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ABSTRACT: The fragmentation kinetics of 1,2-polybutadiene-b-

poly(ethylene oxide) (M, = 17.2 kDa and fpgo = 0.38) block ngher 7 Oeq
copolymer micelles have been examined with an emphasis on Slower

elucidating the role of driving force for micellar fragmentation,

represented by the aggregation number ratio Q/ QEE Large micelles

with size Q > Q,, were formed in an ionic liquid [C,mim][TFSI] Lower

by the direct dissglution method. A broad range of Q/Q., was then 7 ) O
obtained by altering the solvent quality after micelle formation by 0 Faster

addition of a second solvent, selected from a series of imidazolium-
based ionic liquids [C,mim][TFSI] with x = 2, 4, 6, 8, 10, and 12.
In order to quantify the change in solvent quality by dilution, the interfacial tension y between the different ionic liquids and 1,2-
polybutadiene homopolymer was determined using the pendant drop method. Micelles in a solution diluted with a second ionic
liquid with x > 2 were equilibrated by high-temperature annealing at 170 °C, during which in situ dynamic light-scattering
measurements were made to follow the decay of average micelle size with time. Micelles were further characterized using small-angle
X-ray scattering and cryogenic transmission electron microscopy to obtain micelle core size distributions. Q. and y were found to
exhibit a power-law correlation, Q.q ~ ¥*/%, in accordance with the scaling prediction for star-like micelles. The reduction in 7 on
dilution with a lower y solvent (x > 2) results in a smaller equilibrium micelle size, enabling access to a higher Q/Q.,, in the range
from 1.1 to S. The rate of fragmentation was found to increase significantly with an increase in Q/Q., thus the greater
thermodynamic driving force leads to a systematic acceleration of fragmentation kinetics. The detailed mechanism by which micelles
with Q > Q.4 achieve Q. remains to be elucidated; the data suggest that it is not a sequential process but concerted.

€q

Bl INTRODUCTION Typically, as-prepared BCP micelles are out of equilibrium
and can exhibit a broad size distribution that depends upon the
preparation method. Through processes of relaxation, the as-
prepared micelles attain a nearly monodisperse equilibrium
size. The relaxation can be followed as a function of time by
subjecting as-prepared micelles to jumps in temperature,
pressure, flow conditions, or solvent quality. Fragmentation,
fusion, and single-chain exchange are the key mechanisms
responsible for equilibration of BCP micelles. Significant
progress has been made toward developing an understanding
of the equilibration process of surfactant micelles, both
theoretically and experimentally.”*~>* Micellar equilibration
can be monitored by temperature-jump, pressure-jump, and
stopped flow methods. Experimental techniques such as light
absorption, fluorescence, small-angle neutron scattering

Block copolymers (BCPs) self-assemble into a variety of
nanostructures in bulk as well as in solutions with selective
solvents.'® Precise control of the polymer block fraction,
chain architecture, temperature, concentration, and solvent
selectivity results in a myriad of interesting nanostructures,”
particularly spherical, cylindrical, or planar micellar par-
19713 Of particular interest for the present study is
core—shell spherical BCP micelles, which find a diverse range
of applications in biology, biomedicine, and various industrial
processes such as viscosity modification and nanotemplat-
ing."*~"” While the equilibrium morphology of micellar
structures is well-documented, understanding of the dynamics
and mechanisms responsible for the formation and equilibra-
tion of the micellar structures is still incomplete.”® A

ticles.

comprehensive picture of the kinetics of micellar relaxation (SANS), and small-angle X-ray scattering (SAXS) have been
processes is important to realize the full potential of BCP

micelles. Concurrently, ionic liquids (ILs) have received Received: March 30, 2023

increased attention due to their fascinating physico-chemical Revised:  June 2, 2023

properties.”’ ILs can be attractive solvent media for micelle

formation because of their superior thermal and chemical
stabilities, extremely low vapor pressure, and tunable cohesive
energy density.””
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employed extensively to study micellar relaxation.”*™*’ It

should be emphasized that the kinetics of BCP micelle
relaxation take place over substantially longer timescales
(typically ranging from minutes to days) than surfactant
micelles (microseconds to milliseconds).”*™** For BCP
micelles, notable progress has been made in studying single-
chain exchange between two micelles when close to
equilibrium.33_42 However, the equilibration dynamics of
micelles with sizes far from equilibrium remain largely
unexplored.”’

