports have explored micelle
fragmentation mechanisms and the M dependence of the
fragmentation rates, both theoretically'>'* and experimen-
tally.15’16 For example, Halperin and Alexander predicted that
micelle fragmentation is mainly dominated by the core
interfacial tension with a scaling of activation free energy
(Efmg) as Eg,, ~ N, where N, is the degree of
polymerization of the core block."” According to this model,
the contribution of the corona block to fragmentation is
assumed to be negligible, even for “star-like” micelles.
However, Dormidontova proposed that the fusion and
fragmentation times required to overcome the potential energy
barrier are governed by the deformation time of the corona
block."* As a result, this model anticipates a strong dependence
of the fragmentation relaxation time on N_y,,. Our group has
investigated the M dependence of micelle fragmentation using
1,2-polybutadiene-b-poly(ethylene oxide) (PB-b-PEO) in the
ionic liquid (IL) I-ethyl-3-methylimidazolium bis-
(trifluoromethyl sulfonyl)imide ([C,MIM][TFSI]). This sys-
tem is favorable for isolating the process of fragmentation
because the poor solvent quality for the PB core block prevents
any single-chain exchange, over the course of 24 h at 200 °C."”
We employed six different Ms of PB—PEO with a near-
constant volume fraction of PEO (fppo & 0.40). Larger than
equilibrium micelles (Q/Q.q > 1.5) were prepared by a direct
dissolution method and subjected to thermal annealing at 170
°C."”~" Using in situ dynamic light scattering (DLS), we
analyzed the changes in micelle size with annealing to
determine the fragmentation time. As a result, the experimental
relaxation time (77 displayed a significant dependence on the
total degree of polymer chains (Ny.), following an
approximate scaling of 7 ~ Niowi'2.'® However, the individual
dependence of the fragmentation times on N, and Ny,
were not resolved.

To address this question, this present work focuses on the
effect of each block length on micelle fragmentation. We
prepared two series of PB—PEOs: five PB—PEOs with a PB
block of 9.3 kDa (fpgq from 0.35 to 0.61) and four PB—PEOs
with a PB block of 15.1 kDa (fppo from 0.33 to 0.53) by
sequential living anionic polymerization,” followed by
generation of large spherical micelles by direct dissolution.
With these BCP micelles, we can resolve the individual
dependence of core and corona block length on the
fragmentation rate. Micelle size changes during fragmentation
via thermal annealing at 170 °C are characterized by in situ
DLS, small-angle X-ray scattering (SAXS), and liquid-phase
transmission electron microscopy (LP-TEM)."”

B EXPERIMENTAL SECTION

Polymer Synthesis and Characterization. Table 1 lists the
molecular characteristics of the two series of 1,2-polybutadiene-block-
poly(ethylene oxide) (PB-b-PEO) copolymers used in this study. The
copolymers were synthesized via two-step sequential anionic
polymerization, briefly summarized as follows. First, the PB block
was prepared with a desired molecular weight (M) by adjusting the
ratio between the initiator (sec-butyllithium) and purified monomer
(1,3-butadiene) in tetrahydrofuran (THF). During the polymerization
([monomer] < 3.0 M in THF), polymer chains were end-capped with
a single ethylene oxide unit (EO, Sigma-Aldrich, >99.5%) resulting in
hydroxyl-terminated PB blocks. The PB—OHs were dried under
vacuum (<70 mTorr) at 60 °C for 3 d and characterized by a
combination of size exclusion chromatography (SEC) in THF with a
multiangle laser light scattering detector (Wyatt Dawn Heleos II) and

Table 1. Copolymer Characteristics

sample M, pp (kg mol™)* M, pgo (kg mol™)*  fpgo” B’
BO(9-6) 9.3 64 0.35 1.09
BO(9-9) 8.9 0.42 1.09
BO(9-12) 12.2 0.50  1.08
BO(9-13) 132 0.52 1.09
BO(9-19) 19.3 0.61 1.05
BO(15-10) 15.1 9.6 033 106
BO(15—-14) 139 0.42 1.07
BO(15-17) 17.1 047 106
BO(15-22) 22.0 0.53 1.05

“Determined by 'H NMR spectroscopy. “Determined from SEC-
MALS in THF. BO(x—y): PB-b-PEO samples, where x and y denote
M, of the PB and PEO blocks (kDa).

