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ABSTRACT: Polymeric micelles coexist in solution with unassembled
chains (unimers). We have investigated the influence of glass transition
temperature (Tg) (i.e., chain mobility) of the micelle core-forming blocks on
micelle—unimer coexistence. We synthesized a series of seven PEG-b-P(nBA-
ran-tBA) amphiphilic block copolymers [PEG = poly(ethylene glycol), nBA =
n-butyl acrylate, and tBA = tert-butyl acrylate] with similar molecular weights
(12 kg/mol). Varying the nBA/tBA molar ratio enabled the broad
modulation of core block T, with no significant change in core
hydrophobicity or micelle size. NMR diffusometry revealed increasing
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unimer populations from 0 to 54% of total polymer concentration upon

decreasing core block T, from 25 to —46 °C. Additionally, unimer population at fixed polymer composition (and thus core T,)
increased with temperature. This study demonstrates the strong influence of core-forming block mobility on polymer self-assembly,
providing information toward designing drug delivery systems and suggesting the need for a new dynamical theory.

B INTRODUCTION

The spontaneous association of molecules by noncovalent
interactions to form higher order structures, termed molecular
self-assembly or simply self-assembly,' is pervasive throughout
nature, often originating from regions of differing hydro-
phobicity among associating molecules. For example, key
cellular components derive their structure and function largely
from self-assembly, including cell membranes,” actin fibers,
and vesicles." Synthetic materials, notably amphiphilic block
copolymers (BCPs), also self-assemble to generate nanoscopic
hydrophobic/hydrophilic domains that enable various appli-
cations ranging from delivery vehicles for hydrophobic
drugs’™ to scaffolds for the synthesis of unique polymer
architectures'®™"* and to nanoscale compartments for
catalysis.">'* As a result, a fundamental understanding of the
parameters governing the self-assembly of small molecules">~"”
and BCPs'”"” has been established.

Amphiphilic BCPs exhibit various morphologies in bul
and in solution,”** and polymer characteristics [e.g., hydro-
phobicity of the core-forming block, ratio of hydrophilic to
hydrophobic content, and glass transition temperature (T,) of
the core-forming block] can greatly influence their self-
assembly.”*™*’ Beyond polymer characteristics, the solution
composition and preparation technique can also dramatically
impact self-assembly."”**~** However, despite the vast amount
of research investigating the morphologies and self-assembly
processes of amphiphilic BCPs, there is limited information on
the equilibrium between nanostructures and free polymer
chains in solution (unimers). This gap in the field is due in part
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to the typically low concentration of unimers relative to
associated polymer chains in amphiphilic BCP systems; the
unimer concentration is usually assumed to be equal to the
critical micelle concentration,”” which is generally below the
detection limit of common characterization techniques.”””**
Furthermore, unimer populations can significantly impact the
pharmacokinetics and biodistribution of amphiphilic
BCPs.>>™%7 As a result, there is growing interest in developing
techniques to reliably quantify unimer populations.

One technique well suited for quantifying unimer
populations in micelles is pulsed-field-gradient NMR diffus-
ometry. This NMR technique is nondestructive and enables
sensitive determination of diffusion coefficients for various
mobile species in solution and in solid materials. Furthermore,
NMR diffusometry can track species with molecular and
elemental specificity, and thus, it has been used to observe
multiple diffusing species in a wide range of polymeric
systems.”*~** Relevant to this work, NMR diffusometry
experiments can measure unimer and micelle populations for
BCP systems.””**

In this work, we aimed to investigate the influence of core
block mobility (and thus T,) on the micelle—unimer
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equilibrium by synthesizing a series of BCPs containing
hydrophobic blocks of similar hydrophobicity but varying
chain flexibility. This series of BCPs could then be analyzed by
NMR diffusometry to observe the change in unimer
populations as a function of two key thermodynamic
variables—hydrophobic block composition and temperature.
Ultimately, we envisioned that this systematic study of
unimer—micelle coexistence would reveal how core block
mobility affects unimer populations, which could provide
information on polymer micelle designs for a variety of
applications.

