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ABSTRACT: Chain exchange between block polymer micelles in highly selective solvents, such as water, is well-known to be
arrested under quiescent conditions, yet this work demonstrates that simple agitation methods can induce rapid chain exchange
in these solvents. Aqueous solutions containing either pure poly(butadiene-b-ethylene oxide) or pure poly(butadiene-b-ethylene
oxide-d,) micelles were combined and then subjected to agitation by vortex mixing, concentric cylinder Couette flow, or nitrogen
gas sparging. Subsequently, the extent of chain exchange between micelles was quantified using small angle neutron scattering.
Rapid vortex mixing induced chain exchange within minutes, as evidenced by a monotonic decrease in scattered intensity,
whereas Couette flow and sparging did not lead to measurable chain exchange over the examined time scale of hours. The linear
kinetics with respect to agitation time suggested a surface-limited exchange process at the air—water interface. These findings
demonstrate the strong influence of processing conditions on block polymer solution assemblies.

he tunable self-assembly of amphiphilic block polymers

has enabled bottom-up strategies for the design and
fabrication of nanoscale particles in solution with distinct
nanostructures and properties. Due to the versatility in polymer
architectures and chemical functionalities, amphiphilic block
polymers have been employed in various well-established
applications including dispersants, cosmetics, and emulsifiers,"*
as well as in emerging areas such as nanoreactors,” > diagnostic
particles, and drug delivery vehicles.”® A key challenge is that
many developing technologies aim to encapsulate various
cargoes such as catalysts, dyes, or drugs within the assembly,
and encapsulation requires a fundamental understanding of
molecular chain exchange dynamics to improve the perform-
ance, stability, and lifetime of the nanocarrier. Hindered chain
exchange dynamics in selective solvents are known to produce
kinetically trapped structures in which the size, morphology,
and other functional properties of block polymer assemblies
critically depend on sample preparation and processing
conditions.””” Fundamental investigations into chain exchange
dynamics'®~'¢ and the influence of processing effects'’~** (e.g.,
cosolvent addition and removal, mixing method, agitation rate)
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establish routes to create micelles with improved stability and
provide insight into more complex, hierarchical assembly
pathways.

Theoretical and experimental investigations of chain
exchange in block polymer micelles show close agreement
under quiescent conditions.'””"* By employing time-resolved
small angle neutron scattering (TR-SANS) and contrast-
matching techniques to study block polymer structure and
dynamics under equilibrium conditions, significant insight has
been gained into the effects of core block molecular weight,
molecular weight distribution, temperature, solvent selectivity,
and solution-assembled morphology on chain exchange.'®
Despite the prevalence of agitation methods in block polymer
assembly preparation, previous work has focused on equili-
brium kinetics, and the influence of solution agitation on chain

exchange has not been explored comprehensively.***’
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The significant influence of shear and interfacial effects on
nanoscale assemblies is evidenced by the considerable efforts to
understand these phenomena in emulsions commonly found in
pharmaceutical and personal care products*®*’ and in protein
solutions used in the biopharmaceutical industry.**~>* Micelle
formulations developed for applications such as drug delivery or
catalysis also are routinely subjected to agitation during
processing, shipping, and usage, which could induce aggrega-
tion or undesirable changes in nanocarrier structure. For block
polymer micelles, in particular, many investigations report the
use of agitation during micelle preparation, yet only a few
studies have systematically explored the effects of that agitation
on the structure in the resulting assemblies.'’ "> One example
for poly(styrene-b-2-vinylpyridine-b-ethylene oxide) triblock
terpolymer micelles in water showed that discrete spherical
micelles were formed at slower stir speeds, while cylindrical
micelles and large aggregates were formed at faster stir
speeds.'” Similarly, Wang et al. demonstrated sphere-to-
cylinder, sphere-to-vesicle, and cylinder-to-sphere transitions
for poly(styrene-b-acrylic acid) diblock copolymer micelles in
aqueous solution under high shear conditions imposed by a
specially designed microfluidic mixing device.”** Recently, the
stirring of dilute aqueous solutions of poly(1,2-butadiene-b-
ethylene oxide) (PB-PEO) diblock copolymer micelles was
shown to induce micelle growth through a bimodal pathway
following organic cosolvent removal.** Reports such as these
demonstrate that nanocarrier stability can be influenced by
solution agitation and underscore the need for quantitative
investigations into the effects of mixing on chain exchange in
block polymer solution assemblies.