'"H nuclear magnetic resonance spectroscopy (‘H NMR) in
deuterated chloroform (CDCIl,;, Varian Inova 500). The refractive
index detector traces from SEC in THF for the two PB blocks can be
found in the Supporting Information (Figures S1 and S2). The
refractive index increment for PB—OH in THF (dn/dc = 0.119 mL/
g) was used to obtain M from SEC in Figure S3; the two PB—OH
have number-average molar masses of 9.3 and 15.1 kDa,
respectively.”’ The resulting PB blocks comprised 91.5% 1,2- repeat
units for 9.3 kDa and 90.4% for 15.1 kDa.

A series of PB-b-PEO diblocks with varying volume fractions of
PEO (0.3 < fpgo < 0.6) were synthesized by subsequent anionic
polymerization of EO. Prior to the reaction, EO was purified by
stirring over vacuum-dried n-BuMgCl (Sigma-Aldrich, 2.0 M in
THF). The polymerization commenced by reinitiating the PB—OH
(conc. < 1.0 M in THF) with potassium naphthalenide at room
temperature. After allowing sufficient time (~30 min) for the
initiation of all PB—OH chains, purified EO was added to the
reaction solution, and the temperature was raised to 45 °C. After 3 d,
the polymerization was terminated by adding acidic methanol.
Subsequently, the reaction solvents (THF and methanol) were
evaporated, and the remaining hydroxyl-terminated PB-b-PEO and
reagents were dissolved in a minimal amount of dichloromethane.
The solution was then precipitated into excess cold methanol to
isolate the polymers via vacuum filtration. In the final step, the PB-b-
PEO diblocks were freeze-dried in benzene with 0.1 wt % BHT as an
antioxidant under vacuum (<70 mTorr) at 60 °C for 3 d prior to use.
The samples are designated as BO(x—y), where x and y represent the
number-average M (M,,) of the PB and PEO blocks, respectively, in kg
mol™'. To estimate the refractive index increment (dn/dc) for a
diblock, the weight-average of the dn/dc for PB in THF (0.119 mL/ g)
and PEO in THF (0.068 mL/g) were used.”" Finally, five BO(9-y)s
were synthesized with PB—OH (M, = 9.3 kDa), and four BO(15-y)s
were also synthesized with the PB—OH (M, = 15.1 kDa).

Micelle Solution Preparation. The polymeric micelles were
prepared by inducing self-assembly of the BO diblocks in an IL. In
line with previous papers,m’18 we chose [C,MIM][TESI] as a
selective good solvent for the PEO block to prepare micelles with a
PB core and a PEO corona. [C,MIM][TFSI] was synthesized by an
anion exchange reaction'® and characterized by 'H, BC, and “F
NMR spectroscopy in DMSO-dg (Figure S4). Via the direct
dissolution method, we first annealed the freeze-dried BO diblocks
in the bulk state at 70 °C for 1 h, then added [C,MIM][TFSI]
directly to produce 0.25 wt % solutions. After 1 d annealing at 70 °C,
the resulting BO micelle solutions were ready for use.

Micelle Solution Characterization. DLS was used to character-
ize the mean hydrodynamic radius (R,) of BO micelles and to
monitor size changes during annealing. Micelle solutions before and
after fragmentation were measured at 25 °C using a commercial DLS
instrument comprising a Brookhaven BI-200SM goniometer, a
Brookhaven BI-9000AT correlator, and a diode laser (wavelength
637 nm). The sizes of the micelles were measured with five angles
(60, 80, 90, 100 and 120°). During annealing experiments, the size
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178 evolution of the micelles was measured at 170 °C using a homemade
179 DLS instrument including a Brookhaven BI-DS photomultiplier, a
180 Lexel Ar* laser (wavelength 488 nm), and a Brookhaven BI-9000
181 correlator. The temperature of the micellar solution was controlled to
182 within +0.2 °C using an index matching silicon oil bath. The
183 determination of the mean Ry, and the associated size dispersity of the
184 micelles using DLS is outlined in the Supporting Information. To
185 measure changes in (R;) as a function of time during annealing, we set
186 the temperature for the home-built instrument to 170 °C. Prior to
187 data collection, the scattering angle was fixed to 90° and the oil bath
188 was equilibrated to 170 °C for at least 1 h. The DLS samples were
189 prepared by filtering through 0.45 ym PTFE syringe filters into oven-
190 dried, dust-free glass tubes with an inner diameter of 0.51 c¢m and an
191 outer diameter of 0.75 cm. The glass tubes were flame-sealed under
192 vacuum (50 mTorr) to prevent moisture/air contamination and
193 polymer degradation. This sealing process ensured the preservation of
194 sample integrity during the measurements, even at 170 °C.

