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Abstract

Chain exchange in amphiphilic block polymer micelles is measurable with time-resolved small-
angle neutron scattering (TR-SANS) where contrast-matched conditions reveal chain mixing as
reduced intensity. However, analyzing chain mixing on short time scales e.g. during micelle
transformations remains challenging. SANS model fitting can quantify chain mixing during size
and morphology changes, however short acquisition times lead to lower data statistics (higher
error). Such data are unsuitable for form factor fitting, especially with polydisperse and/or
multimodal scenarios. An integrated-reference approach, R(?), is compatible with such data by
using fixed reference patterns for the unmixed and fully mixed states that are each integrated to
improve data statistics (lower error). Although the R(%) approach is tolerant of low data statistics,
it remains incompatible with size and morphology changes. A new shifting references relaxation
approach, SRR(?), is proposed where reference patterns are acquired at each time point to enable

mixed state calculations regardless of short acquisition times. The additional experimental
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measurements needed are described which provide these time-varying reference patterns. The use
of reference patterns makes the SRR(t) approach size/morphology-agnostic, allowing for the extent
of micelle mixing to be directly calculated without this knowledge. SRR(t) is thus compatible with
arbitrary levels of complexity and can provide accurate assessment of the mixed state which could
support future model analysis. Calculated scattering datasets were used to demonstrate the SRR(?)
approach during multiple size, morphology, and solvent conditions (Scenarios 1-3). The mixed
state calculated from the SRR(t) approach is shown to be accurate for all three scenarios.
Introduction

Block polymer micelles have applications that span from drug/gene delivery,!= to nanoreactors,*>
emulsions,® and templates for nanomaterials.”!> The characterization of how micelle size and
morphology evolves over time as a result of chain mixing are important, but has remained elusive.
Despite the capabilities of existing SANS models, there is not yet such an approach compatible
with the low data statistics associated with rapid measurements during morphology/size
transformations. This limitation has hampered analysis of chain exchange during morphology/size
changes. Recent decades of research revealed much about chain exchange mechanisms and
separately how size and morphology transitions evolve over time.!2?> For example, micelle
morphology transitions have been induced by varying solvent or temperature conditions leading
to mechanism insights for micelle fusion/fragmentation.?>?® However, these insights were
generally restricted to ensemble rates of size/morphology change where the corresponding extent
of chain mixing remained elusive. Time-resolved small-angle neutron scattering (TR-SANS)
experiments are often used for measuring chain mixing due to the ability to control the source of
signal intensity with isotope-labeled polymer chains (usually deuterated/protiated). 9-23:37.29-36

Here contrast-matched conditions are generally used where the fully-mixed micelles (containing
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equal moles of deuterated and protiated polymer) have the same scattering length density (SLD)
as the solvent phase, thus giving the unmixed micelles the maximum scattered intensity.
Separately, many studies have examined changes to micelle sizes, and morphology transitions
either due to processes over time or as a result of thermodynamic changes (e.g. solvent composition
changes).617:40-45,18-22,25.38,39 Here the “process time” is the duration of the chain exchange process
which may be induced by e.g. quiescent sitting,3%4¢ stirring,?> vortexing,’” or ultrasonicating.36:47
Often studies that emphasize size/morphology change rely upon measurements that are insensitive
to chain mixing, e.g. small-angle X-ray scattering (SAXS) or transmission electron microscopy
(TEM) due to the challenges of analyzing TR-SANS data with low signal statistics.

