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7 ABSTRACT: The effect of solvent selectivity on the fragmenta-

8  tion kinetics of spherical micelles formed by a 1,2-polybutadiene-

9 block-poly(ethylene oxide) “BO” copolymer in five 1-alkyl-3-

10 methylimidazolium bis(trifluoromethylsulfonyl)imide-based

11 ionic liquids (ILs), ([C,MIM][TFSI], where n = methyl, ethyl,

12 butyl, hexyl, and octyl) was investigated by temperature-jump

13 dynamic light scattering (T-jump DLS), small-angle X-ray ) :;:?;%‘?"

14 scattering (SAXS), and liquid-phase transmission electron <R,_>,=21nm
15 microscopy (LP-TEM). In this system, the core-forming block lonic

16 is 12-polybutadiene (PB) and the corona-forming block is Liquid

17 poly(ethylene oxide). Micelle solutions prepared by direct 70

18 dissolution of the polymer into the IL resulted in large, <R > =16nm
19 polydisperse spherical aggregates. For these micelles, with e

20  aggregation numbers far from equilibrium, it was found that

21 fragmentation is the most favorable equilibration mechanism; previous measurements demonstrated that no single chain
22 exchange occurs under these conditions. T-jump DLS showed that the decay of Ry, during annealing at 170 °C is, surprisingly,
23 almost independent of the IL selectivity. This observation was confirmed by SAXS and LP-TEM, where the decay of R,
24 during annealing at 170 °C was found to occur on the same timescale regardless of the solvent quality. For all relaxation
25 techniques used, and in all the ILs studied, the decay in micelle size could be well fit to the Avrami equation or “compressed
26 exponential” with an exponent (1) of 2, except for the decay in R; in the most selective IL. Based on the change in the
27 aggregation number, Q, before and after a T-jump to 170 °C, the selectivity of the IL determines how far the initial micelles are
28 from equilibrium, but the fragmentation proceeds on the order of hundreds of minutes in all cases. SAXS of the bulk block
29 copolymer revealed a lamellar morphology with a domain size of the core-forming block of 21 nm, which is comparable to the
30  initial core radius of micelles prepared by direct dissolution, but well above the resulting core radii after fragmentation. We
31 discuss possible explanations for the functional form of the relaxation function, and the apparent independence of the rate on
32 interfacial tension.
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Bl INTRODUCTION

A—B diblock copolymers are known to self-assemble into a
variety of micellar structures when placed in a block selective
solvent. The self-assembly of block copolymers in solution has
been explored for numerous applications including drug or
gene delivery,'™* nanoreactors for small-molecule trans-
formations,” nanolithography,® and viscosity modification.”
Because of the versatility of block copolymer micelles from an
applications perspective, their dynamics and equilibration
kinetics in solution are of interest, yet remain less well
understood.”™"" Historically, the formation and equilibration
of block copolymer micelles is thought to occur by two
primary mechanisms, which were first described in the
Aniansson—Wall (AW) model for low-molecular weight
surfactants.'" Specifically, the AW picture predicts that micelle
evolution and relaxation occurs via a combination of individual
chain exchange and micelle fusion/fragmentation.11 Chain
exchange in block copolymer micelles has been explored in
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detail, and the exchange kinetics have been quantified by time-
resolved small-angle neutron scattering (TR-SANS
The influence of the Flory—Huggins interaction parameter, y,
between the core block and the solvent, and micelle core size
on the chain exchange kinetics was recently reported.”'’
However, single-chain exchange is not the only process by
which micelles attain equilibrium. If the radius is large relative
to the equilibrium size, fragmentation is also possible.
Similarly, if the micelles are too small, fusion becomes
favorable; neither process has been studied in detail
experimentally. The existence of fusion/fragmentation mech-
anisms in block copolymer micelles has been debated for some
time.”””’ Recent reports showed that fusion and fragmentation
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64 occurs in various micellization scenarios, and some systems
65 even exhibit these phenomena at equilibrium.”*

66  There are several reports on fusion and fragmentation in
67 low-molecular weight surfactants.”>*® Rharbi and Winnik used
68 a fluorescent pyrene-derived probe to monitor the kinetics of
69 fusion and fragmentation in aqueous solutions of surfactant
70 micelles and found that the second-order kinetic process,
71 identified as micelle fusion, occurs several orders of magnitude
72 more slowly than a diffusion-controlled kinetic process.”> The
73 first report of fusion and fragmentation in block copolymer
74 micelles was also conducted using excimer fluorescence, and
75 the presence of both mechanisms in aqueous solutions of
76 poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
77 oxide) micelles was detected at equilibrium.** Additional work
78 using excimer fluorescence spectroscopy to study ionic/
79 nonionic mixed micelles of Triton X-100 and sodium dodecyl
80 sulfate provided a clear picture of the fusion and fragmentation
81 process.”’

82 In this work, we exploit the approach used by Eisenberg et
83 al,”* 7" and later by Meli and Lodge,3l who demonstrated that
84 a range of micelle sizes could be obtained from a single block
85 copolymer by changing the solution preparation method. Meli
86 et al. prepared 1,2-polybutadiene-block-poly(ethylene oxide)
87 (BO) micelles in the ionic liquids (ILs) 1-ethyl-3-methyl-
88 imidazolium bis(trifluoromethylsulfonyl)imide ([C,MIM]-
89 [TFSI]) or 1-butyl-3-methylimidazolium TESI ([C,MIM]-
90 [TFSI]) by different dissolution methods. They noted that
91 micelles formed by direct dissolution (DD) of BO into the IL
92 formed large, polydisperse spherical aggregates, which
93 decreased in size when subjected to annealing at elevated
94 temperatures.’ "> They showed that BO micelle relaxation in
95 [C,MIM][TFSI] and [C,MIM][TFSI] was heavily dependent
96 on temperature, but the timescale for micelle equilibration at
97 170 °C remained on the order of 10° s when changing the
98 solvent from [C,MIM][TFSI] to [C,MIM][TFSI]. Analysis of
99 this system by TR-SANS revealed that chain exchange did not
100 occur up to at least 200 °C,” indicating that micelle
101 equilibration must take place through some other mecha-
102 nism(s). It was also found that the decay in BO micelle size is
103 well described by a compressed exponential with n = 2 in both
104 ILs and at various annealing temperatures.32 However, a
105 physical interpretation for this compressed exponential
106 behavior remains elusive. Although these results suggest that
107 the primary relaxation mechanism in BO/[C,MIM][TFSI] is
108 micelle fragmentation, there are several questions that remain
109 unanswered, including the roles of solvent selectivity, initial
110 micelle size, core block degree of polymerization (N,,.), and
111 corona block degree of polymerization (N oo, in fragmenta-
112 tion kinetics.