195 Small-Angle X-ray Scattering. SAXS experiments for the bulk
196 polymers, and micelle solutions before and after fragmentation, were
197 carried out at the Advanced Photon Source, Argonne National
198 Laboratory, on the Sector 5—1D-D beamline of the DuPont-
199 Northwestern-Dow Collaborative Access Team. Bulk samples were
200 hermetically sealed in aluminum DSC pans under argon. The samples
201 were annealed at 70 °C for 2 h prior to the measurements. The SAXS
202 data for bulk BOs are summarized in Figure SS. BO solutions were
203 loaded into 1.5 mm diameter borosilicate capillaries (Charles Supper
204 Co.) and sealed with epoxy under an argon atmosphere. For each
205 sample, two-dimensional SAXS data were collected using a Rayonix
206 MX170-Hs CCD area detector with an 0.5 s exposure time to X-rays
207 of wavelength 0.729 A, keeping the sample-to-detector distance at 8.5
208 m. The isotropic 2D scattering data were reduced by azimuthal
209 integration to obtain 1D scattering patterns in the form of I(g) versus
210 wavevector q. Background scattering arising from the surrounding IL
211 and glass capillary, including an upturn at higher g resulting from
212 nanoscale ordering in the solvent, was subtracted from the solution
213 data. The background-corrected scatterin% data were analyzed using
214 the Pedersen polymer micelle model®*® in SASVIEW software
215 (Table S1).

216 Liquid-Phase Transmission Electron Microscopy. Estimates
217 of the average micelle core radius (R.) and associated standard
218 deviation, 0, were also obtained by performing TEM measure-
219 ments. Liquid-phase TEM was conducted on micellar solutions
220 corresponding to the initial (before fragmentation) and final (after
221 fragmentation) states. The imaging was performed at room
222 temperature using an FEI Tecnai G2 Spirit Bio-Twin operating at
223 an accelerating voltage of 120 kV with a 2k x 2k CCD camera with a
224 spot size of 3.200 mesh copper grids coated with lacey Formvar
225 stabilized with carbon, purchased from Ted Pella Inc., were used.
226 Approximately 0.1 mL of micellar solution was drop-case on the grid
227 followed by the removal of excess solution using filter paper. For each
228 sample, around 100 individual micelles were captured and then
229 analyzed using Image] software.
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230 l RESULTS AND DISCUSSION

231 To demonstrate the distinction between the newly synthesized
232 BO diblocks and the ones used previously,'® the core block
233 degree of polymerization Npp and volume fraction of PEO
234 block (fpgo) are compared in Figure 1. While the previous BO
235 diblocks exhibited a nearly constant fppo of 0.4 with varying
236 both Npg and Ny (represented by gray squares), the new BO
237 diblocks possess identical PB blocks but differing Npg(, leading
wsto 0.33 < fpgo < 0.61 (depicted by blue circles).
239 Consequently, the investigation of micelle fragmentation
240 kinetics using these BO diblocks enables resolution of the M
241 dependence of each block on the process.