Micelles of various sizes can be prepared from a single BCP
using different methods of formation, allowing investigation of
the relaxation of micelles with sizes on either side of
equilibrium.43 For example, Meli et al. prepared large micelles
of 1,2-polybutadiene-b-poly(ethylene oxide) (BO) in 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([C,mim][TESI]) using a direct dissolution method.”* The
authors examined the relaxation of these kinetically trapped
micelles during prolonged annealing at elevated temperatures
by in situ dynamic light scattering (DLS) measurements. The
time decay of the normalized average hydrodynamic radius was
found to be well-described by an Avrami-type compressed
exponential function with an exponent n = 2 and a
characteristic relaxation time of a few hours."> More recently,
Early and Lodge studied the effect of solvent quality on the
relaxation of kinetically trapped similar BO micelles in different
imidazolium-based ILs.*® The relaxation kinetics were found to
be independent of solvent quality and concentration,
suggesting that the micellar relaxation is dominated by
fragmentation, a first-order process. For the same system,
time-resolved SANS experiments revealed the absence of
significant chain exchange over this time scale even at 200 °C,
confirming fragmentation to be the dominant mechanism.
Recently, time-resolved liquid-phase transmission electron
microscopy (TEM) imaging provided direct evidence of
fragmentation.”” The micelle morphology transitions sequen-
tially from a large spherical micelle to a prolate spheroid to a
“peanut-shaped” particle, which pinches off leading to the
creation of daughter micelles. These findings were comple-
mented with SAXS measurements of average micellar core size.
Analogous time-resolved SANS, SAXS, and TEM techniques
have been employed previously to examine the kinetics of
other morphological transitions in micelles.**>°

Previously, kinetic parameters for fusion and fragmentation
processes for PEO-b-PPO-b-PEO in water have been estimated
using a fluorescence decay method.”"** In addition to
experiments, theoretical studies also provide useful insight
into the evolution of micelle structure during fragmentation/
relaxation. The characteristic fragmentation time 7 is
conjectured to depend on several parameters such as the size
of core- and corona-forming blocks (N and Nion), the
interfacial tension y between the core-forming block and
solvent, the ratio of initial to final micelle aggregation number
(Q/ Qeq), and temperature.32 Prior experimental studies have
attempted to resolve the dependence of 7 on these parameters,
yet several questions remain unresolved. In particular, for large
micelles, the role of micelle size ratio, Q/ Q. indicating the
departure of the as-prepared micelle size from equilibrium,
needs to be examined closely. The ratio Q/Q, is 2 measure of
the driving force for micellar fragmentation, which could
therefore strongly influence the kinetics. The experimental
methodology adopted in most prior studies did not allow
systematic variation of Q/Q.q over a broad range; rather, it was

45,46

nearly fixed, typically ca. 1.5 to 2. For BO copolymers far
from equilibrium, the fragmentation time was reported to
depend strongly on the polymer chain size (z ~ N'®), but in
this case, Q/Q.q ~ 2 for each N.>* A recent study introduced
an experimental methodology that enables variation of Q/Q.,
over a broader range, ca. 1.5-6.>* The protocol involves
changing the solvent quality after micelle preparation. As-
prepared micelles in [C,mim][TFSI] were diluted with
[C,omim][TESI] to different degrees of dilution at room
temperature, preserving the initial size. Upon subsequent
heating, micelles undergo fragmentation in a mixed solvent
with lower y between the micelle core and solvent, which
reduced Q,q and thereby increased Q/Q.q

The present study adopts a similar methodology to study the
role of Q/Q., on fragmentation kinetics. The fact that
equilibrium micelle size is greatly influenced by y between
the solvent and the core-forming block is used to achieve a
variation in Q/Q.q In the previous study, y of the solvent
medium was varied by varying the amount of the second
solvent being added. Here, however, the solvent quality is
altered by addition of a second IL chosen from a homologous
series with different-length alkyl group (x) on the imidazolium
cation [C,mim][TFSI]; the polymer concentration remains
fixed. Since y controls Q/Q.,, measurements of y between a
1,2-polybutadiene (PB) homopolymer and eight different
imidazolium-based ILs were made using a pendant drop
method. The micelles were characterized by in situ DLS during
relaxation following a T-jump to 170 °C. Micelles were further
characterized using SAXS and cryo-TEM to estimate the core
size and its distribution.