The analysis methods for deriving the extent of chain mixing from TR-SANS data can be grouped
into two classes of approach: comprehensive form-factor models and form-factor-agnostic models.
Here the form-factor is the scattering characteristic of an individual micelle which depends upon
morphology, size, SLD differences (i.e. contrast) between all two-body pairs, and can include other
contributions e.g. chain conformations. The addition of multiple distribution terms to these models
as well as incoherent scattering bring additional complexity.3**® There are numerous
comprehensive SANS form-factor models for block polymer micelles that depend on the above
factors.!9-23,24,29.35.49-51 For example, the opensource SASfit program includes ~50 comprehensive
micelle form-factor models (categories: spherical, ellipsoidal, cylindrical, rod-like, local planar).>?
In principle, the use of such comprehensive form-factor models to fit data in units of absolute
scattering intensity yields best-fit values for SLD which are simple to relate to the extent of chain
mixing.?*3 The use of comprehensive models is most suitable for ideal datasets with long
acquisition times and thus good data statistics. The derivation of a unique best-fit (as opposed to

equivocal variations) is more challenging when there are wide/multi-modal size distributions or
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morphology mixtures since the number of fit parameters increases. Compared to synchrotron X-
ray sources, one inherent difficulty for SANS is acquiring sufficient data statistics on short time
scales from the lower flux of neutron sources in order to resolve a meaningful form factor fit.
Neutron sources typically have a flux on the order of ~108 neutrons/cm?s which is far lower than
the ~10'2-10'% photons/s flux at synchrotron X-ray sources.>* The brightness limitation of SANS
instruments often require many minutes to hours of acquisition to have sufficient data statistics for

robust form factor fitting.

Integrated-reference pattern approaches avoid the requirement for high-statistics 1(q) data by
removing form-factor models and instead using reference datasets which are integrated over a
range of g-space. Here the Poisson counting statistics is significantly improved by combining the
counts from an ensemble of pixels thus yielding a higher statistics value as compared to the
individual pixels. For example, the R(?) relaxation function is often used to quantify the decrease

in scattering intensity during chain mixing:!%-23.37,29-36

I(t) — I(o0)
R(t) = 1(0) — () (eq 1)

where () is the intensity at mixing time (¢), /() is the intensity of a fully-mixed sample prepared
by premixing chains before micellization, and /(0) is the intensity of the initial unmixed sample.
Thus /(0) and /() set maximum and minimum anticipated scattering intensities. We note that
these intensity values are often derived by integrating /(g) over a g-range or alternatively by
calculating R(z,q) over a range of g-values and averaging them together with similar R(?) results
either way.?%33:36:37 Briefly it is also noted that the functional form of R(z), with intensity
differences calculated before taking the square root, enables the removal of scattering contributions

that are unrelated to the mixing extent. The square root of the remaining scattered intensities relates

Page 4 of 27



Page 5 of 27

Soft Matter

to the SLD-contrast of the present mixed state. It thus follows that the percent of chain mixing is
1-R(t) when a perfect contrast match is used. It should also be noted that the percent of chain
mixing corresponds to the mixed state composition and is blind to mixing events that do not change
the average composition, thus underestimating the total number of chain exchange events by at
least a factor of two. For example, any micelle releasing a D-chain followed by insertion of a D-
chain (constant aggregation number) does not result in a change of scattered intensity. This integral
based approach is ideal for difficult to fit samples, such as those with significant dispersity. A
drawback of the R(?) approach, however, is that it assumes that all changes to intensity are related
to chain mixing alone, which is only valid for size-invariant, morphology-invariant, and solvent-
invariant experiments. For example, a recent study of chain mixing with the R(z) method during
size changes was limited to low-extents of mixing to avoid violating this assumption.’® Herein a
new analysis method is proposed where inclusion of shifting references relaxation function (SRR)
enables chain mixing measurements with fast acquisitions (low data statistics) during morphology
changes. Though motivated by micelles, this methodology applies equally well to diverse complex
soft-matter systems including for example lipid exchange, surfactant exchange, emulsion oil

exchange, or homopolymer exchange between micelles.