Bl RESULTS AND DISCUSSION

BCP Synthesis and Characterization. Micelle core
characteristics strongly impact the overall properties of a self-
assembled structure, including effects such as influencing drug
loading,45 enabling fluorescent response,46 and controlling the
release of active pharmaceutical ingredients.”” Based on these
findings, we hypothesized that a relationship between the T, of
the hydrophobic, core-forming block and micelle—unimer
coexistence might exist. To test this hypothesis, we needed to
prepare a series of BCPs with identical hydrophilic blocks but
with hydrophobic blocks that had varying T,’s but were
otherwise similar in terms of molecular weight and hydro-
phobicity. To achieve this goal, we turned to copolymerization,
a technique that has long been recognized as an effective
method for modifying the T, of polymers.*** We expected
that copolymerizing two monomers with similar hydro-
phobicity but with greatly different polymer T,'s would allow
for fine-tuning of the core-forming block T, Two acrylate
monomers, n-butyl acrylate (nBA) and tert-butyl acrylate
(tBA), have similar partition coefficients (an indicator of
hydrophobicity) but T,’s of =50 and 50 °C, respectively.””*"
The isomeric nBA and tBA monomers also have reactivity
ratios near 1.00 in radical copolymerization, enabling ideal
random copolymerization behavior.”> Therefore, we synthe-
sized a series of BCPs containing poly(ethylene glycol)
hydrophilic blocks and random copolymers of poly(nBA)
and poly(tBA) as the hydrophobic blocks (Scheme 1).

Scheme 1. Preparation of PEG-b-P(nBA-ran-tBA) BCPs
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PEG-b-P(nBA-ran-tBA)

We prepared this series of BCPs with varying core block
compositions in two steps. First, we synthesized a large batch
of trithiocarbonate-terminated PEG to serve as the hydrophilic
block in each of the BCPs (PEG M, = 4 kg/mol). The
trithiocarbonate unit served as a chain transfer agent (CTA)
for reversible addition—fragmentation chain-transfer (RAFT)
polymerization to control molecular weight. In the second
step, we synthesized seven BCPs with varying nBA/tBA molar
ratios by RAFT polymerization from the PEG CTA, yielding

6976

BCPs 1a—g. By monitoring monomer disappearance over time,
we found that nBA and tBA were consumed at the same rate
(Figure S25), confirming that the feed ratio and composition
ratio were identical. We kept the hydrophilic/hydrophobic
ratio constant while systematically changing the nBA/tBA
molar ratio, resulting in a series of BCPs with consistent M,
values near 12 kg/mol (Table 1).

We then evaluated each BCP by differential scanning
calorimetry (DSC) to measure T,s of the hydrophobic blocks
in the bulk (Figures $26—533). We chose to measure T's of
the BCPs rather than PnBA/PtBA homopolymers as we
expected the PEG block to influence chain mobility. As shown
in Table 1 and Figure 1, the T’s for the hydrophobic blocks of
polymers 1a (100% nBA) and 1g (100% tBA) were —46 and
25 °C, respectively. The 100% tBA BCP (polymer 1g) showed
alower T, than the reported value of SO °C.>" We attribute this
discrepancy to the relatively low molecular weight of the PtBA
block and the PEG tethered to one chain end, both of which
may reduce T,. The T, values of the hydrophobic block for
BCPs 1b—1f (75—25% nBA) closely fit approximations based
on the Fox equation.*®

Having established that the copolymerization of nBA and
tBA could lead to polymers with predictable T, values, we next
aimed to confirm that copolymerization did not change the
core-forming block hydrophobicity. We evaluated hydro-
phobicity through contact angle measurements of representa-
tive polymer films of P(nBA-ran-tBA) random copolymers that
lacked the hydrophilic PEG block.