113 To that end, a single BO block copolymer is studied here in
114 five different [C,MIM][TFSI] ILs, where the same anion is
115 used, but the length of the alkyl chain on the IL cation is
116 varied. By changing the alkyl chain length, the selectivity
117 toward the 1,2-polybutadiene (PB) core block is tuned
118 systematically, that is, the interfacial tension, which also
119 influences the initial size of the micelles prepared by DD.
120 Because larger micelles are formed initially in more selective
121 solvents, the influence of micelle size, and how far the system is
122 from the equilibrium size, was explored. Traditionally, studies
123 on mice!lization kinetics use jumps in temperature,33 pH,34 or
124 solvent™ to perturb the system from equilibrium, and the time
125 required to relax to equilibrium is determined by some
126 detection method, such as light scattering. The method of T-

—_

[N

—_

o

—_

—_

—_

jump dynamic light scattering (DLS) is used here to follow the 127
evolution of the mean hydrodynamic radius (R;) as a function
of annealing time. When micelles equilibrate solely through
chain exchange, the average Ry should not change much.® 130
Conversely, Ry, is expected to change considerably when 131
fusion/fragmentation mechanisms dominate, so following the 132
evolution of micelle size throughout annealing is essential. 133

An additional benefit of using ILs is that they have negligible 134
vapor pressures and extremely high boiling points.*® These 135
properties were exploited here for imaging BO micelles in the 136
solution state by liquid-phase transmission electron micros- 137
copy (LP-TEM), which allowed for detailed analysis of the 138
evolution of the micelle core size following a T-jump to 170 139
°C. The core radius is not expected to change significantly by 140
chain exchange alone, so the ability to measure the PB core 141
size throughout the equilibration process provides more direct 142
evidence of micelle fragmentation. To complement LP-TEM, 143
small-angle X-ray scattering (SAXS) was used to determine the 144
micelle core radius and its distribution as a function of 145
annealing time. From these combined techniques, the kinetics 146
of fragmentation were determined for BO micelles in five 147
different ILs. 148

—
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B EXPERIMENTAL SECTION 149

Synthesis and Characterization. BO was synthesized previously 150
by two-step sequential anionic polymerization.>” The diblock 151
copolymer used will be referred to as BO(8-7), where the numbers 152
in parentheses refer to the number average molar mass in kDa of each 153
block, respectively. The number average molecular weight (M,), 154
dispersity (D), and the poly(ethylene oxide) (PEO) block 1ss
composition (fpgo) for BO(8-7) were determined by a combination 156
of size exclusion chromatography (SEC) with a multiangle laser light 157
scattering detector (Wyatt Dawn Heleos IT) and 'H nuclear magnetic 158
resonance spectroscopy in CDCly ("H NMR, Varian Inova 500). The 159
refractive index increment (dn/dc) for the diblock was estimated as 160
the weight average of the refractive index increments for PB in 161
tetrahydrofuran (THF) (dn/dc = 0.119 mL/g) and PEO in THF (dn/ 162
dc = 0.068 mL/g).*® For BO(8-7), M, is 14.6 kDa and P = 1.10, with 163
M, pp = 8.2 kDa, M, pgo = 6.4 kDa, and fppo = 0.40. 164

The ILs 1,3-dimethylimidazolium bis(trifluoromethylsulfonyl)- 165
imide 99% ([C;MIM][TFSI]) and 1-hexyl-3-methylimidazolium 166
TFSI ([CaMIM][TFSI]) 99.5% were purchased from IoLiTec. The 167
ILs [C,MIM][TESI], [C,MIM][TESL], and [CgMIM][TESI] were 168
synthesized by anion exchange reactions.®” The typical procedure for 169
IL synthesis is as follows. For synthesis of [C,MIM][TFSI], anion
exchange between 1-ethyl-3-methylimidazolium bromide ([C,MIM]- 171
[Br]) and lithium TFSI was carried out in water at 70 °C for 24 h. 172
The reaction mixture was diluted with dichloromethane, the aqueous 173
layer was removed, and the organic layer was washed with water three 174
times. The organic layer was stirred in activated charcoal for 24 h 175
before passing the solution through an alumina column. Dichloro- 176
methane was removed in vacuo, and [C,MIM][TFSI] was dried 177
under vacuum (<100 mTorr) at 60 °C for 72 h. The same general 178
procedure was used to synthesize [C,MIM][TFSI] and [CaMIM]- 179
[TFSI], but [C,MIM][Br] was replaced with [C,MIM][CI] and 180
[CsMIM][CI], respectively. All ILs were dried under vacaum (<100 181
mTorr) at 60 °C for 72 h prior to use and were characterized by 'H, 182
1BC, and F NMR spectroscopy in DMSO-dg. The 'H NMR spectra 183
for all ILs are shown in Figures S1—SS. 184

Solution Preparation by DD. All solutions were prepared by the 185
DD method described here, unless noted otherwise. The desired 186
amounts of BO(8-7) and IL were combined by weight in a 20 mL 187
scintillation vial equipped with a stir bar to obtain a 0.5 wt % solution. 188
The vial was placed into an oil bath and stirred vigorously at 70 °C for 189
48 h. The resulting DD solutions were slightly blue-tinted in color 190
when [C;MIM][TFSI], [C,MIM][TFESI], or [C,MIM][TFESI] was 191
used as the solvent. Solutions prepared by DD in [C;MIM][TESI] 192
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and [CgMIM[[TFESI] were clear and colorless. For the concentration
series of 0.5, 0.25, 0.1, and 0.05 wt % BO(8-7) in [C,MIM][TEFSI], a
1 wt % solution was prepared by the DD protocol described
previously and subsequently diluted with additional [C,MIM][TFSI].

Dynamic Light Scattering. T-jump scattering measurements
were performed on a home-built light scattering setup equipped with
a Brookhaven BI-DS photomultiplier mounted to an adjustable
goniometer, a Lexel Ar* laser (1 = 488 nm), and a Brookhaven BI-
9000 correlator. During a typical T-jump experiment, the temperature
was controlled with an index-matching high-temperature silicone oil
bath to within +0.1 °C. To verify the size of the micelles before and
after a T-jump, multi-angle light scattering experiments were
performed at T = 27 °C using a DLS instrument with a Brookhaven
BI-200SM goniometer, a Brookhaven BI-9000AT correlator, and a
637 nm laser with a range of scattering angles from 40° to 120°.

All micelle solutions (between 0.05 and 1 wt % copolymer) for
DLS were passed through a 0.45 pm PTFE syringe filter to remove
any dust, and subsequently flame-sealed under vacuum (<70 mTorr)
in a dust-free glass tube with an inner diameter of 0.51 cm to prevent
degradation of the block copolymer and to avoid contact with
moisture and dust. In a typical T-jump experiment, the oil bath
temperature was allowed to equilibrate for ~30 min prior to
introducing the sample. The normalized intensity autocorrelation
function, g,(t), was measured at a scattering angle of 90° as a function
of time. For each time point, g(t) was acquired for 2—5 min. The
measured g,(t) was converted to the electric field autocorrelation
function, g,(t), via the Siegert relation,*® which for single populations
was then fit to a second-order cumulant expansion to obtain the
average decay rate, T, and the variance, u,/T* (also known as the
dispersity). The mutual diffusion coefficient, D,,, was obtained from
D,, = ['/q% where q is the magnitude of the scattering vector defined
by q = (47n/2,)sin(6/2), where n is the refractive index of the IL, 4,
is the wavelength of light in a vacuum, and @ is the scattering angle.
For multi-angle light scattering experiments, D, was estimated by
taking the slope of the line generated by plotting I' versus q* with zero
intercept.