Results
The essential feature of the SRR approach is the inclusion of shifting (time-dependent) reference

patterns for the mixed and unmixed states to account for variation of non-mixing related scattering
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contributions such as size/morphology/solvent changes. Importantly, these shifting reference
patterns are derivable directly from experimental measurements without knowledge of the micelle
shape or size distributions, vide infra. This allows the SRR(?) approach to measure chain mixing

regardless of form-factor changes overtime. The SRR(?) functional form is:

I(t) - Ipre - mixed(t)

SRR(t) - \/Iunmixed(t) - Imixed(t) (eq 2)

Here I(#) corresponds to the measured sample undergoing chain mixing for a desired amount of
time (t) and L,e.mixea(?) 1s @ measured reference pattern for the fully-mixed condition. e mixed(t)
reference sample starts with pre-mixed H/D chains in micelles which undergo the same processing
conditions over time. In this way, the 1,,,,.r.q(?) reference reflects the non-mixing related intensity
for the changing micelle size/morphology/solvents during the exchange process. This non-mixing
related intensity is thus subtracted before comparing /(2) to L,mivea(?) (€q 2). A unique feature for
SRR(t) is that the I,.iq(?) reference pattern is calculated from separate Iy(z) and Ip(?)
measurements from purely H-labelled and D-labelled chains, separately (Figure 1). In this way the
isotope-related contrast is maintained during size/morphology/solvent changes. Furthermore, since
micelle chain exchange processes often depend on the chain concentration,?33%37 each type of
labelled chain must be measured with the same concentration as the rest of the samples (e.g. 1 wt%
polymer for I(?), Lyye.mixea(t), Iu(t), and Ip(t)). It follows then the sum of /y(2), and Ip(2) will be twice
that of the intended /,,,ixca(?) reference pattern (e.g. 1 wt%). Thus, their sum is halved which is

equivalent to the average:

Iy(t) + 1p(0)
Lunmixea(t) = 2 (eq 3)

Please note that the SRR(t) method is best suited for form factor patterns from dilute samples (<2
vol%) without structure factor contributions. Addressing more concentrated samples with Bragg

scattering introduces additional complexity. Zero average contrast conditions do not yield structure

Page 6 of 27



Page 7 of 27

Soft Matter

factor peaks as noted recently with experimental confirmation.>? Thus additional modeling/fitting
would be needed to remove the structure factor from the Iy(t) and Ip(t) measurements in order to
calculate the corresponding [nmixed(t) Without structure factor.

Figure 1 schematically shows how the necessary set of four scattering measurements (/4(2), Ip(?),
Lyre-mixea(t), and I(2)) are combined for each SRR(?) value. A constant background term was included
for all Figure 1 calculations so that 7, mix.(t) would have non-zero values to enable log-log
plotting. An example sequence of measurements over time are depicted in Figure 2. The resulting
SRR(t) values are linear with mixing extent (1-SRR(?)) which multiplied by the concentration I
yields the mixed chain concentration (C*(1-SRR(t))).3%37 To briefly summarize, SRR(?) may be
calculated from data that: 1) all undergo identical processing (temperature, agitation, etc.), 2) have
identical concentration, and 3) are acquired with identical TR-SANS intervals or alternatively with
arbitrary intervals when absolute scattering intensity is used (Figure 1,2). We note that time of

flight detection is advantageous for flexible data re-binning where the four required scattering
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Figure 1: Schematic showing the data used for SRR(t)
calculation from accessible experimentai
measurements alone. This approach is compatible with
arbitrary levels of complexity since it does not use an
explicit form-factor model. Please note that these four
measurements must be carried out in the same
sequence of solvents with the same total polymer

concentration, see text
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patterns at each time point must be synchronized and with the same duration. For experiments
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requiring very long durations, these four measurements could be run in parallel with staggered
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start times. Such parallelization best fits with arrayed sample holders such that computer control
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enables consistent process-time for each measurement. The implementation of SRR(%) should also
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consider experimental reproducibility, including e.g. temperature variation and concentration
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error. Fortunately, these challenges have been widely addressed with prior approaches such as R(z).
In brief, active temperature control (Peltier or cartridge heater) with circulating medium can
decouple sample temperature from ambient fluctuations. Likewise, concentration error can be
minimized in experiment, design, e.g. by using stock solutions with large volumes. In the
proceeding sections, simulated datasets are used to demonstrate the SRR(?) approach for micelles
during scenarios of size change (1S) and morphology change via solvent addition (2S). Crudely
simple form factor models are used to calculate scattering curves for the sake of demonstration.
Subsequent SRR(?) calculations were carried out without using knowledge of the form factors, thus
the approach remains form-factor agnostic and is compatible with arbitrary levels of
size/morphology complexity. The final scenario (3S) follows a more comprehensive/realistic
simulated dataset corresponding to a sequence including both morphology and size changes as