First, we synthesized random copolymers of nBA and tBA
using RAFT with a trithiocarbonate CTA (Figures S11—S13).
We chose nBA/tBA molar ratios of 1:0, 1:1, and 0:1 (polymers
2a, 2b, and 2, respectively) to span the entire series. We then
prepared uniform films of polymers 2a—c by spin coating from
CHCI;, followed by overnight drying to remove the solvent.
The initial contact angle of water changed from 95° for
polymer 2a (Figure 2A) to 100° for polymer 2b (Figure 2B)
and to 95° for polymer 2c (Figure 2C). Given the typical error
in contact angle measurements of a few degrees, we conclude
that the hydrophobicity remains constant across the series with
varying nBA/tBA molar ratios. We also evaluated the
hydrophobicity of polymers 2a and 2¢ through NMR solubility
experiments. We found that PnBA was more soluble than PtBA
in D,O by a factor of 2.5, but both polymers exhibited
extremely hydrophobic character (Figures $S34 and S35). The
solubility of PEG in water at room temperature is around 60 wt
%,”> which is a factor of ~10° larger than the solubility of
either acrylate polymer. As the solubility of the BCPs in water
is governed primarily by the hydrophilic PEG block, we do not
expect this small change in solubility to account for any
differences in unimer percentages. Thus, we conclude that the
hydrophobicity of the core-forming block for polymers la—g
does not change across the series.

Micelle Preparation and Characterization. After
determining that Tg varies with the nBA/tBA molar ratio for
polymers la—g and that the hydrophobicity of the core-
forming block does not change significantly, we next sought to
investigate the change in micelle—unimer coexistence across
the series. To prepare micelles from each amphiphilic BCP, we
used the solvent switch method. Briefly, we first dissolved each
polymer in tetrahydrofuran (THF), a good solvent for both
blocks. We then diluted these polymer solutions by the
dropwise addition of H,O to generate 12.5% THF in H,0
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Table 1. Characterization of PEG-b-P(nBA-ran-tBA) BCPs

polymer micelle

polymer mol % nBA“ M, (NMR)(kg/moI)h M, sec) (kg/mol)* b T, (°C)? D, (nm)® Naggf
la 100 12.0 12.2 1.07 —46 25.1 £ 0.1 83
1b 75 11.3 12.6 1.07 =35 289 + 0.1 103
1c 60 119 11.9 1.12 —24 279 + 0.1 101
1d 50 12.1 13.3 1.10 -20 262 + 0.2 80
le 40 11.6 11.7 1.11 -6 27.1 + 0.6 77
1f 25 12.6 12.9 1.08 S 27.0 + 0.2 87
1g 0 11.6 11.8 1.08 25 262 + 0.5 72

“nBA/tBA molar ratio measured by '"H NMR spectroscopy. “Measured by end-group analysis via '"H NMR spectroscopy (Figures S14—520).
“Measured by size exclusion chromatography (SEC) in THF at 30 °C with multiangle light scattering (Figures $4—S10). 9Of the hydrophobic
block measured by DSC with a modulated heating rate (3 °C/min, +2.5 °C, 60 s); data reported from the second heat cycle (Figures $26—S33).
“Intensity average hydrodynamic diameter measured by DLS at S mg/mL in DI H,O at rt (Figure S36). Aggregatlon number derived by dividing
M,, of micelle by M,, of BCP; M,, of micelles determined by SLS at 5 mg/mL in DI H,O at rt (Figure S37 and eq S1).
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Figure 1. T, for core-forming blocks of polymers 1la—g (black circles)
vs wt % nBA in the BCPs measured by DSC with a modulated heating
rate (3 °C/min, 2.5 °C, 60 s). The dotted black line represents a fit
using the Fox equation (eq S2) to the measured homopolymer Tj’s.
The core-forming block T, varies predictably with polymer
composition, providing access to a wide range of micelle core
mobilities.

solutions. We subsequently transferred the polymer solutions
to dialysis tubing (MWCO 8 kDa) and dialyzed against H,O.

We utilized dynamic light scattering (DLS) to analyze the
micelle size distributions from each BCP formulation (Tables 1
and Sl and Figure S36). We observed intensity-average
hydrodynamic diameters ranging from 25.1 to 28.9 nm, with
no apparent trend in micelle size relating to micelle core
mobility. This narrow size range is expected due to the similar
molecular weights and hydrophobic weight fractions of the
BCPs. Additionally, we observed low micelle polydispersity

indices for each sample, indicating that samples were free of
high-molecular-weight aggregates. We then employed static
light scattering (SLS) to obtain the M,, of micelles in solution
for each micelle sample (Figure S37). From the SLS data, we
estimated the aggregation number (N,,,) of each sample by
dividing micelle M,, by the M, of each respective BCP (Table
1 and eq S1). We observed N,g, values ranging from 72 to 103,
again with no apparent relation to micelle core mobility,
reinforcing that the nBA/tBA molar ratio in the core-forming
block did not influence polymer micelle size.