For dilute solutions, D,, can be used as an approximation of the
tracer diffusion coeflicient, D, This is used to calculate the
hydrodynamic radius using the Stokes—Einstein equation

_ kyT
67[17SDt (1)

h

where kg is the Boltzmann constant, T is the temperature, and 77,(T) is
the solvent viscosity. The temperature dependence of the viscosity is
well described by the Vogel—Fulcher—Tammann equation for these
(and many other) ILs.*'~** Additional analysis of the micelle size
distribution was performed by applying the regularized positive
exponential sum (REPES) Laplace inversion to the intensity
correlation function.*> Application of this algorithm results in the
decay rate distribution, G(I"), which can be expressed in terms of the
hydrodynamic size from eq 1. When the REPES routine showed a
sample with a bimodal distribution, g,(f) was fit to a double-
exponential function, shown in eq 2, to obtain the decay rates of each
population.

g(t) = A exp(=T}t) + A, exp(=T3t) (2)

Liquid-Phase Transmission Electron Microscopy. The aver-
age micelle core radius, (R...), and the standard deviation of the core
size, 0o at different time points during an annealing experiment
were determined using LP-TEM. The LP-TEM samples were passed
through a 0.45 pm PTFE syringe filter to remove any dust or large
aggregates, and subsequently flame-sealed under vacuum (<70
mTorr) in a glass tube to prevent degradation of the block copolymer
and to avoid contact with moisture and dust. The glass tubes were
submerged in an oil bath at T = 170 °C and held at this temperature
for the specified amount of time. Each glass tube was quenched to
room temperature in a water bath and opened to obtain a time-point
sample for LP-TEM imaging. Prior to imaging each sample, the
solutions were degassed under vacuum (<100 mTorr) for at least 20

min to prevent the appearance of air bubbles in the sample and then 259
immediately imaged. Approximately 0.5 uL of solution was placed on 260
a 200 mesh copper grid coated with lacey Formvar stabilized with 261
carbon (Ted Pella Inc.), and the excess solution was manually blotted 262
from below the grid with filter paper until a thin film was left spanning 263
the holes of the lacey carbon support film. The images were obtained 264
at ambient temperatures using a FEI Tecnai G2 Spirit BioTWIN 265
operating at an accelerating voltage of 120 kV with an Eagle 4- 266
megapixel charge-coupled device (CCD) camera. To minimize any 267
effects of electron beam damage, the samples were imaged with a spot 268
size of S or larger, where the spot size is inversely related to the 269
strength of the first condenser lens. When the strength of the first 270
condenser lens is reduced, the beam current reaching the sample is 271
also reduced. (R.,,.) and 6., were determined from measurements of 272
at least 400 individual micelles using Image]J software. 273

Small-Angle X-ray Scattering. SAXS experiments were con- 274
ducted at the 5-ID-D beamline of the Dupont-Northwestern-Dow 275
Collaborative Access Team (DND-CAT) at the Advanced Photon 276
Source, Argonne National Laboratory. The same preparation method 277
used for the time-point samples in LP-TEM was also used for SAXS 278
experiments. Samples of 0.5 wt % BO(8-7) directly dissolved in ILs 279
were syringe-filtered into glass tubes, and then flame-sealed under 280
vacuum. The flame-sealed glass tubes were placed in an oil bath at 170 281
°C, removed at the designated time point, and quenched in a room 282
temperature water bath. The glass tubes were opened and taken into a 283
glovebox to load the micelle solutions into 1.5 mm diameter 284
borosilicate capillaries, sealed with epoxy under an argon atmosphere, 285
and then placed into a 16-capillary ambient temperature stage. SAXS 286
measurements were conducted at room temperature. Two-dimen- 287
sional scattering patterns were obtained using a Rayonix MX170-HS 288
CCD area detector using a 0.5 s exposure time to X-rays with a 289
wavelength of 1 = 0.729 A and a sample-to-detector distance of 8.5 m. 290
The 2D data were azimuthally averaged to yield 1D scattering 291
patterns as intensity versus q. The incoherent background (i.e., IL and 292
capillary scattering) exhibits a slight upturn at higher q values for the 293
ILs [CMIM][TFSI] and [CgMIM][TESI], which corre?onds to 294
nanometer length scale ordering within the IL itself.**™* The 295
incoherent background was fit to a power law [I(q) = A + Bg™™" + Cq%, 296
where 2 < m < 4] and subtracted from the solution scattering data.”® 297
For the solvents [C,MIM][TFSI], [C,MIM][TFSI], and [C,MIM]- 298
[TFSI], no upturn at higher g is observed, and these solvents are fit to 299
a power law equation where the constant C is equal to zero. The 300
background-corrected intensity traces were analyzed using the 301
Pedersen model for block copolymer micelles with the Percus— 302
Yevick structure factor.*° 303

SAXS of the bulk BO(8-7) diblock copolymer was performed using 304
a Ganesha SAXSLAB instrument with sample-to-detector distance of 305
1050 mm, a Cu Ka X-ray source with A = 1.54 A, covering a q range 306
of 0.007—0.25 A™". The sample was placed in a Linkam heating stage, 307
and the temperature was held for 10 min to allow for thermal 308
equilibration. The acquisition time for each temperature was S min. 309
The 2D data were collected with a position-sensitive EIGER 1M 310
(Dectris) detector and azimuthally averaged to yield 1D scattering 311
patterns plotted as intensity versus q. 312

B RESULTS 313

Effect of Micelle Concentration. To determine the effect 314
of concentration on micelle equilibration kinetics, a series of 315
BO(8-7) solutions ranging from 0.05 to 1.0 wt % in 316
[C,MIM][TFSI] was prepared and studied by T-jump DLS 317
at 170 °C. One indicator of micelle fusion is the presence of 318
second-order kinetics with respect to micelle concentration, 319
whereas fragmentation or chain exchange should be first- 320
order.””**" It was found that the initial average micelle 321
hydrodynamic radius, (Ry),, for all concentrations prepared by 322
the DD protocol were relatively large ((R,)o ~ 60 nm) and 323
disperse (u,/T']* > 0.18). The evolution of the R, distribution 324
for 0.5 wt % BO(8-7) in [C,MIM][TFSI] after a T-jump to 325 fi
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326 170 °C is shown in Figure la, where the population is bimodal
327 after 10 min of annealing at 170 °C with an (R;) of 62 nm, and

T
—— 1135 min —— 80 min
——240 min —s— 50 min
(a) ——180min —e— 20 min

/\-—120 min —— 10 min
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AN
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Figure 1. (a) REPES results for 0.5 wt % BO(8-7) in [C,MIM]-
[TFSI] after a T-jump to 170 °C. Light scattering measurements were
performed at a scattering angle of 90°. (b) Time dependence of
normalized R, for BO(8-7) in [C,MIM][TFSI] at various polymer
concentrations, a scattering angle of 90°, and a relaxation temperature
of 170 °C. Solid lines represent best fits to eq 3, with n = 2.