inspired by recent data.?*

Time, t ID(t) IH(O Iunmixed(t) * I (t) Ipre-mixed(t)
h Y o

Figure 2: lllustration showing the measurements needed (Ip(t), Iu(t), 1(t), Lyre-mixed(t) and Lymixea(t)
to calculate SRR(t). *The unmixed reference pattern I,miea(t) is calculated as the average of
measured Ip(t) and Iy(t) patterns so that it has the same morphology distribution as 1(t), and

I, unmixed(t) .
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Following from the functional structure of SRR(?), there are 4 empirical measurements needed for
each timepoint evaluated (Figure 2). As with prior methods, an H- and D-labelled polymer chains
are needed with equal moles. These are used to make three stock solutions: stock-1 containing
equal moles of H- and D-labeled polymer chains at overall concentration C, for the /,..mixeq(?) data,
stock-2 containing H-labeled polymer chains at concentration C for /y(2) and I(z), and stock-3
containing D-labeled polymer chains at concentration C for Ip(?) and I(?). The I(t) sample is
prepared from equal volumes of stock-2 and stock-3 so that the overall concentration remains C.
This criteria is important since a number of chain exchange processes are concentration dependent.
Here the use of these additional reference patterns is the minimum information needed to use
reference patterns for analysis with short acquisitions and low I(q) statistics during morphology
changes.

Before demonstrating SRR, however, the utility of integrated-reference approaches are first
motivated with example SANS data. Spherical micelles (Figure S1) of ~17.6 kg/mol poly(ethylene
oxide)-b-(methyl acrylate) (PEO-b-PMA) were measured to compare the error of the intensity with
variable acquisition times. The data collected at the Bio-SANS instrument is stored with a time
coordinate for every neutron measured which enables continuous acquisition data to be
subsequently processed into arbitrary time intervals of the user’s choice. Figures 3a and 3b shows
the first 5 min interval (300s) and the first 1 min interval (60s) SANS data from a 60 min exposure.
Changing the time interval from 300s to 60s results in a 5x lowering of the absolute count (Figure
does not show absolute counts, it shows normalized counts). The main impact is seen in the
intensity error where the error for the 60s sliced dataset ranged from 6-14%. With such low
statistics (or large error bars), the form factor fitting approach becomes unreliable and, in many

cases, infeasible. As noted earlier, counting statistics are significantly improved by combining the
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counts of many detector pixels to increase the total number of counts. Thus, regardless of the ~10%
point-by-point error in I(q), the integral of the curve (I) had a significantly improved level of
statistics with just a 3% propagated error. Regardless of the significant point-by-point error, both
the 300s and 60s intervals yielded similar chain mixing trajectories (Fig. 3c¢). Thus, methods
utilizing integrated data fundamentally enable shorter acquisition times which may be important

to support studies of quick morphology transitions.

10° -l""--.__‘-‘- 300s Slice a)i 10° ""-'-'-..\- 60s Slice b)i
i .'- A l‘l
£. 4 £
E Emz IIH I §y Fight
§1°-z %ﬁﬂlmﬁlﬂ{m&. e 1 é ] ] ll}ﬂﬂlﬁﬁ

g (nm) q (am)
Figure 3: PEO-b-PMA micelle data collected at a concentration of 1 wt% polymer using SANS TOF with 300s (a), ana

60s time intervals (b).