Herein, contrast-matching SANS methods (Figure 1) that
have been demonstrated in several other works'®™'>!¢2735738
were used to quantify the fraction of chains exchanged between
block polymer micelles as a result of mechanical mixing or
solution agitation. PB-PEO has a very low critical micelle
concentration (CMC) in water, on the order of 10~ mol L™},
and the resulting assemblies are reported to be kinetically
trapped under quiescent conditions with no chain exchange
occurring after several days due to highly unfavorable PB—
water interactions (¥pp.ater & 3.5).26

To examine the effects of solution agitation on chain
exchange, aqueous solutions containing poly(1,2-butadiene-b-
ethylene oxide) [PB-hPEO, M, = 11.1 kg mol ™", wyppo = 0.71,
D = 1.08] and poly(1,2-butadiene-b-ethylene oxide-d,) [PB-
dPEO, M, = 11.0 kg mol™", wyppo = 0.71, D = 1.09] micelles
were prepared by dissolving the dry polymer powders in H,O/
D,0 mixtures. “Pre-mixed” micelle solutions containing
micelles with randomly mixed WPEO/dPEO coronas were
made to measure the scattering that would occur under
conditions of complete chain exchange. These premixed
solutions were prepared by blending 50 wt % PB-hPEO and
50 wt % PB-dPEO in benzene, freeze-drying, and dissolving the
blended polymers in a 64 vol % D,0/36 vol % H,O mixture.
The isotopic composition of the solvent was chosen to
contrast-match the coronas of the premixed micelles. Mean-
while, for chain exchange measurements, separate solutions
containing either pure PB-hPEO or pure PB-dPEO micelles in
64 vol % D,0O were combined at f;, = 0 min. Subsequently, the
solutions were agitated via rapid vortex mixing, concentric
cylinder Couette flow, or nitrogen gas sparging (see Supporting
Information for additional details) and then analyzed by SANS
after a defined mix time (f,;). Chain exchange between PB-
hPEO and PB-dPEO micelles would decrease the scattering
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Figure 1. Schematic representation of contrast conditions used to
study chain exchange as a result of solution agitation. Micelles
containing nondeuterated PB chains in the core and either
nondeuterated or deuterated PEO chains in the corona (lower left
panel) were agitated using rapid vortex mixing, Couette flow, or
nitrogen gas sparging. Subsequently, SANS was used to measure the
scattering intensity as a function of mix time and, hence, to quantify
the extent of chain exchange (lower right panels). Chain exchange
between micelles decreases the solvent-corona contrast and the
scattered intensity, and under certain agitation conditions, the
scattered intensity gradually approaches that of micelles with randomly
mixed hPEO/dPEQ corona chains (minimum scattering contrast).

contrast and therefore the scattered intensity. Moreover, a
decrease in the scattered intensity compared to that of the
premixed micelle solution would be evidence of complete chain
exchange.
The extent of chain exchange can be related directly to the
scattered intensity and can be defined by the relaxation function
mix) -1 (OO)

R(t,;) given in eq L'
1/2
1(0) = (o0) ) (1)

I(c0) and I(0) are the integrated intensities for the premixed
solution and the postmixed solution at f;, = 0, respectively.
I(t,;,) is the integrated intensity at a given mix time. An R(t,,,)
value of 1 corresponds to no chain exchange, while a value of 0
corresponds to complete chain exchange or randomly mixed
chains within micelles. Although the randomly mixed chains do
not result in the full zero-average contrast condition (i.e.,
residual scattering exists from core—solvent and core—corona
contrast), it was shown previously that residual scattering due
to core contrast remained negligible at lower q—values.11 Here,
the scattered intensities were numerically integrated from 0.004
Al < q < 0.015 A~ over which the residual scattering due to
the core contrast remained negligible.