328 the distribution begins to narrow and shift to a smaller (Ry)
329 after annealing for approximately 1100 min. The (R,) for all
330 concentrations was determined by fitting the DLS autocorre-
331 lation functions to a second-order cumulant expansion, and
332 these values were normalized by the initial value to compare
333 the decay in (R;,) across all concentrations. In all cases, (Ry)
334 decayed more rapidly than a single exponential function, as
335 shown in Figure 1b, leading to a steady-state size, (Ry); of
336 approximately 34 nm. Note that relaxation curves for 0.5, 0.25,
337 0.1, and 0.05 wt % shown in Figure 1b are vertically shifted for
338 clarity.

33 In agreement with previous reports,’"*” the normalized
340 hydrodynamic radius as a function of annealing time, R(t),
341 could be well described by the Avrami equation, or compressed
342 exponential, shown in eq 3

CR) =R
343 R (Rp)o — (Ry)s L= (/)] (3)

344 where (Ry), is the average hydrodynamic radius of the micelles
34s at time, t, (Ry), is the initial hydrodynamic radius of the
346 micelles measured by multi-angle DLS at room temperature,
347 (Ry)¢ is the final average hydrodynamic radius determined by
348 multi-angle DLS at room temperature after a T-jump, 7 is the
349 characteristic relaxation time, and n is the exponent, which is
350 fixed at 2. When fits were performed with two adjustable
351 paraments, 7 and 7, the average value of the exponent was
352 found to be equal to 2.2 + 0.2.

353 The characteristic relaxation time 7 was obtained from fitting
354 the T-jump DLS data to eq 3, and the results are summarized
3ss in Table 1. It should be noted that the time required for
356 thermal equilibration (ca. 4—5 min, details in the Supporting
357 Information) in [C,MIM][TFSI] is significantly shorter than

Table 1. Concentration Dependence of (R;) and 7
Determined by T-Jump DLS at 170 °C for BO(8-7) in
[C,MIM][TESI]*

concentration (Ry)o (Ry)¢
(wt %) (nm) (/T (om)  (u/T%)¢ 7 (min)
1 70 0.28 38 0.09 260 + 40
0.5 85/62 bimodal 35 0.03 200 + 20
0.25 58 0.22 35 0.09 240 £ 17
0.1 49 0.25 30 0.005 300 + 82
0.05 58 0.18 30 0.006 440 + 56

“Relaxation times were determined by eq 3 with n fixed as 2.

the relaxation times observed here (on the order of hundreds 3ss
of minutes). Therefore, we attribute these long relaxation times 359
to the fragmentation of large, disperse spherical micelles 360
formed by DD of BO(8-7) in ILs. The relaxation time only 361
varies by at most a factor of 2 over a 20-fold variation in 362
concentration, indicating that a first-order process is dominant. 363
The relaxation times do increase very slightly with decreasing 364
polymer concentration for polymer concentrations less than 1 365
wt %, which could indicate a minor contribution from a 366
second-order kinetic process.”> One process that could 367
account for the slightly concentration-dependent relaxation 368
times observed here is collisional aggregation and de- 369
aggregation. When micelle solutions are prepared by the DD 370
protocol, large aggregates consisting of multiple micelles could 371
undergo some type of sticky—collisional interactions, and then 372
disassociate upon heating. The time required for micelle 373
collisions would be expected to depend on polymer 374
concentration; however, the time required for dissociation 375
would not.””>* Such micelle collision and fusion events have 376
been observed in the growth and evolution of amphiphilic 377
block copolymers in water by TEM, and this process was 378
reported to contribute to a concentration-dependent relaxation 379
process.” 380

Effect of Solvent. To understand the influence of solvent 381
selectivity on fragmentation kinetics, five 1-alkyl-3-methylimi- 3s2
dazolium bis(trifluoromethylsulfonyl)imide ILs were selected 3s3
as PEO-selective solvents. In general, the longer the alkyl chain 384
on the imidazolium cation, the less selective is the IL, that is, 385
the surface tension between the PB core block and the solvent 386
decreases and the PB block is more solvated by the IL.™7* 387
Thus, the five ILs chosen here have alkyl chain lengths of one, 3ss
two, four, six, and eight carbon chains. The effects of solvent 389
selectivity on the relaxation time were investigated for 0.5 wt % 390
BO(8-7) in these five ILs. 391

The time-dependent normalized hydrodynamic radii for 0.5 392
wt % BO(8-7) in the five ILs after a T-jump to 170 °C are 393
shown in Figure 2. The dynamic traces obtained by T-jump 3942
DLS for 0.5 wt % BO(8-7) in four of the five ILs selected here 395
were fit to eq 3 with n = 2. However, relaxation in the most 396
selective IL, [C,MIM][TFSI], was found to occur much more 397
slowly than the other four ILs, and the relaxation in (R,) was 398
fit to eq 3 with n = 3.3. To verify that n = 2 in 39
[C,MIM][TESI], [C,MIM][TESI], [C,MIM][TESI], and 400
[CsMIM][TFSI], linear plots of log R(t) versus £* are shown 401
in Figure Slla of the Supporting Information. A nonlinear 402
curve is obtained for T-jump DLS results in [C;MIM][TFSI] 403
(see the Supporting Information, Figure S11b). When fitting 404
the time-dependent normalized hydrodynamic radii for 0.5 wt 403
% BO(8-7) in [C,MIM][TESI], [C,;MIM][TESI], [C,MIM]- 406
[TFSI], and [CsMIM][TFSI] with two adjustable parameters, 407
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Figure 2. Time-dependent normalized hydrodynamic radii for 0.5 wt
% BO(8-7) in 1-alkyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide based ILs. Solid lines represent the
best fits to the relaxation function shown in eq 3, with n = 2 for all ILs
except [C,MIM][TFSI], where n = 3.3. DLS measurements were
performed at a temperature of 170 °C and a scattering angle of 90°.

408 7 and n, the (n) = 2.2 + 0.1 for the four ILs, which again
409 confirms that the exponent is essentially 2 in these solvents.
410  Table 2 summarizes the fitting results of T-jump DLS at 170
411 °C, along with (R,) and the dispersity before and after the T-
412 jump to 170 °C. When preparing micelle solutions by DD, the
413 (Ry), is expected to decrease as the cation alkyl chain length is
414 increased because the solvent becomes less selective for the
415 PEO block. Based on the solubility parameters of the PB (5 =
416 17.4 MPa'/2)*® and PEO (6 = 20.2 MPa'/?)*® blocks at T =
417 298 K, the largest aggregates would be formed by DD in
418 [C,MIM][TFSI] or [C,MIM][TESI] (6 = 27.6 MPa'/?),>
419 and the smallest aggregates should form by DD in [CsMIM]-
420 [TESI] (6 = 25.0 MPa'/?).® The results in Table 2 are
421 consistent with this expectation, in that (Ry), = 79 nm in
422 [C,MIM][TESI] and (R,), = 38 nm in [CgMIM][TESI].