NMR Diffusometry Studies. Despite similar micelle sizes,
we expected the varying chain mobility of core-forming blocks
throughout polymers la—g to yield differences in micelle—
unimer coexistence. We first investigated the mobility of the
hydrophobic core blocks with one-dimensional (1D) 'H NMR
spectroscopy. In the NMR spectra of polymer solutions with
relatively slow chain dynamics (where spectrometer shims do
not determine linewidth), the full width at half-maximum
(fwhm) of peaks is inversely proportional to the spin—spin
relaxation time (T,) via the relation fwhm = 1/zT,. T,
characterizes the dephasing of net magnetization in the
transverse plane and provides information on molecular
mobility.”>* In other words, decreasing T, values result in
broader signal linewidths, which indicate molecular environ-
ments with increasingly limited mobility. As shown in Figure
3A, nBA and tBA alkyl proton peaks appear in the range of
0.5—2 ppm in the spectra for BCPs 1a, 1d, and 1g. For 100%
nBA polymer micelles (polymer 1a, shown in purple), the alkyl
proton peak(s) fwhm is 240 Hz compared to ~80 Hz for 50%
nBA polymer micelles (polymer 1d, shown in green) and ~200

A) B)

<)

Figure 2. Initial contact angle measurements of water droplets on films of polymers 2a—c. Polymer films were created by spin-coating polymer
solutions (S wt % in CHCl,) at S000 rpm onto glass slides, followed by drying at 30 °C. Contact angle measurements were performed in triplicate
with representative images and average results reported. The relatively consistent contact angle implies that the degree of hydrophobicity
(intermolecular interactions) does not depend on the nBA/tBA molar ratio.

6977

https://doi.org/10.1021/acs.macromol.1c00635
Macromolecules 2021, 54, 6975—6981



Macromolecules

pubs.acs.org/Macromolecules

A) D)
100% nBA
(Polymer 1a)
B
50% nBA
(Polymer 1d) 25 oC
0% nBA
(Polymer 1g) 5¢°C
2.4 2.0 1.6 1.2 0.8 0.4 0.0 2.4 2.0 1.6 1.2 0.8 0.4 0.0
Chemical Shift (ppm) Chemical Shift (ppm)
B)E E)?
T 0.01e—- g2
[ 8 0.. )
o b e e
- osl @ ‘e, =
A & R &
@ AN . i
g-1.01 e ‘e, 0% nBA S e
- Ve L - @
c ' e o c o
n-i5 £ ] =07 )
[] S [] e
s 100% nBA *-._ @ 5-0.9 P
@ 20 \ @ ®
© . P, T -1.11 J
(] . [T} ®
N -2.51 3 o N Q
H 513 e
£ e E
5-3.0 5-1.5
2 0 2 4 6 8 10 12 14 16 ‘z’ 0 1 2 3 4 5
Diffusion Experiment Parameters: Diffusion Experiment Parameters:
b (y2g252(A-5/3)) (x10% m2s) b (y2g232(A-5/3)) (x108 m2s)
C) «0 F) o0
50 50
Q Q
=] =]
2 40 £ 40
c c
[ Q
e L
9 30 9 30
£y 1Sy
[ [
g 20 £ 20
2 2
= =
10 l 10
0 0
0 25 40 50 60 75 100 5 15 25 35 45 55

Mol Percent nBA

Temperature (°C)

Figure 3. (A) 1D "H NMR spectra overlay of micelle solutions made from 100, 50, and 0 mol % nBA BCPs (polymers 1a, 1d, and 1g, respectively)
at S mg/mL in the H,O solvent. (B) Stejskal—Tanner plots of micelle solutions as a function of core-forming block composition at 25 °C (b is the
Stejskal—Tanner factor, g is the magnetic gradient strength, y is the gyromagnetic ratio of the nucleus probed, ¢ is the gradient pulse duration, and
A is the gradient pulse spacing). Dashed lines are included as a guide to the eye and represent single- or two-component diffusion coefficients (they
do not represent fit lines). (C) Unimer percentages derived from signal decay curves for micelle solutions as a function of core-forming block
composition. (D) 1D "H NMR spectra overlay of 25% nBA polymer micelle solutions (from polymer 1f) at 5, 25, and 55 °C at 5 mg/mL (see also
Figure S50 for similar plots for 0% and 50% nBA polymers). (E) Stejskal—Tanner plots of polymer 1f micelle solutions as a function of temperature
with dashed lines as a guide to the eye for single- or two-component diffusion coefficients (they do not represent fit lines). (F) Unimer percentages
derived from signal decay curves for polymer 1f micelle solutions as a function of temperature. Strikingly, core mobility strongly correlates with
micelle—unimer coexistence. Error bars are +10% for unimer percentages.