242 Characterization of as-Prepared BO Micelles. Prior to
243 investigating the fragmentation kinetics of the BO micelles, it is
244 important to verify the successful formation of spherical

st
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Figure 1. BO(x—y) diblocks prepared for investigating the effect of
block length (blue circles), compared to BOs for the previous work
(gray hexagons). BO(x—y): PB-b-PEO samples where x and y denote
M, of the PB and PEO blocks (kDa).

micelles. As M of each block was varied, fppo value ranged 245
from 0.33 to 0.61, leading to different phases in the bulk state. 246
As shown in the Supporting Information (Figures SS and S6), 247
most of the BOs formed a lamellar (LAM) phase in the bulk at 24s
70 °C. However, BO(9—6) and BO(15—10), with fppo < 0.4, 249
exhibited a hexagonal (HEX) phase. These compositions have 250
the potential to form nonspherical nanoparticles, such as 251
worm-like micelles, when in solution in a solvent that dissolves 252
the minority block. To confirm the initial spherical micelle 253
structures, liquid-phase TEM imaging was conducted at room 254
temperature. Representative images for all BO micelles are 255
presented in Figure 2. This analysis confirms that all the BO 256 2
solutions indeed formed spherical micelles via the DD method 257
at 0.25 wt % in [C,MIM][TESI]. 258

Having confirmed the micelle morphologies by TEM 259
imaging, further characterization of the micelle sizes before 260
fragmentation was carried out using DLS and SAXS (Table 2, 261 ©2
Figure 3). The initial average hydrodynamic radius, denoted 262 3
(Ry), was determined by fitting the intensity autocorrelation 263
function from DLS to a second order cumulant expansion. In 264
the BO(9-y) series, the (Ry); values gradually increased from 265
32 to 46 nm as Mpg( increased from 6 to 19 kDa. Similarly, for 266
the BO(1S-y) series, the (R,); values increased from 43 to 52 267
nm with increasing Mpgo from 10 to 22 kDa. When comparing 268
the (Ry); of BO micelles with similar PEO block lengths, it can 269
be observed that larger micelles were formed when increasing 270
Mpg, as expected (see Table 2). Additionally, Figure S7 271
presents the narrow distributions of R, obtained from REPES 272
inverse Laplace transform analysis for all BO micelles. 273

Next, the average core radius of the initial micelle, (R_,.); 274
was determined through SAXS. The background-corrected 275
scattering data were analyzed using a polymer micelle model 276
with the Pedersen model in SASVIEW software (Table 277
§1).”»** The q value at the first minimum provides an 278
estimate of (Reyre); 35 (Reore) & 4.493/qumin (Figure S9, Table 279
S4). With the estimated (R..), and calculated parameters 230
such as Npg, Npgo, the initial average aggregation number (Q,), 281
we repeated fitting until achieving unchanged (R.,..); (Figures 282

[
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(a) BO(9-6)

100 nm

(b)

BO(15-10)

h

BO(9-12)

BO(15-1

BO(9-13) BO(9-19)

7) BO(15-22)

Figure 2. LP-TEM images of initial micelles for 0.25 wt % solutions of (a) BO(9-y) and (b) BO(15-y) in [C,MIM][TFSI].

Table 2. Initial Micelle Dimensions for 0.25 wt % Solutions in [C,MIM][TFSI]

sample (Ry)" (nm) (u2/T2)" (Regge)s” (nm) Q’ (Reore)s (nm)* (Ocore)s (nm)*°
BO(9-6) 32 0.102 18.7 1540 18.1 14
BO(9-9) 34 0.058 18.6 1520 17.6 14
BO(9-12) 38 0.046 18.4 1470 17.8 1.0
BO(9-13) 40 0.060 18.5 1500 18.1 1.2
BO(9-19) 46 0.100 17.4 1250 17.4 1.9
BO(15-10) 43 0.067 24.7 2180 22.8 1S
BO(15—14) 46 0.034 234 1870 217 1.7
BO(15-17) 48 0.062 23.0 1770 21.1 1.3
BO(15-22) 52 0.032 23.6 1920 21.6 1.3

“Determined from DLS at 25 °C. “Calculated by fitting the SAXS profiles. “Obtained from TEM. BO(x—y): PB-b-PEO samples where x and y

denote M, of the PB and PEO blocks (kDa).

B BO(9-y)_<Ry> O BO(9-Y)_<Rue>i
® BO(15-y)_<R,> © BO(15-y)_<R ;i
60 -
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PEO
Figure 3. Dependence of (R); (filled) from DLS and (R.); (open)
from SAXS of initial micelles of BO(9-y) (pink squares) and BO(1S-

y) (blue circles) on the Npgq. All the values are summarized in Table
2.