423 As expected, the initial size of the micelles, determined by
424 multi-angle DLS at room temperature prior to a T-jump,
425 decreased when the solvent quality of the IL toward the PB
426 core becomes less poor. Surprisingly, the kinetics of
427 fragmentation seem to be very similar for most of the ILs
428 used here, except for [C;MIM][TFSI], which we consider to
429 be an outlier due to the SAXS and LP-TEM data for this
430 sample, which will be discussed in subsequent sections.

431 To further investigate the process of micelle fragmentation,
432 LP-TEM and SAXS were used to follow the evolution of
433 (R o) following a T-jump to 170 °C. Previous workers have
43¢ used SAXS to study the kinetics of globule-to-cylinder
435 transitions,”’ the ordering kinetics of micelle-forming block
436 copolymers,”’ and the time-dependent evolution of block
437 copolymer micelles in THF/water mixtures.”’ This technique
438 proves extremely useful in that specific structural details of the
439 micelles such as the core radius, corona thickness, dispersity of
440 the core, and the aggregation number (Q) can be obtained by

fitting I(q) to analytical models.*”*>** In addition to SAXS, 441
TEM is a valuable technique for determining micelle 442
morphology, including quantifying the core radius and its 443
distribution as a function of time. 444

SAXS curves for 0.5 wt % BO(8-7) micelles prepared by DD 44s
in [C,;MIM][TFSI] and [C,MIM][TFSI] are shown in Figure 446 f3
3ab, respectively. SAXS data for 0.5 wt % BO(8-7) in 44763
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Figure 3. Structural evolution of 0.5 wt % BO(8-7) (a) in
[C,MIM][TFSI] and (b) in [C,MIM][TESI] upon T-jump to 170
°C by TR-SAXS curves fit to the Pedersen model (solid black lines).
The curves are shifted vertically for clarity. Measurements were
acquired at room temperature after quenching each sample in a room
temperature water bath.

[C,MIM][TESI], [C{MIM][TESI], and [CMIM][TESI] are 44s
included in Supporting Information. In the figures, the dark 449
purple traces indicate the first time point (30 min) obtained 4so0
for these samples, that is, the sample was annealed at 170 °C 451
for 30 min before the sample was quenched to room 452
temperature and loaded into glass capillaries for SAXS. This 453
process was repeated for all indicated time points. From the 454
scattering patterns shown in Figure 3a,b, the average micelle 455
core radius decreases substantially upon annealing at 170 °C. 4s6
The g value of the first minimum in the SAXS curves is 457
inversely proportional to the micelle core radius.””*® The first 48
minimum in Figure 3a,b shifts to larger g values with time, 459
indicative of a decrease in (R.,.). 460

Table 2. (R,) and 7 Determined by T-Jump DLS at 170 °C for 0.5 wt % BO(8-7) in Imidazolium-Based ILs"

IL cation (Ry)o (nm) (/T2
[C,MIM] 79 024
[C,MIM] 85/62 bimodal
[C,MIM] st 0.19
[CMIM] 43 0.12
[CSMIM] 38 0.17

“The relaxation times were determined by eq 3.

(Rp)¢ (nm) (/T n 7 (min)
39 0.13 3.3 1340 + 220
35 0.03 2.4 200 + 20
34 0.13 2.2 110 + 30
34 0.014 2.1 70 + 15
32 0.008 1.9 130 + 22
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461 The time evolution of (R_,,.) in the five ILs from SAXS was
462 also fit to the Avrami equation. Normalization of (R .) was
463 carried out as in the T-jump DLS data analysis, where R(t) is
464 calculated according to eq 4. Figure 4 shows the normalized

35 T T T
o [C,MIM]
30} o [CMIM] A
® [CMIM]
25F o [CMIM] ]
20l : ° [CMIM] ]
T rsp 1 |
10F ° e -
05F © g
00} g
10° 10’ 10? 10° 10
t (min)

Figure 4. Normalized (R,.) from SAXS upon T-jump to 170 °C for
0.5 wt % BO(8-7) in 1-alkyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide-based ILs. The curves are shifted
vertically for clarity. Solid lines represent the fits to the standardized
relaxation function shown in eq 4 with an Avrami exponent of n = 2.

465 core radii from SAXS as determined by fitting the 1D
466 scattering data to the Pedersen model,**° and the relaxation
467 functions are well described by eq 4, with fixed n = 2. Table 3

Table 3. Summary of (R,,..), 6.os and T Obtained by T-
Jump SAXS at 170 °C for 0.5 wt % BO(8-7) in Imidazolium-
Based ILs”

(Reoreo Ocore (Reore)t Ooore

IL (nm) (nm) (nm) (nm) 7 (min)

[C,MIM] 25 S.0 19 3.6 190
[TESI]

[C,MIM] 23 4.6 18 34 171
[TESI]

[C,MIM] 20 4.5 16 32 100
[TESI]

[CMIM] 18 42 14 3.6 100
[TESI]

[CsMIM] 16 3.9 13 3.1 150
[TEST]

“The relaxation times were determined by fitting the normalized
(Reore) to €q 4 with n = 2.

468 shows the results for all five ILs including the initial core size
469 and standard deviation, the final core size and standard
470 deviation, and the relaxation times determined by SAXS. It was
471 found that the time required to reach steady-state is generally
472 unaffected by the IL selectivity, in agreement with the results
473 from T-jump DLS.

<Rcore)t - (Rcore>f n
R(t) = = exp[—(t/7)"]
474 <Rcore>0 - <Rcore>f P i (4)

475 To gain more insight into how the core size distribution
476 changes with annealing time, LP-TEM was used to measure
477 the mean and standard deviation of the micelle core radius
478 distribution at different time points following a T-jump to 170
479 °C. The change in (R..) for 0.5 wt % BO(8-7) in
430 [C;MIM][TFSI] and [C,MIM][TFSI] after a T-jump to
481 170 °C was 6 and S nm, respectively, as shown by SAXS and
482 LP-TEM results in Figures 3 and 5. The electron micrographs
483 of the as-prepared and steady-state micelles in [C,MIM]-

—
200 nm

Figure S. (a) LP-TEM of 0.5 wt % BO(8-7) in [C,MIM][TFSI] as-
prepared by DD, and (b) LP-TEM of the solution after annealing at
170 °C for 1800 min. (c) LP-TEM of 0.5 wt % BO(8-7) in
[C,MIM][TFSI] as-prepared by DD, and (d) LP-TEM of the
solution after annealing at 170 °C for 1800 min. In these images, the
IL appears darker than the PB micelle core because of the higher
electron density of the IL.