Simulated data sets are now used to demonstrate the capabilities and limitations of the R(?)
approach as a motivation for SRR(?). For both R(?) and SRR(t?) approaches, the use of mixed and
unmixed reference scattering patterns is important, respectively, to subtract non-mixing related
intensity and to calibrate the extent of mixing based on the unmixed reference. In this way, both
R(t) and SRR(Y) are form-factor-agnostic without need for explicit form-factor model(s). Two
mixing scenarios were numerically simulated with SASfit. The first scenario (1S) included an
abrupt size change (25-50 nm hard spheres) between the fourth- and fifth-time intervals. The
second scenario (2S) included an abrupt morphology change (spheres-to-cylinders)>*>° between
the fourth- and fifth-time intervals. This scenario (2S) also included a change of solvent, similar

to a recent experimental example.!® Both scenarios used 10 time steps with a 10% increase in
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mixed chain content at each time step. The parameters for simulation 1S are shown in Tables S5-
S9 and those for 2S are shown in Tables S10-S14. The simulated mixing extent and
size/morphology conditions are shown in Fig 4a and Fig 4d. For validation of interpretations, both
R(t) and SRR(t) values are plotted with a second inverted y-axis so that the simulated extent of
mixing is compared to the interpreted extent of mixing (1-R(z) or 1-SRR(?)). In this presentation
format a valid interpretation (left y-axis) would align with the scenario conditions (right y-axis).

Ideally the model interpretation corresponds closely to the input extent of mixing.

First the behavior of the R(?) approach is examined with these two scenarios of simulated data.
Figures 4b and 4e show R(?) at each time step. For both scenarios, the implied extent of mixing (1-
R(1)) accurately followed the simulated extent of mixing while the size/morphology was constant
for time steps 1-4 (note alignment of R(?) points with dotted line). Importantly, the extent of mixing
does not follow the simulated extent of mixing when the size/morphology change occurs for time
steps 5-10. For example, comparing the simulated extents of mixing to the implied extents of
mixing (1-R(2)) leads to goodness-of-fit (R?) values of 0.49 and 0.78, respectively. This inaccuracy
arises since the R(?) function uses two time-fixed reference patterns (/(o) and /(0)) for all

calculations which cannot address either changes to the non-mixing related intensity or the
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Figure 4: Capabilities and limitations of the R(t) approach for simple scenarios 1S (top row) and 2S (bottom row). The
first column corresponds to the simulated conditions (a, d). The second column corresponds to the R(t) values (b,e) which
imply inaccurate extents of mixing. The third column corresponds to the SRR(t) values (c,f) which accurately determine
the extent of mixing. Here the values on the two y-axes align when the model accurately predicts the extent of mixing.
Goodness-of-fit R2 values are presented.
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changing scale of mixing-related intensity over time. The form-factor mismatch due to
size/morphology/solvent change between [(#) and [(x)/I(0) are apparent for both scenarios at
timestep 5 Fig S2a,b and Fig. S3a,b. Thus, the R(?) approach is not suitable for tracking mixing

processes with size/morphology/solvent changes.

The SRR(t) method tracks chain exchange regardless of size/morphology changes by including
shifting reference patterns for the unmixed and mixed states that are directly derived from
experimental measurements (Fig 1, Fig 2). This approach is compatible with any non-mixing
related scattering contributions that may occur and may vary with process time. The same two
scenarios for micelle size and morphology changes (1S and 2S) were analyzed using SRR with
simulated scattering curves. Here the time-dependent reference patterns allow the changes in non-
mixing related intensity (changes in form factor) to be subtracted. For example, both scenarios
have an abrupt change in form factor at time step 5. Here the shifting reference pattern for 7,,;04(2)
and a calculated 7,,,.ixeq(?) reference pattern have the same size/morphology as the sample, /(7),
since the measured micelles experience the same process time at the same concentrations. Thus,
the intensity ratio (eq 2) purely corresponds to the extent of mixing. It is apparent that the implied
extent of mixing (1-SRR(?), Figure 4c,f) correctly follows the simulation input extent of mixing
(Fig 4a,d) with goodness-of-fit R? values of 1.00. It is worth noting that simulation 2S also included
terms to mimic a change of solvent composition. This solvent change leads to multiple changes
to the scattering curve: the micelle-solvent contrast, the form factor, and the volume/number of
micelles. Solvent composition changes are often used to induce micelle size/shape transitions

where the ability to track chain exchange during such processes has remained challenging with
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other methods. These simplified demonstrations with perfect contrast-matched conditions show
that the SRR approach accurately extracts the extent of micelle mixing regardless of
size/morphology/solvent changes.