Hz for 0% nBA polymer micelles (polymer 1g, shown in red).
The broadening of alkyl region signals with increasing tBA
content in the core block signifies reduced chain mobility in
the micelle cores. This result agrees with the trend of
increasing measured T, for core blocks with increasing tBA
content.

To further investigate the influence of core-forming block T,
on micelle dynamics and on populations of unimers and
micelles in solution, we then employed NMR diffusometry to
probe translational motion of the different mobile populations.
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In brief, NMR diffusometry involves the principle that if there
are chemical species of differing mobility that do not exchange
quickly relative to the time scale of diffusion (A = 25 ms in this
study, see the Supporting Information for details), we can
extract distinct diffusion coeflicients for each moving species.
In amphiphilic BCP systems, diffusion rates of unassembled
unimeric polymer chains versus assembled nanostructures
(micelles) in solution are sufficiently different such that we can
also extract the relative populations of each species.*>** We
access the relative populations of unimers versus micelle

https://doi.org/10.1021/acs.macromol.1c00635
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assemblies through Stejskal—Tanner signal attenuation plots.
By plotting the natural log of normalized NMR signal intensity
(I/I,) versus the b factor that contains all known NMR
experimental parameters [y°5°¢*(A — §/3), see the Supporting
Information for details] in a signal attenuation curve, we
extract diffusion coefficients D from linear regressions. A single
linear fit indicates a single diffusing species in solution, while
multicomponent fitting implies multiple species diffusing at
different rates. In a micellar system, fast-diffusing unimers
contribute to a rapid signal decay at lower magnetic gradient
strength (g), while slower-diffusing micelles contribute to a
slow signal decay at higher gradient strength. As such, the
signal decay curve of a sample containing both micelles and
unimers shows rapid decay at low gradient strength, followed
by more gradual decay at higher gradient strengths. The
relative intensities (weighting) of these decay regimes can then
yield the micelle and unimer populations in the sample.

Throughout this BCP series, we observed significant changes
in the signal decay curves, demonstrating shifts in the micelle—
unimer equilibrium. As shown in Figure 3B, 100% nBA
polymer micelles (polymer 1a, shown in purple) and 0% nBA
polymer micelles (polymer 1g, shown in red) displayed
drastically different signal decay curves. The 0% nBA polymer
micelles showed a relatively slow signal decay curve with a
single-component linear fit, which corresponds to a single
diffusing species in solution (micelles). Conversely, the 100%
nBA polymer micelles exhibited a signal decay curve with a
two-component fit, indicating that there were two diffusing
species in solution (slow-diffusing micelles and fast-diffusing
unimers). As previously mentioned, the experimental timescale
is much faster than unimer exchange, signifying that these
differences in micelle—unimer coexistence do not arise from
differences in unimer exchange kinetics. We have measured
free unimer content on heating and cooling on other BCP
micelles and have so far obtained the same free versus micelle-
associated unimer fractions.*