[TFSI] and [C,MIM][TFSI] are shown in Figure Sa,b, and 4s4
Sc,d, respectively. In the electron micrographs, the densely 4ss
packed PB blocks form the micelle cores, which appear lighter 486
than the IL medium. As shown in Figure Sa,, the micelles 487
prepared by DD are all apparently spherical, but with large 4ss
variations in radius. The images in Figure Sb,d are 489
representative images of the micelles in [C,MIM][TFSI] and 490
[C,MIM][TFSI], respectively, after annealing at 170 °C for 491
1800 min. Qualitatively, the steady-state images show that the 492
micelle radius decreases noticeably after annealing. 493

To quantify the evolution of (R.,.) and the standard 494
deviation (0y.), LP-TEM was employed to image the change 495
in micelle structure throughout a T-jump at 170 °C for the 496
same five ILs. The resulting time point images are shown in 497
Figure S16 for 0.5 wt % BO(8-7) in [C,MIM][TFSI]. As 49
shown in the figure, the PB core size decreases after heating at 499
170 °C for just 90 min. Additional structural details were s00
obtained through image analysis of each time point. By so1
measuring the radius of several hundred micelle cores s02
(specifically, 600 micelles were measured for the as-prepared so3
samples, and 400 micelles were measured for the other time so4
points), a core radius distribution was obtained for each time sos
point in the annealing process. From these measurements, the 506
histograms in Figure 6 were constructed, where the bin width 507 f6
was set to 3 nm, and the solid lines are overlays of a lognormal sos
distribution with the mean and standard deviation denoted in 509
each histogram. Clearly, (R .;.) and 0., decrease substantially sio
throughout a T-jump to 170 °C, and the size distribution of s11
the micelles in [C,MIM][TFSI] narrows considerably when s12
comparing the histogram of the steady-state micelles to that of 513
the as-prepared micelles. Furthermore, the larger size wing of s14
the distribution changes much more significantly than the sis
lower size wing, suggesting an increasing preference to undergo si6
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Figure 6. Histograms of data obtained by image analysis from LP-TEM showing the evolution in (R_,,.) for 0.5 wt % BO(8-7) in [C,MIM][TFSI]
during T-jump at 170 °C. The solid curves shown in each histogram corresponds to a log normal distribution function with the corresponding

average and standard deviation indicated for each time point.

s17 fragmentation, the further from equilibrium a particular micelle
518 is.

si9  The difference between the final and initial (R_,.)
520 determined by LP-TEM agrees closely with the results from
521 SAXS. For 0.5 wt % BO(8-7) in [C,MIM][TFSI], the initial
522 (Reope) is 22 and 23 nm by LP-TEM and SAXS, respectively.
523 The steady-state (R_,,.) in [C,MIM][TFSI] is 18 and 15 nm as
524 determined by LP-TEM and SAXS, respectively. The differ-
s2s ence in the absolute values of (R.,,.) by LP-TEM and SAXS is
526 within the standard deviation of the core radius obtained by
527 each technique. In general, the LP-TEM results support the
528 conclusion from SAXS, which is that the change in (R_,,.) after
529 a T-jump to 170 °C occurs on the order of 100 min.

s30  The comparison of R(¢) based on the (R_,,.) determined by
s31 SAXS and the (R;) determined by DLS is shown in Figure 7.
s32 In the figure, filled circles represent the normalized (Ry) as
533 determined by T-jump DLS to 170 °C, filled triangles
s34 represent the normalized (R.,.) from SAXS, and solid lines

T T T T
—R(t) ® [CMIM]
4r ® <R> o [cMM ]
A <R.> e [CMM]
® [CMM]
3F L‘_‘w‘\jﬂl i
A A
A
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Figure 7. Normalized (R,) (filled in circles) and normalized (R_,.)
(filled in triangles) for 0.5 wt % BO(8-7) at 170 °C in
[C,MIM][TFSI] (red points and lines), [C,MIM][TFSI] (blue
points and lines), [C,MIM][TFSI] (green points and lines),
[CaMIM][TFSI] (purple points and lines), and [C;MIM][TFSI]
(orange points and lines). The solid lines represent the fits to eq 3 and
the dashed lines represent fits to eq 4, both with n fixed at 2 except for
T-jump DLS in [C;MIM][TFSI], where the best fit was obtained
when n is 3.3. The plots are shifted vertically for clarity.

represent best fits to eq 3 with n = 2 for all ILs except for the
normalized (R;) in [C,MIM][TFSI], where n = 3.3. The
dashed lines in Figure 7 represent best fits to eq 4 with n fixed
at 2. The results for [C,MIM][TFSI], [C,MIM][TFSI],
[CMIM][TFSI], and [CsMIM][TESI] agree quite well across
the two techniques, but larger deviations are observed in
[C;MIM][TFSI]. This discrepancy could be explained by the
existence of additional relaxation mechanisms for micelles
prepared by DD in [C,MIM][TFSI] including the disassoci-
ation of larger aggregates consisting of multiple micelles. The
difference in the exponent determined by DLS (n = 3.3) and
SAXS (n = 2) for relaxation in [C,MIM][TFSI] indicates that
the change in size observed between the two techniques is
likely dominated by two different mechanisms. This conclusion
would also support the large differences in 7 for SAXS and DLS
in [C,MIM][TFSI].***> However, additional experiments on ss0
this system may be required to determine the exact cause of ssi
the different time scales observed in T-jump DLS and SAXS
for BO(8-7) micelles in [C,MIM][TFSI].

Effect of the Micelle Preparation Protocol. To
determine the effect of solution preparation on (Rp), and
(Ry)¢ for BO(8-7) in [C,MIM][TESI], a 0.5 wt % solution was
prepared by the cosolvent (CS) method, following the
approach described previously by Meli et al.>* All components
were dissolved in dichloromethane (DCM), and after stirring
to ensure all components are well dissolved, the DCM was
slowly evaporated under a nitrogen purge over 24 h. The
complete procedure for the CS method is described in
Supporting Information. The (Ry), for 0.5 wt % BO(8-7) in
[C,MIM][TFSI] prepared by this method was found to be 26
nm with a dispersity of 0.08. Thus, the initial size of the CS
micelles is less than half that of the micelles prepared by DD.
Additionally, when CS micelles are annealed at 170 °C for a
day (see Supporting Information, Figure S9), (R,) remains
constant. Thus, the (Ry,); obtained for the CS micelles remain
significantly smaller than the steady state size for solutions
prepared by DD (35 nm). Similar results were obtained by
Melj, et al., who conjectured that the annealed DD micelle size
was closer to equilibrium than CS micelles. They argued that
(a) it is clear that the CS protocol generates micelles that are at
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Table 4. Effects of Solvent Quality on Micelle Size and Aggregation Number (Q) for 0.5 wt % BO(8-7) in ILs before and after a

T-Jump to 170 °C

IL cation 57 (MPa"/?)%® 5° (MPa'/?)%® AR, (nm) AR, (nm) Q" Q¢ Qo/ Qs
[C,MIM] 215 40 6 4480 1970 0.44
[C,MIM] 27.6 21.1 27 3 3490 1670 0.48
[C,MIM] 26.7 19.4 17 4 2300 1180 0.51
[CeMIM] 25.6 9 4 1670 790 0.47
[CMIM] 25.0 6 3 1180 630 0.53

“Aggregation number (Q,), where x = 0, f denotlng initial and final values, calculated as 477(Rq,.),’/(3Vpp), assuming that the core is devoid of
solvent, and Vpy is the volume per core chain. “Hildebrand solubility parameters reported for T = 298 K. “Hildebrand solubility parameters
reported for T = 303 K. For reference, the average solubility parameters for PB and PEO are & = 17.4 MPa'/? and § = 20.2 MPa'’?, respectively.”®

equilibrium with a much less selective, mixed solvent at the
time of formation and should therefore be much smaller than
equilibrium micelles in the IL; (b) to reduce the number
density of micelles is an extremely time-consuming process, so
it is difficult for CS micelles to coarsen with time; (c) DD
micelles annealed at different temperatures relaxed to the same
final size.