Many micelle exchange experiments are conducted without a perfect contrast matched condition
which is next considered. Often only one block of a polymer is deuterated for micelle mixing
experiments due to the cost and complexity of isotope labelling. The third scenario (3S) includes
non-perfect contrast-matched conditions (unlabeled micelle corona) that lead to additional non-
mixing related scattering contributions. This scenario was inspired by recent experimental work?*
on cylindrical micelle fragmentation to spherical micelles followed by size equilibration (Figure
5a). In that study two pathways of micelle evolution were considered, both including initial
fragmentation prior to the onset of chain mixing via single chain exchange. While form-factor
observations were consistent with the preferred pathway, the lack of chain mixing characterization
during this initial stage inhibits the consideration of alternative pathways. Validation of the chain
mixing extent throughout the process is thus crucial when considering mechanisms of micelle
evolution. Scenario 3S has a first fragmentation stage including gradual cylinder-to-sphere
morphology change without chain mixing and the second equilibration stage including gradual
size change with chain mixing (Figure 5a,b). Again, polymer volume was conserved throughout
the simulated scattering curves. The simulated data for 3S show that the core-solvent contrast-
match causes the expected intensity decay with increasing mixing extent, however the corona-core
interface does not reach a contrast match upon mixing. Figure 5¢ shows the corresponding
simulated scattering curves at time step 13 where the contribution of the corona SLD can be
observed in the 1, c.mivea(?) curve as it is above the background scattering. The resulting inclusion

of these scattering contributions in /(¢) highlight the importance of removing their effects from
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SRR(?) by including time-dependent /,..ixea(t) measurements. A complete list of the 3S form
factor models and simulation parameters used are in tables S15-S18. The R(?) approach was used
to analyze dataset 3S (Figure 5c). As expected for morphology/size changes, the implied extent of
mixing (1-R(?)) poorly matched the simulated extent of mixing with a goodness-of-fit R? value of
-0.085. The SRR(t) approach was also used to analyze dataset 3S (Figure 5d) with shifting
reference patterns to account for the changing morphology/size distribution at each time step (Fig.
5d). In contrast, the implied extent of mixing (1-SRR(?)) closely tracked the simulated extent of
mixing with a goodness of fit R>=0.99 despite the lack of perfect contrast-matched conditions. The

capability to track chain mixing during dynamic micelle size/morphology changes is thus
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Figure 5: SRR(t) was applied to a complex scenario (3S) without a perfect contrast-match. The sequence of morphology and size
changes are depicted (a) and presented as a plot (b). The corresponding R(t) values (c) and SRR(t) values (d) are shown. Here the
values on the two y-axes align when the interpretation is correct and the R’ values corresponds to the goodness-of-fit. Example

scattering curves are presented that include non-mixing related contrast (e).

thoroughly shown with dataset 3S. The ability to track micelle chain exchange during such
dynamic environments with SRR(?) will enable new insights to better support micelle evolution

mechanisms that have previously been difficult to fully characterize.
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Conclusion