B EXPERIMENTAL SECTION

Materials and Characterization. A diblock copolymer, BO, was
synthesized previously by anionic polymerization.”> The diblock
copolymer is referred to as BO(9—8) with the numbers in parentheses
indicating the number-average molecular weight of each block in kDa.
Size-exclusion chromatography (SEC) with multiangle light-scattering
detection (Wyatt Instruments DAWN) and proton nuclear magnetic
resonance spectroscopy (‘H NMR) was performed to determine the
polymer number-average molecular weight (M,), dispersity (P), and
frro- For BO(9—8), M, pp = 9.4 kDa, M, pgo = 7.8 kDa, fpgo = 0.38,
and P = 1.14. A 1,2-PB homopolymers were synthesized previously,
with M, = 4.8 kDa and P = 1.06.>* The following series of ILs was
purchased from IoLiTec: 1-methyl-, 1-ethyl-, 1-butyl-, 1-pentyl-, 1-
hexyl-, 1-octyl-, 1-decyl-, and 1-dodecyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide 99%, denoted as [C,mim][TFSI],
with x = 1, 2, 4, 5, 6, 8, 10, and 12, respectively. The ILs used in
the study are molten salts at room temperature. The IL cations and
anions consist of bulky, charged small molecules. The chemical
structure of IL [C,mim][TFSI] is presented in Figure 1. The diblock
copolymer and all ILs were characterized by '"H NMR. The '"H NMR
spectrum for the polymer was collected in deuterated chloroform, and
spectra for the ILs were obtained in deuterated dimethyl sulfoxide
using a Bruker AVANCE HD 500 spectrometer. The Supporting
Information contains the SEC chromatograms and NMR spectra for
polymers and ILs.

Dynamic Light Scattering. DLS measurements were carried out
on micellar samples at room temperature using a multiangle DLS
instrument with a Brookhaven BI-200SM goniometer coupled with a
Brookhaven BI-9000AT correlator and 637 nm laser source. The in
situ DLS experiments at 170 °C were carried out on home-built
equipment consisting of a Brookhaven BI-DS photomultiplier
mounted onto an adjustable goniometer, equipped with a 488 nm
Lexel Ar* laser and a Brookhaven BI-9000 correlator. Sample
temperature was kept within +0.5 °C using a silicon oil bath. The
samples, made dust-free using 0.45 pm polytetrafluoroethylene filters,
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Figure 1. Interfacial tension between 1,2-polybutadiene (PB, M, = 4.8
kDa) and a series of imidazolium-based ILs [ C,mim][TESI] at 70 °C.
Chemical structure of 1-alkyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl imide)-based ILs ([C,mim][TFSI], where x
=1,2,4,5,6,8, 10, and 12).

191 were directly placed into clean oven-dried glass tubes with an ID of
192 5.1 mm. The sample glass tubes were subsequently flame-sealed under
193 vacuum to avoid moisture contact and prevent polymer degradation.
194 Light scattering was performed at multiple angles ranging from 60 to
195 120°, unless otherwise noted. The calculation of the apparent average
196 hydrodynamic radius, (Ry), of the micelles from DLS intensity
197 measurement is described in the Supporting Information. The size
198 dispersity, D, is obtained from the reduced second cumulant.

199 Small-Angle X-ray Scattering. SAXS measurements were
200 performed on micellar solutions before and after fragmentation at
201 room temperature. SAXS measurements were carried out at the
202 Advanced Photon Source, Argonne National Laboratory, on the
203 Sector S-ID-D beamline. The samples were filled into borosilicate
204 capillaries (diameter 1.5 mm), which were subsequently sealed with
205 epoxy under an argon atmosphere inside a glovebox. 2D SAXS
206 intensity data were collected using a Rayonix MX170-HS CCD area
207 detector with a sample-to-detector distance of 8.5 m. The sample
208 exposure time to X-rays (4 = 0.729 A) was kept at 0.5 s. By integrating
209 the isotropic 2D scattering data, 1D scattering curves I vs wavevector
210 q were constructed. The background scattering emanating from the
211 solvent and glass capillary was subtracted.”> The background-
212 corrected intensity profiles were fit with a core—shell micelle
213 model; the Percus—Yevick structure factor was used to fit data for
214 the as-prepared micelles.”**”

215 Cryogenic Transmission Electron Microscopy. Cryo-TEM
216 imaging was conducted on micelles in both pre- and postfragmenta-
217 tion states. TEM grids with lacey formvar coatings stabilized by
218 carbon were procured from Ted Pella, Inc. Approximately, 0.25 uL of
219 the sample was drop-casted directly on the TEM grid. The excess
220 solution was removed using filter paper. The sample grid was then
221 manually dropped in liquid nitrogen at around —190 °C prior to
222 imaging. The imaging was performed on FEI Tecnai G2 F30 field-
223 emission gun TEM, operated at 300 kV accelerating voltage. A Gatan
224 626 cryo-holder was maintained at —175 °C while imaging. A Gatan
225 UltraScan 4000 4k X 4k CCD camera was used to record digital
226 images. Image analysis was performed using Image]J software.