To evaluate the influence of core block T, on micelle—
unimer coexistence, we extracted the micelle and unimer
populations for the solutions of polymers la—g from fits to
their signal decay curves, as shown in Figure 3C (also Figures
S38—S42). The stark difference in unimer populations
between the 100 and 0% nBA micelles suggests that the 0%
nBA micelles exist in a “frozen core” state at the temperature of
the NMR experiment (25 °C).”° Interestingly, NMR
diffusometry experiments before and after thermal annealing
of several samples revealed no changes in the unimer
percentage (Figures $43—S45), indicating that these results
are thermally robust and reversible and are due to differences
in chain mobility (or some system parameters closely
correlated with mobility) and not due to the kinetic trapping
of micelle chains. Additionally, NMR diffusometry experiments
on 25% nBA micelles (polymer 1f) at concentrations ranging
from 3 to 10 mg/mL revealed no changes in unimer
percentages (Figure S46). Overall, we observed a general
trend of increasing unimer population with decreasing core-
forming block T, throughout the series, with three notable
regimes of unimer percentages (0—10, 20—30, and 40—50),
indicating a relationship between core mobility and unimer
population. In traditional theories of micellization,'>'®'®"
core molecular dynamics should not explicitly affect micelle—
unimer equilibrium partitioning, but the present results suggest
that a new theory may be needed.
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We also performed NMR diffusometry experiments on a
25% nBA micelle sample (polymer 1f, T, = 5 °C) as a function
of temperature. As shown in Figure 3D, the micelle core
exhibited higher mobility (narrower signal linewidths) at
elevated temperature (55 °C) and showed the lowest mobility
at T = T,. NMR diffusometry signal decay curves for 25% nBA
micelles at different temperatures, as shown in Figure 3E,
showed significant increases in unimer population with
increasing temperature, as expected based on the results
from the compositional experiments summarized in Figure 3C.
Additionally, unimer populations derived from the signal decay
curves, as shown in Figure 3F (also Figures $47—S49),
increased with temperature and fell within the three regimes
we had observed during the compositional experiments,
reinforcing our hypothesis that micelle core mobility directly
impacts micelle—unimer coexistence. Variable-temperature
NMR diffusometry experiments on two other polymer micelle
compositions (polymers 1d and 1g, SO and 0% nBA,
respectively) revealed a consistent population of 40—50%
unimers for high core mobility micelles (polymer 1d) and a
change from 0 to 25% unimers with increasing temperature
past the T, for low core mobility micelles (polymer 1g)
(Figure S50). However, we recognize that temperature affects
other aspects of the system as well, including solvent quality
and interfacial tension,*® so although the correlation is strong
between core mobility and free unimer percentage, these
results may not be solely due to increasing core mobility with
increasing temperature.

We also note that we explored the time required to reach
quasi-equilibrium conditions for these micelles. For represen-
tative compositions and temperatures (Figures $43—S50), we
measured diffusion immediately after making any temperature
changes in quick (5—10 min) intervals and found that the
measurements (diffusion coefficient values and free unimer
fractions) reached plateau values after 30 min and did not
further evolve for at least a month. This demonstrates that,
once formulated, these micellar systems come to quasi-
equilibrium rapidly and then are stable for periods longer
than that are relevant to drug delivery technologies.

The assembly of polymer amphiphiles into micelles is a
thermodynamic process, driven by the increased entropy of
water molecules excluded from the core and the increased
hydrophobic interactions of the core-forming block.'® Because
the mobility of the core-forming block should not theoretically
impact micelle—unimer coexistence and would instead be
more important for kinetic processes (i.e., unimer exchange),
we are working to further investigate how micelle core mobility
impacts unimer populations.

Bl CONCLUSIONS

In summary, we have explored in detail the relationship
between micelle core mobility and micelle—unimer coex-
istence. By synthesizing and characterizing a series of
amphiphilic BCPs with varying nBA/tBA molar ratios in the
hydrophobic blocks, we observed an overall trend of increasing
unimer populations with decreasing T, of the core-forming
block. We verified the decoupling of effects of core chain
mobility (varying T, and experimental temperature) from
changes in micelle core hydrophobicity via contact angle
measurements of homopolymer films and NMR solubility
experiments on nBA/tBA homopolymers, which showed no
significant difference in hydrophobicity relative to the nBA/
tBA molar ratio. We investigated the relationship between core

https://doi.org/10.1021/acs.macromol.1c00635
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mobility and unimer population by variable-temperature NMR
spectroscopy and diffusometry experiments, which showed
increasing unimer population and chain mobility with
increasing temperature. Our results contradict the usual
assumption from micellar theory that the chain mobility of
the core should have no effect on polymer chain phase
behavior (i.e., micelle—unimer coexistence), thus leading to
potentially new directions in theoretical study. We expect that
these findings will provide new insights into micellar behaviors
and future designs for amphiphilic BCP systems, particularly in
applications where large unimer concentrations may induce
undesired (or desired) effects.
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