SANS experiments were performed on the NG-7 30 m SANS
Instrument at the National Institute of Standards and
Technology (NIST) Center for Neutron Research (NCNR).
After mixing the discrete samples, scattering data were acquired
for S min and reduced using the standard procedures provided

I(t

R(ty) = (
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by NIST.** Time-resolved SANS techniques were not
necessary for these mixing experiments as chain exchange
between micelles did not occur during the quiescent acquisition
conditions. Figure 2 presents the SANS data for micelle
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Figure 2. Chain exchange induced by solution agitation. (a) Rapid
vortex mixing led to a decrease in scattered intensity. (b) The
relaxation function R(f;,) varied linearly as a function of mixing time.
Negligible chain exchange was found after (c) 90 min Couette flow at
5000 s~" and (d) 60 min of nitrogen gas sparging at 10 mL min~". The
scattered intensities from SANS were normalized by polymer
concentration. All agitated micelle solutions were prepared at 5.0 mg
mL™". The maximum (0 min) and minimum (premixed) scattering
curves are an average from three different concentrations. Error bars in
(a), (c), and (d) represent the standard deviation in the measured
scattered intensity. Error bars in (b) represent the propagated
uncertainty in the normalized scattered intensity based on the
uncertainty in polymer concentration.

solutions before and after various agitation methods. Note that
each SANS curve represents an individual micelle solution
mixed from f,;, = 0 min to the desired mix time. As shown in
Figure 2a, the scattered intensity decreased as a result of rapid
vortex mixing (analog setting 10, ~3200 rpm), showing that
chain exchange could occur in as little as 5 min at the given
agitation rate. Longer mixing durations further reduced the
scattered intensity such that chain randomization within
micelles was achieved after 20 min of mixing. Note that
SANS and DLS experiments indicated that the vortex mixing
did not lead to changes in the spherical core—shell micelle
structure (see Supporting Information, Figures S1 and S2 and
Tables S1 and S2), supporting the conclusion that the decrease
in scattered intensity was due to chain exchange between
micelles. Figure 2b shows that the fraction of chains exchanged
varied linearly with mix time, which is highly suggestive of a
surface-limited exchange rate. Other agitation methods
including Couette flow at a high shear rate of 5000 s™' for
90 min (Figure 2c) and nitrogen gas sparging at a flow rate of
10 mL min~" for 60 min (Figure 2d) did not induce significant
chain exchange over the examined mixing duration.

1108

Comparing the results from the different agitation methods
suggested that the vortex-induced chain exchange was
facilitated by the rapid compression/expansion of the air—
water interface. The lack of chain exchange during high shear
conditions in the Couette cell implied that the exchange
process was not exclusively a shear-induced effect, as Couette
flow was estimated to have a similar volume average shear rate
to vortex mixing but significantly different air—water interfacial
contact.>’ In other words, shear forces (of the range applied
herein) and imparted particle collisions alone were not
sufficient to surmount the relatively large energetic barriers
necessary for chain exchange between PB-PEO micelles in
water.”

The interfacial argument is reasonable given the propensity
for amphiphilic molecules to adsorb at interfaces. However,
nitrogen gas sparging did not induce significant chain exchange
after 60 min, even though full exchange was obtained after 20
min of vortex mixing. These two different outcomes likely were
due to significant differences in air—water surface regeneration
rates and volume average shear rates, both of which were
estimated to be greater by a factor of ~10” for vortex mixing
relative to sparging.”’ Recent studies on the same polymer
system also showed that solution agitation via magnetic stirring
did not lead to measurable chain exchange after 10 days.”*
Again, the surface regeneration rates were approximately 2
orders of magnitude greater during vortex mixing compared to
magnetic stirring, emphasizing the importance of the air—water
interface turnover. To further support the importance of the
air—water contact, the air—solution volume ratio was reduced
during vortex mixing (i.e., 4 mL of solution vs 1 mL of solution
were loaded within equal-volume sealed vials), which resulted
in considerably less chain exchange (see Supporting Informa-
tion, Figure S3).

There are several reports illustrating the strong aﬁinitzf of
amphiphilic block polymers for the air—water interface.*' ~* In
one example, Isa and co-workers studied the adsorption
energies of PEO-based surfactants and showed that a PEO-
containing block polymer adsorbed strongly to the air—water
interface such that desor3ption was not detected under the
experimental conditions.” These results suggest that block
polymer amphiphiles only desorb from the interface at high
surface pressures, such as the pressures created by shrinking
and collapsing the interface. Given the importance of air—water
contact for agitation-induced chain exchange and the expected
high energy barrier to chain or micelle desorption, the results
presented herein indicate that the interface must deform and be
regenerated for chain exchange to occur. According to this
hypothesis, the chain exchange would be limited by the
available free air—water interface, which is consistent with the
linear chain exchange rate.