227 Interfacial Tension Measurement. The interfacial tension y
228 between a series of ILs and the core-forming polymer block PB was
229 determined using pendant drop tensiometry on a Kruss DSA-30S
230 drop shape analyzer as previously described®* using standard
231 procedures.”®*” A droplet of IL was suspended in a reservoir of PB
232 homopolymer at 70 °C. Measurements were taken for multiple
233 droplets for a given IL, and for each droplet, multiple frames or
234 measurements were collected. Figure S1 demonstrates the resulting y
235 values between the PB homopolymer and eight different ILs, i,
236 [C,mim][TFSI] with x = 1, 2, 4, S, 6, 8, 10, and 12. Step numbers
237 denote the individual measurements taken from multiple droplets.
238 The y values are listed in Table S1, and the corresponding pendant
239 drop profiles are presented in Figure S2. Each droplet shape

—_ =

—

characterizes a particular value of y. Figure 1 demonstrates the 240
dependence of y on the length of the alkyl chain on the imidazolium 241
ring, x. As x increases from 1 to 12, y between PB and the IL 242
decreases monotonically from 13.6 to 2.2 mN/m. Thus, an IL with a 243
higher x becomes comparatively more favorable toward the PB 244
polymer block and the solvent becomes less selective. The key 245
implication of lowering y is a reduction in equilibrium micelle size 246

. 247

anmpIe Preparation. A master micellar solution was prepared by 248
direct dissolution of BO(9—8) in [C,mim][TFSI], “IL1”, with a 249
polymer concentration of 1 wt %. The sample was stirred vigorously 250
at 70 °C for 24—48 h. The solution of as-prepared micelles in 251
[C,mim][TFSI] was then diluted by the addition of a second IL, 252
“IL2”, from the [C,mim][TFSI] series (x > 2), reducing the polymer 253
concentration to 0.1 wt %. The dilution was carried out in a careful 254
manner so that the existing micelles remain unchanged in both mean 255
size and distribution. Due to the lower y for IL2, dilution results in an 256
overall reduction in ¥ of the solvent mixture surrounding the micelles, 257
amounting to a y-jump for the as-prepared micelles. After the y-jump, 258
micelles were heated to 170 °C, followed by annealing, the process 259
being commonly referred to as T-jump, during which micelles attain 260
an equilibrium state, primarily (or even exclusively) through 261
fragmentation. 262

B RESULTS AND DISCUSSION 263

Fragmentation Kinetics in a Single IL. First, fragmenta- 264
tion kinetics were studied for the as-prepared micelles in IL1 265
([C,mim][TFSI]). A master solution of 1 wt % BO(9—8) in 266
[C,mim][TFSI] was prepared. The initial hydrodynamic 267
radius was found to be relatively large ((Rh>i ~ 70 nm) and 268
disperse (B; ~ 1.27). The sample was subjected to a T-jump, 269
followed by annealing at 170 °C to approach the equilibrium 270
state, during which the time-dependent average micelle size 271
(Ry(t)) was measured using in situ DLS. The normalized 272
average hydrodynamic radius of the micelles varying with time, 273
R(t), is expressed using the compressed exponential function 274

_ (Ry(t)) — (Ry(e0)) — expl—(¢/7)"
R(0)) = (Ry(ooyy /)] (1) 1

Here, (R,(0)) = (R,); and (R,(0)) = (R,) represent 276
average hydrodynamic radii of the micelles before and after 277
fragmentation, respectively, 7 denotes the characteristic 278
fragmentation time, and n is the exponent. The time 279
dependence of R(t) is presented in Figure S3a. The 250
experimental data were fit to eq 1 to obtain the kinetic 281
parameters 7 and n. As-prepared micelles in [C,mim][TFSI] 252
are found to relax with 7 = 260 min and n & 1.7, in agreement 283
with previous studies.**® The initial micelles equilibrate to 284
generate smaller and relatively narrowly dispersed micelles 2ss
with (R, ); & 29 nm and B; &~ 1.02, as presented in Figure S3b. 286

Fragmentation Kinetics in Mixed ILs. The master 287
solution of 1 wt % as-prepared micelles of BO(9—8) in 28
[C,mim][TFSI] was diluted by adding IL2 such that the 289
polymer concentration dropped to 0.1 wt %. Dilution is 290
achieved in a controlled manner such that the size distribution 291
of the as-prepared micelles remains unchanged. Altering the 202
solvent quality by the addition of a lower y solvent, referred to 293
as y-jump, was followed by a T-jump to induce fragmentation. 294
As with IL1 alone, micelles approach equilibrium during high- 295
temperature annealing, and R(f) was monitored by in situ 296
DLS. Figure 2 displays the average micelle size as a function of 297 2
time, R(t), for the six different pairs of ILs. As IL2 goes from 298
[C,mim][TFSI] to [C,,mim][TFSI], the decay curves 209
progressively shift to the left, indicating faster kinetics. For 300

R(t)
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Figure 2. Time decay of the normalized average hydrodynamic radius
R(t) of the BC micelles in different pairs of mixed ILs at 170 °C. The
solid lines represent best fits to eq 1. The polymer concentration was
fixed at 0.1 wt %.