B DISCUSSION

We now consider four general questions about these results.

1. Is the change in micelle size due to fragmentation?

The fact that the micelles are deliberately prepared to be
significantly larger than their equilibrium size favors relaxation
by fragmentation. The fact that the relaxation process is first-
order in micelle concentration is consistent with fragmenta-
tion. However, it is worth noting that we have no direct proof
of fragmentation, such as clear TEM evidence of an
intermediate state. Direct evidence that fragmentation is
occurring in this system is currently being pursued via
temperature-controlled LP-TEM of BO micelles in ILs. The
one aspect of the results that raises a possible doubt is the
compressed exponential relaxation function, which might
imply some kind of a cooperative process. It is hard to
conceive of a strictly first-order process that gives this
functional form. Nevertheless, the presence of micelle
fragmentation is consistent with the theory presented by
Dormidontova, which predicts that micelles with aggregation
numbers that lie very far from equilibrium are more likely to
relax via fusion or fragmentation mechanisms.”’ We assume
that the steady-state aggregation number, Qg obtained for each
sample is the equilibrium aggregation number, Q.q- Based on
the arguments posed by Dormidontova,” fragmentation into
two equally sized micelles is favored when Q > 1.5Q.,. In this
work, the aggregation numbers for each sample were
determined assuming a dry PB core and calculated according
to Q = (4n(Roy)®)/3V.yy where (R} is taken from the
model fits to SAXS data, and V. = M,/pN,, where p is the
amorphous density of PB (p = 091 g/cm?),*® and N,, is
Avogadro’s constant. From Table 4, the equilibrium
aggregation number can be estimated as Q., ® Qp and
1.5Q.q is equal to 2960, 2500, 1770, 118S, and 94S for BO(s-
7) micelles in [C;MIM], [C,MIM], [C,MIM], [CqMIM], and
[CgMIM], respectively. From Q, in Table 4, all as-prepared
micelles are significantly larger, 1.5 times Q., supporting
micelle fragmentation as the dominant pathway. The ratio of
Q¢ to Q, for the 5 ILs are shown in Table 4. Regardless of the
solvent, the average aggregation number is approximately
halved after heating at 170 °C. It is likely that the largest
micelles (i.e., those with Q > 1.5Q,,) account for the observed
decrease in Q, as the micelles that are at or near the

equilibrium aggregation number are not expected to undergo
fragmentation. Experimentally, this is consistent with the
histograms shown in Figure 6, where the number of micelles
with (R...) greater than 18 nm decreases significantly over
time, but the number of micelles with (R,.) < 18 nm remains
relatively constant.

2. Why does the relaxation follow a compressed exponential?

In all ILs, excluding [ C,MIM][TFSI], the timescales and the
exponents from fits to the data from T-jump DLS and SAXS
agree well. We do not have a physical interpretation for the
origin of n = 2 in the BO/[C,MIM][TFSI] samples studied
here, but the results are consistent with previous reports on
this system.’*” The use of compressed exponential (n > 1)
functions to describe block copolymer dynamics is docu-
mented in other reports,”*™®” and in at least one instance has
been attrlbuted to the spontaneous breakup of pre-formed
structures.”® The similarity to the Avrami form, typically used
to describe a nucleation and growth kinetics, hints at a
nucleation-limited or cooperative kinetic process, but the
independence of the experimental rate on concentration
suggests that any cooperativity is confined to a single micelle.

3. What sets the characteristic relaxation time?

We speculate that the experimental fragmentation times
follow an Arrhenius expression, shown in eq 5

7 = 1, exp(E,/kT) (3)

where Ey is the activation barrier for fragmentation and 7, is
the characteristic attempt time to form the transition state.
This attempt time is likely dependent on the viscosity of the
PB core and driven by the corona crowding and core stretching
(both of which are significant). The corona crowding exerts a
stress, 0, on the cross-sectional area of the core, given by f/
7{Reore)o’s Where f is the force. This force can be estimated
using the theory by Sheiko, et al.°® which gives the force
exerted on a linking unit by a star polymer grafted to a hard
surface, and here choosing the linker length to be (R .)o/2.
Using this model to determine the stress from corona
crowding, eq 6 shows an estimate for 7.

3
~ ’ere _ ”coren-(Rcore)O

To ~ =
c V2kTQ *? (6)

Given that the viscosity of 8.2 kDa PB at 170 °C is
approximately 0.6 Pa's (see Figure S17 in Supporting
Information) and knowing the experimental relaxation times
range from 6000 to 11 000 s, then Ey, is on the order of 25—30
kT per micelle. The barrier per chain is obtained by dividing E,,
by Q, resulting in a barrier on the order of 0.01 kT per chain.
This is very small and makes it difficult to resolve in terms of
calculating possible contributions from core stretching, corona
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stretching, and interfacial tension. A transition state for micelle
fragmentation is not as easily identified.”**>’® As the
fragmentation process increases the net surface area of the
core blocks, it is tempting to infer that the barrier involves a
transition state with a larger area. However, the independence
of the fragmentation rate on IL selectively argues strongly
against interfacial tension as rate-limiting. A previous report on
the fusion and fragmentation kinetics of ionic/nonionic mixed
micelles proposed that fragmentation arises from surface
instabilities, which leads to bending of the micelle surface,
pinching, and finally breaking into two or more micelles.”” The
authors concluded that one of the main barriers to
fragmentation would arise from the solvophobic core block,
which is likely exposed to the solvent in the final stage of
breaking. This is inconsistent with our results. Another
potential barrier to fragmentation could arise from additional
corona crowding during a “pinch-off” process. Because the
total surface area of the micelle increases by only about 26%
after fragmentation, the corona crowding could be quite severe
in the transition state during a fragmentation event. If this
interpretation is correct, this could explain why the
fragmentation kinetics are independent of solvent selectivity.
The fragmentation process begins when separation of the
micelle core occurs, which will increase the total surface free
energy. Further corona separation will decrease the free energy
via entropic gain of the corona chains, which allows the core
chains to adopt a less-stretched conformation after fragmenta-
tion.”® This is likely the case for BO(8-7)/[C,MIM][TFSI],
considering the extremely large values of Q, obtained for the
as-prepared micelles. To accommodate such high aggregation
numbers, the PB blocks in the core must adopt a highly
stretched conformation, which further drives the corona
crowding. An estimate of the degree of core block stretching
using R, divided by the mean square end-to-end distance of
the core block for as-prepared micelles in [C,MIM][TFSI]
shows the PB chains are initially stretched to approximately 1/
3 of the fully extended length. Using this same estimate for the
steady-state core radius, the PB chains relax to 1/4 of the fully
extended length, which is still substantial.