SANS experiments were conducted at various polymer
concentrations to examine the reproducibility of the linear
chain exchange rate and to gain additional insight into the
underlying exchange mechanisms. Figure 3 shows similar
decreases in scattered intensity for micelle solutions exposed
to rapid vortex mixing at polymer concentrations ranging from
2 to 15 mg mL™". Higher polymer concentrations required
longer mix times to achieve micelles with randomly mixed
chains. For example, randomly mixed micelles were obtained at
tmix ~ 10 min for the 2.4 mg mL™" sample (Figure 3a), whereas
the same degree of mixing took f.; ~ 60 min for the 10.0 mg
mL™" sample (Figure 3c). The corresponding R(t,y;) for the
different polymer concentrations decreased linearly with mix

dx.doi.org/10.1021/mz500435d | ACS Macro Lett. 2014, 3, 1106—1111



ACS Macro Letters

(=3

a - ® 0min L ® 0min
109-. ® 2min 109-. ® 5min
T O e 4 min i I 10 min
E fou "o v 6min E T v 20min
- ‘: ._.’.,. g 10 min - 2:-.__'. g gOmin .
(o)) LR Pre-mixed o e %o, re-mixe
£ 4 =% £ 4, "t
vy wu v " by
A\l \ v LAY Al *33y AN
L ] Yy e,
5 § Mgy oSty e
ry e IRRRATIYE Y
= = 2 e
£ £
1
1 4 14 5 6 2
0.01
-1
qlA]
c L ® 0min d B ® 0min
10, = 4min 10, = 10min
T She 10 min T 8 e 30 min
T Tty v 20min = N v 60 min
- o te, 4 30min - A 4 90 min
‘o By Tuge > 60 min ‘o Sty "y e, O Pre-mixed
g Jf *e3yv, T, O Pre-mixed I RO EI ML N
[ v *elY "
‘TE N w.;xz‘ . t.'. TE ""x;;::v'n.
>
S T S Teetyy,,.
0ol 000
L 4 Vo .“L COr ¢oo¢°¢¢w\
g G !
4 1 1 I

alAy

Figure 3. Concentration series for chain exchange induced by rapid
vortex mixing. Scattered intensities from SANS were normalized by
polymer concentration for (a) 2.4, (b) 7.5, (c) 10.0, and (d) 15.0 mg
mL™" micelle solutions at each given mix time (0 min up to 90 min).
The 5.0 mg mL™" data are presented in Figure 2. The normalized
maximum (0 min) and minimum (premixed) scattering curves shown
in (a—d) are the average curves obtained from samples at three
different concentrations. Error bars represent the standard deviation in
measured scattered intensity.

time (Figure 4a), further supporting a surface-limited exchange
process.

Figure 4b shows the concentration of exchanged chains as a
function of mix time by assuming that the chain exchange
process followed a zero-order rate expression with respect to
polymer concentration and mix time. The expression [1 —
R(tyi)] represents the fraction of chains exchanged as a
function of mix time, and co[1 — R(f,;)] represents the
concentration of mixed chains, in which ¢, was the total
constant polymer concentration. The corresponding zero-order
rate constants were determined from the slopes of the linear fits
shown in Figure 4b. The concentrations, rate constants,
uncertainties, and coefficients of determination extracted from
the linear fits are summarized in Table 1.