301 all IL2s, the experimental data fit the Avrami expression (eq 1)
302 well. The resulting two kinetic parameters, 7 and n, are
303 summarized in Table 1. The initial size of the micelles is
304 essentially independent of dilution (except for [C,,mim]-
30s [TFSI], which possibly initiates some fragmentation at room
306 temperature). The as-prepared micelles with size around 70
307 nm attain near-equilibrium sizes that depend on the choice of
308 IL2: (Ry,); gradually decreases from 29 to 22 nm as the IL2 is
309 changed from [C,mim][TFSI] to [C,,mim][TFSI]. After
310 relaxation, the micelle size distribution becomes quite narrow,
311 with By < 1.03 for all IL2s. The corresponding regularized
312 positive exponential sum (REPES) analysis is presented in
313 Figure S4. Interestingly, the characteristic fragmentation time,
314 7, is found to decrease significantly upon dilution with a
315 progressively lower ¥ solvent: as x increases from 2 to 12, 7
316 decreases from 216 to 10 min. Whereas 7 decreases, the
317 exponent n & 2 irrespective of IL2.

318 To further characterize the micelles before and after
319 relaxation, SAXS measurements were carried out to obtain
320 the average micelle core radius (R.,.), which provides an
321 estimate of the mean micelle aggregation number Q. Figure 3a
322 shows I(q) profiles for 1% BO(9—8) micelles in pure
323 [C,mim][TFSI], before and after fragmentation. The spherical
324 form factor is clearly evident in both cases. The micelle core
325 radius can be calculated from the first minimum in I(q) as
326 (Regre) & 4493/ A shift to a larger value for g, indicates
327 a decrease in (R.,.) after fragmentation. Based on (R...)
328 values obtained from SAXS for the as-prepared micelles
329 ((Rere) = 17.4 nm), the average aggregation number for
330 micelles before fragmentation was determined to be Q & 1350,
331 assuming the micellar core to be solvent-free. After
332 fragmentation, the average aggregation number attains an
333 equilibrium value of Q. & 1275. Thus, the initial size ratio Q/

Q.q for the equilibration of as-prepared micelles in [C,mim]- 334
[TFSI] is estimated to be around 1.1. This modest change 335
suggests that many of the initial micelles do not, in fact, 336
undergo any fragmentation in this solvent. 337

SAXS measurements were also carried out for the micelles 333
equilibrated after dilution. It should be noted that for the 339
diluted samples, the characteristics of the micelles before 340
fragmentation are assumed to be the same as those for the as- 341
prepared micelles in IL1, depicted in Figure 3a. Figure 3b 34
shows the background-corrected I(q) curves for the micelles 343
after fragmentation for different IL2s. As IL2 changes from 344
[C,mim][TFSI] to [C;,mim][TESI], the first minimum in 345
I(q) shifts to larger g, indicative of decreasing (R.oe)- (Rore)s 346
and 6., (standard deviation of the core radius) were obtained 347
by fitting I(q) profiles with the core—shell model.’® The 3s
decrease in (R ) upon dilution with an IL with larger x 349
reflects the decrease in y of the solvent mixture. Table 2 350
summarizes the micelle characteristics estimated from SAXS. 3s1
(R ore)y decreases from 17 nm for IL2 having x = 2 to 10 nm 352
when IL2 with x = 12; 0, remains small for all IL1-IL2 pairs. 3s3
Consequently, Q., decreases from 1250 to 260 as micelles 354
undergo fragmentation in solvents with progressively lower y 3ss
values. Since Q is fixed for all the diluted samples, the ratio of 3s6
aggregation numbers, Q/Q,, increases from 1.1 to 5.2 as IL2 is 357
changed from [C,mim][TFSI] to [C,,mim][TFSI]. Thus, 3s8
diluting the micellar solution with a progressively less-polar IL2 359
renders the as-prepared micelles further from the equilibrium 360
size, indicating an enhancement in driving force for 361
fragmentation. It should be noted that in the calculation of 362
Q. the assumption of solvent-free core may not hold for a 363
lower y solvent such as [C;,mim][TESI]. However, the 364
difference is expected to be within the uncertainty for the ratio 365
Q/ Qg 366