283 S10, S11 and Table S4). In the BO(9-y) series, despite Mppo
284 varying from 6 to 19 kDa, (R...); only experienced a small
285 change, ranging from 18.7 to 17.4 nm. Similarly, for the
286 BO(15-y) series, the variation in (R.y.); with respect to the

Mpgo was only 1.7 nm. This trend aligns well with the 287
approximation of the solvent-free core, where R, is 288
predominantly influenced by N, following the scaling 289
relationship, R ~ Neo''>." As shown in Figure S12, the 290
increase in (R.); with N, aligns with the theoretical 201
prediction. Subsequently, the average aggregation number, Q; 292
was calculated using the expression Q = (47(Rre)®)/3Vorer 293
where the core block volume V. is (M, core/ Peore)/Nav), and 204
the results are summarized in Table 2.

TEM images presented in Figure 2 enable clear visualization
of the micelle cores derived from the PB block, which appear
bright due to their lower electron density. This makes them
easily distinguishable in [C,MIM][TFSI] without the need for
staining. Therefore, through statistical analysis based on the
TEM images, the micelle core size (R.,.); and size dispersity
can be obtained (detailed in Table 2). As with the SAXS, the
TEM data show comparable average micelle core sizes for BO
micelles were identical Npg: the (R..); values for BO(9-y) 304
micelles were in the range of 17.4—18.1 nm, and those of 305
BO(15-y) micelles ranged from 21.1—22.8 nm, with a narrow 306
standard deviation (6,,,, < 2 nm). The estimated (R.,,.); values 307
obtained from TEM analysis closely align with those calculated 308
from SAXS data, confirming the reliability and accuracy of the 309
results obtained from both techniques in determining the 310
initial micelle core sizes (Table SS). 3l

Fragmentation Kinetics of BO Micelles by Annealing 312
at 170 °C. Using the as-prepared, well-defined BO micelles, 313
we investigated their fragmentation kinetics by temperature- 314
jump experiments. The filtered micelle samples, prepared in 315
sealed glass tubes under vacuum conditions, were monitored 316
by DLS at 170 °C. The time-dependent average micelle size, 317
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Figure 4. Time dependence of normalized (R,), R(t), for (a) BO(9-y) and (b) BO(1S-y). Solid lines represent best fits to eq 1. The curves are

shifted vertically for clarity.

318 denoted as (R, ), was measured in situ at regular time intervals.
319 Considering that this is a single-angle measurement (6 = 90°),
320 there is relatively more uncertainty in each value of Ry, but
321 nevertheless, the normalized change in radius, R(f), can be
322 employed to extract fragmentation time constants. As in
323 previous reports, R(t) was found to be well-described by a
324 compressed exponential function.'®'® In eq 1, both (R,); and
325 (Ry)¢ correspond to the average hydrodynamic radii of the
326 micelles before and after fragmentation. The parameter ¢ is the
327 annealing time, 7 represents the characteristic fragmentation
328 time, and n denotes the corresponding exponent.

(Ry) = (Ry)

R(t) = = exp[—(t/7)"
329 ( ) <Rh>i - <Rh>f XP[ ( / ) ] (1)
330  Figure 4 displays the time-dependent behavior of R(¢) for all
331 BO micelle solutions. To enhance clarity, the relaxation curves
332 for different BO micelles have been vertically shifted. An
333 increase in the Mpy block from 9 to 15 kDa leads to rightward
334 shifts in the decay curves, indicating slower kinetics. The
335 experimental data for relaxing all BO micelles exhibit a good fit
336 to the Avrami expression (eq 1), and the obtained kinetic
337 parameters, ¢ and n are summarized in Table 3. Interestingly,

Table 3. Relaxation Time, 7z and Exponent n Determined
by T-Jump In Situ DLS

sample 7 (min) n sample 7 (min) n
BO(9-6) 150 + 8 1.2 BO(15-10) 530 + 12 1.2
BO(9-9) 240 + 7 1.8 BO(15-14) 590 + 22 1.0
BO(9-12) 260 + 7 1.0 BO(15-17) 740 + 24 1.0
BO(9-13) 270 + 11 1.0 BO(15-22) 790 + 17 1.8
BO(9-19) 470 + 19 1.9

338 the fragmentation time f increases strongly with increasing M,
339 of both PB and PEO blocks. For instance, BO(15—22)
340 micelles took five times longer to fragment compared to
341 BO(9—6) micelles. A distribution of exponents from single (n
342 = 1) to compressed (n = 2) relaxation was found, without any
343 clear dependence on block length (Figure S14, S15).