Interestingly, the rate constants decreased with increasing
concentration, and the exchange kinetics for the highest
examined polymer concentration (15 mg mL™') deviated
somewhat from linearity. One possible explanation for these
trends is that there are additional energetic penalties for chain
exchange as polymer concentrations approach the semidilute
regime. Previous work by Choi et al. examined the equilibrium
kinetics of poly(styrene-b-ethylene-alt-propylene) micelles
under quiescent conditions in squalane and found considerably
slower single chain exchange kinetics at higher concentrations
(15 vol %) compared to lower concentrations (0.5 to 2 vol
9).>” Their results later were supported with theoretical
arguments by Halperin.** These arguments proposed that an
additional osmotic penalty was incurred by overlapping corona
chains, leading to increased energetic barriers for chain
exchange at higher polymer concentrations. A similar argument
could explain the concentration-dependent rate constant found
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Figure 4. Quantification of chain exchange kinetics. (a) Extent of
chain exchange R(t,;) as a function of mix time at various polymer
concentrations. (b) Concentration of randomly mixed chains as a
function of mix time, for which the slopes are equal to the zero-order
rate constant. Error bars represent the propagated uncertainty in the
normalized scattered intensity based on the uncertainty in polymer
concentration.

Table 1. Kinetic Parameters for Micelle Chain Exchange
Induced by Rapid Vortex Mixing

concentration (mg mL_l) rate constant (mg mL ™ min_l) R?
24 +0.1 0.23 + 0.01 0.993
5.0+ 0.1 0.24 £ 0.01 0.996
7.5+ 0.1 0.23 + 0.03 0.957
10.0 £ 0.1 0.15 £ 0.01 0.986
150 = 0.1 0.09 + 0.02 0.896

in this work; however, herein the concentrations were within
the dilute regime (nearing the semidilute regime), and chain
exchange did not occur readily in the bulk solution. An
alternative macroscopic explanation could be that chain
exchange was slowed due to an increased solution viscosity at
higher polymer concentrations. Higher solution viscosities
could potentially reduce the interface regeneration rate;
however, the overall viscosity increase in the dilute solutions
was expected to be negligible. Finally, bulk concentration has
been shown to affect the adsorption kinetics of amphiphilic
molecules* and nanoparticles* at the air—water interface. The
decrease in the rate of chain exchange associated with
increasing concentration could be due to slower micelle
adsorption to the interface. Incorporating more controlled
interfacial methodologies, as well as chain exchange studies in
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the semidilute and concentrated regime, are necessary to
examine these hypotheses.

While the consequences of solution agitation on the stability
of block polymer assemblies are largely unexplored, the results
presented herein parallel reports on agitation-induced protein
aggregation kinetics. Shear and interfacial effects are especially
deleterious to protein stability, as proteins are known to
aggregate at air—water interfaces.’>*>***7* For example, Bee
et al. demonstrated that cyclic compression and expansion of
the air—water interface led to aggregation of monoclonal
antibodies, in which the mass and number of aggregates
increased linearly with agitation time.>”

Based on the linear kinetics found here, a similar surface-
limited mechanism may lead to chain exchange in which block
polymer micelles adsorb to an air—water interface, exchange
some fraction of chains, and subsequently return back into the
bulk solution when the interface collapses (Figure 5). It is likely

Figure 5. Schematic representation of proposed mechanism for
agitation-induced chain exchange in which micelles (a) adsorb to the
air—water interface, (b) exchange chains, and (c) are redispersed into
the bulk solution. Given sufficient mix time, micelles eventually
approach the randomly mixed condition with minimum scattering
contrast.

that the micelles (rather than the individual block polymer
chains) adsorb to the air—water interface due to the low
concentration of free chains in the PB-PEO micelle
solution.*”*® Similarly, the direct adsorption of micelles to
the air—water interface has been reported for nonionic micelle
systems at concentrations much greater than the CMC;
however, the exact mechanism of micelle adsorption and
rearrangement at the air—water interface remains un-
known.”**33 In the present studies, it is uncertain whether
single chains or some small fraction of chains are sequentially
exchanged at the interface for each surface turnover cycle, that
is, a cycle of micelle adsorption and redispersion. Nevertheless,
these results have demonstrated that common mixing methods
potentially can induce micelle chain exchange, even in a highly
selective solvent. While additional studies are necessary to fully
understand the coupled shear and interfacial effects on chain
exchange and process time scales, the agitation-induced chain
exchange presented here has critical implications in block
polymer micelle stability and further emphasizes the
importance of selecting and controlling processing conditions
when preparing these assemblies.
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Experimental details, additional SANS data (Figure S1, Figure
S3, and Table S1) and DLS data (Figure S2 and Table S2).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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