Cryo-TEM imaging was also conducted to confirm the 367
spherical nature of the micelles as well as to obtain the core 368
size and its distribution. Imaging was performed on the 369
micellar solutions before and after fragmentation. Representa- 370
tive micrographs for 1% BO(9—8) in [C,mim][TFSI] before 371
and after thermal annealing at 170 °C are presented in Figure 372 4
4a,c, respectively. The bright regions are micelle cores, 3734
embedded in a dark matrix representing corona and solvent. 374
Evidently, micelles are spherical and relatively uniform in size. 375
The structural details such as micellar core size and 376
distribution were obtained by analyzing the micrographs. 377
Image analysis provides a histogram for the distribution in 378
micelle core size; about 400 micelles were taken into 379
consideration in each case. Figure 4b,d depicts the histograms 380
before and after fragmentation, respectively. The continuous 381
curves represent a lognormal distribution constructed using the 3s2
mean and standard deviation values for each case. The average 383

micellar core radius (R.) for the as-prepared micelles is 384

Table 1. Micelle Fragmentation Parameters from DLS

(P +IL1) - IL2 (Ry); nm b,
C, 71 127
C,—C, 70 1.20
C,— C, 67 1.17
C, > Cq 67 1.20
C, > Cq 62 115
C, = Cyo 67 1.17
C, — Cyp, 40 1.10

(Ry)f nm D¢ T (rnin) n
29 1.02 260 + 20 1.7
27 1.02 216 + 25 22
28 1.01 150 + 10 1.8
26 1.02 170 £+ 20 1.7
24 1.01 100 + 20 2.0
23 1.02 50 + 10 2.0
22 1.01 10+ S 2.1
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Figure 3. (a) SAXS intensity profiles for 1 wt % BO(9—8) micelles in pure [C,mim][TFSI] at 25 °C, before and after fragmentation. (b) I(g)
versus q for 0.1 wt % BO(9—8) in different pairs of ILs after fragmentation at 25 °C. The curves are shifted vertically by factors of 10 for clarity.

Table 2. Micelle Characteristics after Fragmentation from

SAXS
(P +IL1) — IL2 (Reore)s (nm) Ocore (M) Qg Q/Qq
C, 17.1 0.7 1275 11
C,— G, 17 0.7 1250 1.1
C, - C, 16.8 0.8 1210 11
C, > Cg 152 LS 900 LS
C, - Cq 133 0.8 600 23
C, - Cyo 11.6 1 400 34
C,—> Cp, 10.1 0.7 260 52

385 estimated to be 17 nm. After relaxation, the size distribution
386 becomes slightly narrower (0,4, = 0.8) and (R_,,.) decreases to
387 16 nm. The TEM estimates for (R,.) are therefore in close
388 agreement with those calculated from SAXS.

389 Cryo-TEM imaging was also performed on the micelles

390 equilibrated in the mixed ILs. Figure Sa—f presents the

micrographs along with the corresponding histograms for
different IL2s. The predominantly spherical shapes of the
micelles are again evident. As the IL2 changes from [C,mim]
to [Cj,mim], implying reduction in y of the solution mixture
from 11 to 3 mN/m, (R ) decreases substantially from
around 16 to 9 nm. Note also that as IL2 changes from
[Cymim] to [Cj,mim], the change in electron density in the
solvent mixture leads to weaker contrast, especially with x > 8. 308
Micelle characteristics obtained from cryo-TEM are summar- 399
ized in Table 3. As noted earlier, micelles undergoing 4003
fragmentation in a solvent medium with a lower y result in 401
progressively smaller micelles at equilibrium. The significant 402
reduction in Q.4 leads to an enhancement in the size ratio Q/ 403
Qe which increases from around 1.2—6; these estimates from 404
cryo-TEM are consistent with those calculated from SAXS. 405

Figure 6 demonstrates the dependence of Q. on y; Q.q 406 fs
decreases significantly as y is progressively reduced on dilution 407
with IL with higher x. The driving force for larger micelles is 408
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Table 3. Micelle Characteristics after Fragmentation from
Cryo-TEM

(P +IL1) — IL2 (Reore)s (nm) Ocore (nm) Qqq Q/Qq
C, 16.1 0.8 1070 12
C,— G, 16 0.8 1040 12
c, - C, 16 11 1040 12
C, - Cq 152 1.4 900 1.4
C, » Cq 13.1 12 580 22
C, = Cy 10 1.1 260 5
C, - Cp 9.4 1.0 210 6
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Figure 6. Dependence of equilibrium micelle size, Q.,, on solvent
quality y. Symbols represent data obtained from SAXS. The dashed
line represents scaling prediction for star-like micelles, Q.q ~ 7%,