To characterize the near-equilibrium micelles after anneal- 344
ing, DLS and SAXS measurements were carried out again and 345
results are summarized in Table 4. For all BO micelles, both 346 t4

Table 4. Final Micelle Dimensions after Annealing

sample (Ry)* (nm)  (p2/T2)¢  (Regpe)i” (nm) Q  Q/Qf
BO(9-6) 30 0.060 18 1390 1.1
BO(9-9) 32 0.050 17.7 1310 12
BO(9-12) 34 0.022 17.2 1210 12
BO(9-13) 36 0.020 17.8 1320 1.1
BO(9-19) 38 0.055 15.3 850 1.5
BO(15-10) 42 0.007 23.3 1840 1.2
BO(15-14) 43 0.044 22.7 1690 1.1
BO(15-17) 44 0.018 21.9 1520 12
BO(15-22) 45 0.012 20.5 1250 15

“Measured by DLS at 25 °C. “Calculated by fitting the SAXS profiles.

the total micelle size, (Ry)5 and associated dispersity ({u,/T*)) 347
decreased as micelles fragmented. In the BO(9-y) micelles 348
series, the (R ) values were found to increase from 30 to 38 349
nm as the M of PEO block increased; however, the (R, 350
values obtained from SAXS were even slightly reduced from 351
18.0 to 15.3 nm (Table S6 and Figures S16, S17). When we 3s2
compared Q; calculated from the (R...) ¢ with Q; in Table 2, 3s3
the decrease in Q for BO(9-y) micelles after fragmentation 3s4
with increasing Nppo was 11, 14, 18, 11 and 32%, which are all 355
less than expected for complete fragmentation (i.e., if each 3s6
initial micelle were to break into two). The same is true for 3s7
BO(15-y) micelles, with a similar range of 10—34%. 3ss
Accordingly, the calculated ratio Q;/Qg also ranges from 1.1 359
to 1.5, consistently less than 2 (Table 4). The implication is 360
that only a portion of each initial micelle population undergoes 361
fragmentation, as can also be discerned from the overlap 362
population profiles before and after annealing from DLS 363
(Figure S20). We have confirmed that no degradation or cross- 364
linking of BO micelles occurred during annealing at 170 °C, 365
using SEC in THF (Figure S21). TEM imaging also confirms 366
uniform micelle structures and the core size distribution of 367
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Figure S. (2) 3D projection of (Npg), (Npgo) and fragmentation time (7). (b) Dependence of 7 of BO(9-y)s (pink squares) and BO(15-y)s (blue
circles) on Npg and Npgo. Solid lines represent the best fits for all BO(x—y)s, 7 ~ 0.007 X Npg' %% x Nppo***%! (R? = 0.962). BO(x—y): PB-b-
PEO samples where x and y denote M, of the PB and PEO blocks (kDa).
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Figure 6. Combined kinetic data of previous BOs (gray hexagons) and new ones (blue circles) in this work. (a) Most of data explained well with
the fitting line 7 ~ 0.007 X Npp"**%2 X Nppo*t0! (R, = 0.962), except for BO(10—9) and BO(53—46). (b) New fitting line represents the best fits

for all BO(x—y)s, 7 223¢; 0.11 X Npp"'*%3 x Nppo®¥*%% (R* = 0.981).

368 equilibrated BO micelles, consistent with the SAXS data
369 (Figures S22, S23 and Table S7).