4. How are the initial micelles formed?

Table 4 summarizes the change in R, and R, the initial
aggregation number (Q,), and the final aggregation number
(Qg) for BO(8-7) micelles before and after a T-jump at 170 °C,
along with the Hildebrand solubility parameters for each IL
and the PB and PEO blocks. The y parameter can be estimated
using solubility parameters based on the following equation,

716 yppa, = (V/RT)(8, — 8,)% where V is a reference volume, in
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this case the molar volume of the IL, R is the gas constant, and
0; are the solubility parameters of the core block and the IL.
From the difference in solubility parameters between PB and
the IL, the yppy parameter is expected to decrease with
increasing IL cation alkyl chain length. When preparing
micelles by the DD protocol, the higher the ypgy;, the larger
and more disperse are the resulting micelles. Additionally, the
relatively large y restricts typical equilibration mechanisms
observed in diblock copolymer micelles such as individual
chain exchange.”"”

Figure 8a demonstrates the large dependence of AQ on
solvent selectivity. As shown in the figure and in Table 4, the
more selective ILs show a larger change in the as-prepared and
steady-state aggregation numbers in comparison to the least
selective solvent, [ C;MIM ][ TESI]. This trend is also observed
in Figure 8b when comparing the as-prepared and steady-state
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Figure 8. (a) Initial and final aggregation numbers versus IL cation
alkyl chain length. The aggregation numbers are calculated from the
(Reore) determined by SAXS assuming a dry micelle core. (b)
Dependence of (Ry ), and (R}, (filled circles) and (Ry,)¢and (Roe )¢
(filled triangles) on the IL cation alkyl chain length. The (Ry), for 0.5
wt % BO(8-7) in [C,MIM][TFSI] was calculated by taking the
average of the two R values obtained by fitting DLS results to a
double exponential.

(Ry) and (R.,,.) as a function of the IL selectivity. Specifically,
the overall change in (R;,) and (R.,,.) increases with increasing
solvent selectivity. In general, the effects of the solvent

selectivity on the fragmentation kinetics are minimal; however,

the results show that regardless of the IL selectivity, DD of 737

BO(8-7) in these solvents lead to micelles that are not at
equilibrium, and this preparation protocol results in structures
that are just large enough to equilibrate by fragmentation and
not by chain exchange.

The poor solubility of the core block is anticipated to give
rise to a micellization scenario where the nucleation of micelles
is overcome by the speed of micelle growth, resulting in large,
polydisperse micelles. Additionally, it has been suggested that
the morphology of micelles prepared by DD will depend on
the morphology of the bulk polymer.’>”" SAXS of the bulk
BO(8-7) polymer was conducted. The scattering data, shown
in Supporting Information Figure S18, confirms that BO(8-7)
exhibits a lamellar morphology at 70 °C, which is the
temperature used for DD of BO(8-7) in ILs. The domain
size of the PB lamellae was estimated to be approximately 21
nm, which is comparable to the initial micelle core size. It is
possible that in DD, the solvent penetrates the PEO domains,
and surface instabilities of the lamellae begin to pinch off to
give large, polydisperse spherical aggregates in solution. This
behavior is analogous to the Rayleigh instability and is
referenced in computations of surfactant-based micelles,””
and experimentally in cylinder-to-sphere transitions > in block
copolymer micelles. A schematic illustration of this process is
depicted in Figure 9. However, the interfacial tension between
the core-forming block and the solvent also plays a role in the
initial micelle size. This is shown in Table 3, where (Ry),
decreases as the solvent is changed from [C,MIM][TFSI] to
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d,

oeo = 14 nm76

Figure 9. Schematic illustration of the DD process. In the bulk, BO(8-
7) exhibits a lamellar morphology, with a PB domain size of 21 nm,
and a PEO domain size of 14 nm. When IL, vigorous stirring, and heat
are introduced to the bulk polymer, the lamella begin to tear apart
into sheets, or potentially cylinders, and each lamella breaks off into
either cylinders and then into spherical aggregates, or the lamella
break off to form large spherical aggregates. This results in spherical
micelles with (R_.)o & 21 nm.

core

765 [CsMIM][TFSI]. Based on this view, it is reasonable that the
766 size and polydispersity of micelles prepared by the DD
767 protocol can be tuned based on the initial domain size of the
768 core- and corona-forming blocks in the bulk polymer in one
769 solvent. As the solvent selectivity toward the core block is
770 changed, the as-prepared micelle size will also be determined
771 by the interfacial tension between the core-forming block and
772 the solvent, but the domain size in the bulk sample can also
773 play a role.

772 1 SUMMARY

775 In this work, the equilibration kinetics were studied for BO(8-
776 7) micelles prepared by DD in five 1-alkyl-3-methylimidazo-
777 lium bis(trifluoromethylsulfonyl)imide-based ILs using T-jump
778 DLS, SAXS, and LP-TEM. From the combined techniques, it
779 was found that the micelle size ((R;) and (R.)) decreased
780 significantly after prolonged annealing at 170 °C; the final
781 aggregation number was about half of the original. The decay
782 in (Ry,) and (R..) could be well described by a compressed
783 exponential with an exponent of 2 in almost all cases. The
784 origin of this functional form is not yet apparent. The
785 characteristic relaxation times determined by fits to this
786 equation for DLS for BO(8-7) in [C,MIM][TFSI] were
787 essentially independent of concentration, indicating a
788 relaxation process that is first-order with respect to polymer
780 concentration. The effects of solvent selectivity on the
790 equilibration kinetics were investigated by using five different
791 ILs with varying cation alkyl chain lengths. In this case, the
792 decay of (Ry) occurs on a similar timescale regardless of the
793 solvent quality. To verify that micelle fragmentation was taking
794 place, LP-TEM and SAXS were used to monitor the evolution
795 in micelle core size after annealing at 170 °C. The large
796 decrease in the core radius indicates that fragmentation is most
797 likely the primary equilibration mechanism observed in this
798 system, as individual chain exchange would not be expected to
799 change the core radius to that extent.

80 In general, these experiments indicate that the solvent
8ol selectivity plays a significant role in how far the as-prepared
802 micelles are from the equilibrium size. Specifically, the more
803 selective solvents result in micelles much larger aggregation
804 numbers, while the least selective solvents result in as-prepared
gos micelles that are closer to the equilibrium size. However, the
806 solvent selectivity was found to play essentially no role in the

fragmentation kinetics, as nearly all the BO micelles in
imidazolium-based ILs fragmented on the order of hundreds
of minutes. Because the fragmentation kinetics are independ-
ent of solvent quality, the primary barrier to micelle
fragmentation is most likely not from the exposure of the
micelle core to the solvent in the transition state. We speculate
that the corona crowding in the transition state is quite severe,
which could be the main barrier to fragmentation.
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