the interfacial free energy (proportional to y); however, the 409
counterbalancing core and corona stretching entropy penalty 410
differs between theoretical approaches."**®" For star-like 411
micelles (Halperin model'?) Qeq ~ ¥*’, whereas for crew-cut 412
micelles (planar brush model, based on work by de Gennes®' 413
and Alexander”), Q,, ~ y'*/'.. In comparison, mean-field 414
theory gives Q.q ~ 7> In Figure 6, fitting Q.q with 7 reveals a 415
power-law dependence, Q., ~ 72+ % consistent with the 416
scaling prediction by Halperin for star-like micelles.'"’ The 417
experimental data have been fitted with all three theoretical 418
predictions for comparison, as displayed in Figure S17. 419
Additionally, Q., vs y correlation is consistent with our 420
previous results,” as compared in Figure S18. Note that in the 421
previous study, y was varied in mixtures of two ILs attained by 422
varying the amount of low y solvent added (and thus polymer 423
concentration), whereas in the present study, y is varied by the 424
addition of a second IL chosen from a homologous series with 425
different-length alkyl groups on the imidazolium cation at fixed 426
polymer concentration. 427
As noted above, for all pairs (except for C,—C,,) of mixed 428
ILs, the as-prepared micelles (in IL1) remain unaffected on 429
dilution with IL2 at room temperature. Thus, the aggregation 430
number before equilibration, denoted by Q, is held nearly 431
constant for all pairs of ILs studied. The reduction in Q. 432
therefore, allows systematic variation of the ratio Q/Q. and 433
thus the driving force for fragmentation. Figure 7 shows the 434
variation in fragmentation time with Q/Q,y. The fragmentation 435
time decreases significantly, and monotonically, with increasing 436
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Figure 7. Dependence of characteristic fragmentation time, 7, on
micelle size ratio Q/Q.q The error bars denote the standard error in 7
and Q/Qqq (propagated from R.,). Dashed and dotted lines
represent power law and exponential fit to SAXS data.

437 driving force. Two empirical curve fits are also shown, one an
438 exponential [7 ~ exp (—0.3 Q/Q.y)] and one a power-law (7 ~
439 (Q/Q.q)™"") both providing reasonable descriptions of the
440 data; we are not aware of a theoretical model that might be
441 compared to the results. The enhanced rate of fragmentation
442 can be attributed to a greater thermodynamic drive to attain
443 equilibrium as micelles much larger than the equilibrium size
444 are energetically less stable. Kinetically, therefore, the
445 relaxation process becomes faster for micelles farther from
446 the equilibrium state.

447 TEM imaging provides the core size distribution of micelles
448 before (as-prepared) and after equilibration (steady state).
449 Figure 8a displays an overlay of the micelle count distributions
450 as a function of Q (obtained from cryo-TEM) before and after
451 fragmentation in pure [C,mim][TFSI] (no dilution). The as-
452 prepared micelles exhibit a broad distribution in size.
453 Prolonged thermal annealing at 170 °C drives the initial
454 micelles to relax to approach Qg In the case of no dilution,
455 micelles are prepared and fragmented in the same IL. Hence,
456 the initial size ratio Q/Q., which is calculated as 1.1 from
457 SAXS, remains fixed. Since Q/ Q. is not very high, the shift in
458 micelle size distribution due to fragmentation is relatively
459 small. In fact, as noted previously, a significant fraction of the
460 initial micelle population does not undergo fragmentation.
461 Unfortunately, DLS does not provide direct access to the
462 fraction of micelles that have undergone fragmentation at any
463 time point.

464  The present study aims to achieve a broader variation in Q/
465 Q.q which is realized by dilution of the as-prepared micelles