370 To quantitively analyze the dependence of fragmentation
371 time 7 on M of each block, we first present 7 values versus Npg
372 and Npgg in a 3D plot (Figure Sa). Clearly, 7 increases with
373 both increasing Npg and Npg(. Since previously it was reported
374 that 7 followed the scaling 7 ~ Ny ***! with BOs having a
375 near constant fppo & 0.4, here, we fitted the data to separate
376 power laws for both (Npg) and (Npgo) for all BO(x—y)s (eq
377 2).
g T~ AX <NPB>B X <NPEO>C (2)
379 The data are well-described by power laws (Figure Sb),
380 giving the scaling 7 ~ (Npg)"**%2 X (Npp )60 (Figure S24).
381 It should be noted that the total scaling exponent is 2.0, similar
382 to 1.8 in the previous result."® To confirm the reliability of the
383 experimental scaling, we combined the new data with the
384 previous set. When all the 7 values were fit together to the
385 specific scaling as (Nps)'* X (Npgo)®S, most of the data are
386 well described, except for two outliers (Figure 6a). If we fit the
387 combined kinetic data together by eq 2, not using the fitting
388 result in Figure Sb, the resulting exponents are changed slightly
389 to 1.1 % 0.3 for (Npg) and 0.5 % 0.3 for (Npgo) with 1.6 as the
390 total scaling exponent (Figure 6b and S26). Accordingly, we

propose that the experimental scaling, 7 ~ (Npp)'**** X 301
(Nppo)®*%1, captures the dependence of the fragmentation 392
time on each block length. 393

In a previous study, we examined the total M dependence of 394
BCP micelle fragmentation at fixed copolymer composition, 395
and found that the fragmentation time 7 scales as Nyo *=". In 396
light of the Dormidontova scaling theory, we tentatively 397
concluded then that the N, dependence might by dominated 398
by the dependence on N,,. In this picture the role of the 399
corona chains in fragmentation process would be more 400
significant than the role of the core chains, due to extreme 401
corona crowding in the transition state. However, the present 402
study does not support this hypothesis, where it is evident that 403
the core block plays a significant role. To gain more insight 404
into the stronger influence of the core block length on micelle 4o0s
fragmentation kinetics, it is worth comparing several previous 406
reports on the impact of core and corona block lengths in 407
micelle fragmentation, both for copolymers and for surfactants. 408

Halperin and Alexander made the first prediction of the 409
activation free energy for BCP micelle fragmentation.'” They 410
suggested a negligible coronal contribution, and dominant core 411
interfacial tension and elastic free energy of the core block, 412
resulting in a scaling of the barrier Eg,; ~ N, 23 In their 413

core
picture of the fusion process, Egg, is primarily attributed to 414
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coronal interactions, despite being the inverse of fragmenta-
tion. Conversely, Dormidontova presented a combined scaling
model for fusion and fragmentation of BCP micelles. In this
analysis, fragmentation is viewed as the inverse process of
fusion, thereby proceeding through the same intermediate
stages. Therefore, the characteristic fragmentation time to
reach the activated state is the same as that for micelle fusion.
Three characteristic times associated with the fusion process
are suggested: (i) micelle diffusion time, (ii) time for
“deformation” of micelle coronas, and (iii) time for micelle
cores to merge. Among them, coronal relaxation (i) was
considered the largest time, leading under certain conditions to
the result 7 ~ N,

As for fragmentation of surfactant micelles, pioneering
experiments were done by Rharbi and Winnik,>™*’ and
simulations by Pool and Bolhuis and also by Markvoort et
al”** In a study of TX100 surfactant micelle fusion using
fluorescent decay measurements, two energy barrier contribu-
tions to fusion were proposed: one related to coronal
interactions, causing an entropic hydration barrier to close
approach of the micelle cores, and the second involving micelle
core rearrangements. For TX100 micelles, coronal chains
interactions were found to be the primary barrier to fusion, in
qualitative alignment with the prediction from Dormidonto-
va.’® The dependence of fragmentation rate on the M of
triblock copolymers was investigated both theoretically and
experimentally.”” Analysis of the fragmentation time with
respect to N, was conducted using both crew-cut and starlike
micelles from Pluronic polymers. The results suggested that
fragmentation is primarily dominated by the core interfacial
tension, in qualitative agreement with the prediction from
Halperin and Alexander, with a scaling of In(7g,,) ~ N5
This work highlights the significant role of the core-forming
block in the fragmentation process, and underline the
importance of considering the energy barrier to fragmentation
and fusion separately.