with a lower y solvent before thermal annealing. Figure 8b 466
demonstrates the shift in micelle core size distribution due to 467
fragmentation under altered solvent quality vis-a-vis as- 468
prepared micelles. Figure 8b displays the overlayed micelle 469
size distributions from cryo-TEM at equilibrium (after 470
fragmentation) for different pairs of IL1—IL2. It should be 471
noted that for all solvent pairs, the initial micelle distribution is 472
the same, indicated by the dashed curve. The distribution shifts 473
toward lower Q after fragmentation. While the shift is less 474
prominent for dilution with IL2 having x = 2, it becomes 475
progressively more and more prominent when the solution is 476
diluted by the addition of lower y ILs (x > 2). As confirmed in 477
Figure 6, the smaller equilibrium micelle size for dilution with 478
IL having higher x is correlated with the reduction in y. The 479
relatively small shifts in size distribution upon dilution with 480
either [C,mim][TESI] (x = 2) or [Cymim][TFSI] (x = 4) 81
indicate that only a small fraction of micelles experience 4s2
fragmentation, presumably the ones with Q/Q.q > 1; micelles 4s3
with size Q < Q. remain intact. However, when micelles are 434
diluted with IL2 having x = 6, 8, 10, or 12, the value of Q.q 485
decreases significantly, and hence, most or all micelles across 486
the initial distribution undergo fragmentation. In fact, for 487
dilution with [C,ymim][TFSI] or [C,,mim][TFSI], the entire 4ss
initial distribution shifts to lower Q. This corresponds to a 489
significant enhancement in the average size ratio Q/Q,, from 49
1.1 to 5.2. A significant shift in Q and its distribution suggests 491
that micelles far above the equilibrium size undergo a series of 492
fragmentation events to achieve equilibrium. For example, if 493
Q/Q.q ® 4, it is possible that a given micelle fragments once to 494
give two micelles with Q/Q.q ~ 2, and these “daughter” 405
micelles then undergo secondary fragmentation events to yield 496
four micelles with Q & Q.. In this scenario, one might expect 497
the net fragmentation time to be greater than, or equal to, that 498
for micelles prepared with Q/Q.; ~ 2, with equality 49
corresponding to the situation where a micelle with Q/Q.q & s00
4 fragments much more rapidly than one with Q/Q,q ~ 2. The so01
data in Figure 7 do not support this mechanism; however, s
micelles with Q/Q.q > 4 achieve equilibrium more rapidly than so3
those with Q/Q.q ~ 2, suggesting that the process for Q/Q.q > so04
4 bypasses an intermediate state with Q/Q.q ~ 2. Possibilities sos
include a large micelle “extruding” multiple daughter micelles sos
with Q/Q.q ~ 1 or spontaneously breaking into more than two so7
daughter micelles. To explore these possibilities, in situ time- sos
resolved liquid-phase TEM measurements are an attractive 509
option. While it is confirmed that the chain-exchange process is s10
very slow compared to fragmentation of BO(9—8) micelles in si1
[C,mim][TESI],* for lower ¥ solvents, especially [C,mim]- s12
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Figure 8. Overlayed count distributions of BO(9—8) micelles as a function of Q from cryo-TEM: (a) in pure [C,mim][TFSI] and (b) in different

pairs of ILI—-IL2 after fragmentation.
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s13 [TFSI], the role of chain-exchange processes in micellar
s14 relaxation needs to be investigated separately. Even though the
515 relaxation of big micelles of size Q/Q.q > 1 is believed to be
s16 driven mainly by micellar fragmentation, the presence of chain
517 exchange in solution diluted with [C;,mim][TFSI] cannot be
s18 completely ruled out.

sio l SUMMARY

520 Fragmentation kinetics of spherical micelles of 1,2-polybuta-
521 diene-b-poly(ethylene oxide) diblock copolymers have been
522 investigated in strategically mixed solvents made of imidazo-
523 lium-based ILs. The jump in solvent quality achieved by the
524 addition of a second solvent after the formation of micelles in a
s2s first solvent influences the equilibrium micelle size and hence
526 the fragmentation behavior. Relatively large ((R;); ® 70 nm)

—

527 and dispersed (P; & 1.27) initial micelles were prepared by the
s28 direct dissolution of BO(9—8) in a higher y IL ([C,mim]-
529 [TFSI]), followed by dilution with a second IL with a lower y
530 ([C,mim][TFSI] with x > 2). Micelles under the altered
531 solvent medium attain equilibrium after prolonged thermal
s32 annealing at 170 °C, resulting in smaller and narrowly
533 dispersed micelles after equilibration. In particular, progressive
s34 reduction in ¥, achieved by selecting a second IL with an
s3s increasing value of x, tends to decrease the equilibrium micelle
s36 size, characterized by (Ry); by DLS, (R_,.), by SAXS, and
537 cryo-TEM, and therefore Q.. In situ DLS experiments
538 demonstrate that the characteristic fragmentation time of
539 BO(9—8) micelles can be lowered substantially by decreasing y
s40 of the surrounding medium after micelle formation. An
s41 increase in size ratio Q/Q.,, which represents the extent of
s42 driving force for fragmentation, is responsible for faster
s43 fragmentation. Micelle fragmentation in a single IL, irre-
s44 spective of its y value, exhibits only a narrow Q/Q,, around
s45 1.1—1.5 in the absence of y-jump. However, a notable variation
s46 in the micelle size ratio Q/Q.q from 1.1 to 5.2 was achieved
547 using the y-jump strategy adopted in the present study. A
s48 significant decrease in micelle core size indicates fragmentation
s49 to be the primary mechanism for equilibration. While for
sso micelles close to equilibrium (with Q/ Q. just above unity),
ss1 only a fraction of micelles experience fragmentation, and for
ss2 larger micelles (with Q/ Qeq > 2), the entire population of the
ss3 as-prepared micelle appears to undergo fragmentation.
ss4 Fragmentation of such big micelles may take place through a
sss series of multiple fragmentation events or by a more concerted
ss6 process; there is some evidence for the latter. Finally, the study
ss7 indicates that the fragmentation time can be tuned by
ss8 controlled variation in solvent quality after micelle preparation.
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