Myrhe et al. observed a surfactant-mediated fragmentation
process in BCP micelles, with a strong dependence on the core
block length.”® Upon adding sodium dodecyl sulfate (SDS) as
a surfactant, the short hydrophobic core block was solubilized
and mixed with SDS, leading to an increase in aggregation
number, and subsequent breaking into small micelles. Wu et al.
investigated fragmentation kinetics in polyelectrolyte complex
micelles (PEC micelles) using salt-jump or temp-jump
experiments.”’ PEC micelles are multicomponent systems
with positively charged blocks, negatively charged blocks, and
coronal blocks, which complicate micellar dynamics. There-
fore, the ionic PEC micelle cores may be fluid and contain
large amounts of water (ca. 30—90%). The proposed
fragmentation model consists of three successive stages: (i)
changes in interfacial tension upon adding salt, (ii) separation
of the swollen micelle core into two intermediate micelles with
the cores in contact and the overlapping corona areas, and (iii)
separation into individual micelles with the elimination of
corona overlap. The core swelling (ii) was predicted to be rate-
limiting because it involves the compartmentalization of the
polymer chains in the core and redistribution of the corona-
forming chains. Therefore, the M dependence of the micelle
fragmentation relaxation time is ln(Tfrag) ~  Nignic (Core)(’/ 5
broadly consistent with the findings of Rharbi and Halperin.

We can also derive insight from the simulation study on the
M dependence on fragmentation kinetics. Markvoort et al.
simulated the fragmentation process of lipid vesicles using a

coarse-grained model.”” The study showed that tail—tail
interactions in the inner vesicle layer have a more significant
effect on the fragmentation rate than head—head interactions
in the outer vesicle layer. The fragmentation process involves
membrane deformations and perturbations, forming a neck-
like or peanut-like shape, which was demonstrated in our
system as well.’”” Subsequently, self-fusion of the outer
monolayer completes the fragmentation. Other simulations
of surfactant vesicle fragmentation also suggested that micelle
fragmentation progresses through a dumbbell-like morphology,
involving the formation of a long and narrow stalk with highly
interdigitated surfactants.”> This indicates that core block
rearrangement in the transition state of fragmentation process
may govern the activation energy barrier. It also raises the
intriguing possibility of a metastable intermediate state along
the fragmentation pathway, an issue that we intend to consider
further in a subsequent report. In any event, all the above
papers suggest that the barrier for micelle fragmentation is
significantly influenced by the rearrangement of core block
chains in the transition state, more so than the repulsion
between corona block chains.

B CONCLUSIONS

In this work, we investigated the separate effects of the two
block lengths on micelle fragmentation kinetics, using a newly
synthesized series of PB-b-PEO (BO) diblocks. Specifically, we
prepared BO diblocks with varying Npg and Npgg, resulting in
the formation of spherical micelles at 0.25 wt % in
[C,MIM][TFSI]. By monitoring the decrease in micelle size
during annealing at 170 °C through T-jump DLS, we observed
that some fraction of BO micelles undergo equilibration via
fragmentation. The characteristic fragmentation times (7),
determined by fitting the normalized change in micelle size to
a compressed exponential, were found to strongly depend on
the molecular weight (M) of each block, where 7 ~ (Npg)'* X
(Npgo)®®. While there remain various views regarding the
scaling of 7 with respect to the M of the core and corona
blocks, some theoretical models and experimental results also
predicted a stronger effect of the core block length in
fragmentation kinetics, as we observed here (scaling exponent
1.4 > 0.6). This suggests that the activation energy for micelle
fragmentation may be more influenced by the rearrangement
of the core block chains in the elongated micelles rather than
the crowding of corona block chains near the neck point of the
elongated “peanut-like” micelles in transition state. In contrast
to micelle fusion, where two micelles approach each other,
overcome corona block repulsion, and merge, micelle
fragmentation occurs when one micelle elongates its surface,
rearranges the micelle core into two sphere-like volumes, and
subsequently resolves the corona block repulsion to facilitate
fragmentation. Consequently, the transition state in the micelle
fusion process with the highest energy is likely two micelles
attached together, overcoming corona block repulsion.
However, the transition state in the micelle fragmentation
process may involve highly elongated micelles that have to
rearrange core block chains and overcome corona block
repulsion, simultaneously.
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