The measurement of micelle chain mixing is important for understanding micelle evolution
mechanisms over time. Explicit form-factor fitting is powerful but can be non-feasible while
measuring weakly scattering micellar systems that quickly change. The well-known R(?) approach
is compatible with shorter acquisition times but is limited to systems which preserve constant
size/morphology/solvent due to the use of fixed reference patterns. This work demonstrates a new
SRR(t) approach that calculates the extent of chain mixing by including time-varying reference
patterns to account for non-mixing related scattering variations such as morphology/size changes.
These reference patterns are all obtainable from convenient experimental measurements as
described in Figures 1 and 2. Simulated datasets demonstrated the advantages of SRR(?) with
simplified scenarios including size change (1S) and morphology/solvent change (2S) with perfect
contrast-match. Furthermore, a comprehensive scenario (3S) of a cylinder-to-sphere transition
followed by size equilibration were simulated with more typical, non-perfect contrast-match
conditions (unlabeled corona). Again SRR(?) analysis accurately tracked the extent of micelle
chain mixing. Future experimental implementation of the SRR(?) approach would enable access to
micelle chain mixing kinetics during dynamic processes which are important for mechanism

determination.

Methods

All simulated scattering curves were generated using SASfit version 0.94.11 Darwin_x86 64. The

g-range selected for simulated data was from 5*10-4-1.0 nm™! with a resolution of 100 points. All
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calculated patterns included constant background such that all datasets were non-zero and thus
plottable on log-log graphs. The SASfit “background” function was used for Figure 1 and
Scenarios 1S and 2S with C_0=le-5, C_1=1e-5, C_4=le-3, and Alpha=1e-5 where the background

intensity is C_0+C_1*q+C_4*qAlpha,

Simulated Size Change Data Set 1 (1S):

The first data set used the hard sphere form factor (“sphere’) with a gaussian distribution of sphere
radii. A background was included to mimic generic background scattering from solvent. The
complete list of parameter values are presented in Tables S1-S2. The scattering contrast (eta)
values were decreased linearly with 10 time steps. As noted elsewhere with agitation induced
exchange and cavitation induced exchange?>-3%, these simulations included a sudden micelle size
change between the 4™ and 5™ time step. Simultaneously, the particle number density (N) was
changed from 1.0e-30 to 1.25e-31 to conserve polymer volume. The particle percent dispersity

(S/radius(X0O)) was also conserved.

Simulated Morphology Change Data Set 2 (2S):
The second data set used hard sphere and hard cylinder (“cylinder’) form factors, similar to dataset

1S. A full list of the simulation parameters are in Tables S3-S5.

Simulated Transition Experiment (non-contrast matched chains) Data Set 3 (3S):
The third data set used a core-shell cylindrical and core-shell spherical form factor
(“CYL+Chains(RW) Rc”, “BlockCopolymerMicelle) in SASfit32-°¢ with a gaussian distribution

of the core radius and a gaussian distribution of the aggregation number respectively. Simulations
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mimicked a three-part process: 1) fragmentation of cylinders into small spheres, 2) transition of
small spheres into larger spheres, 3) mixing of micelles during sphere-to-sphere transition (Fig.

3a). A list of parameters can be found in table S6-S9.

Calculations

The time-dependent eta terms for SLD contrast were varied over time where:

eta(t) — eta(o)

Y%mixed = eta(0) — eta(w)

*100% (eq4)
The R(t) values were calculated using eq. 1 from the integrated intensity of the simulated scattering
curves across the full simulated g-range. The SRR(t) values were calculated analogously using eq.

4 with the exception that 7,,,,:.a(?) Was calculated from separate /4(2) and Ip(?) scattering curves as

would be done with experimental data using eq. 3.

Materials: Poly(ethylene glycol) methyl ether (PEO-OH, Mn = 5,000 g mol—1, Aldrich), 2-
bromopropionic acid (>99%, Aldrich), and 4-(dimethylamino)pyridine (99%, Aldrich), N,N’-
dicyclohexylcarbodiimide (DCC) (99%, BeanTown Chemical), 4-dimethyl- aminopyridine
(DMAP) (99%, TCI Chemicals), acryloyl chloride (96%, stabilized with 400 ppm phenothiazine,
Alfa Aesar), 4-methoxyphenol (99%, Acros Organics), triethylamine (>99.5% Millipore Sigma),
dimethylformamide (97%, Aldrich) were used as received. The catalyst, copper(I) bromide
(99.99%, Aldrich), ligand, tris[2- (dimethylamino)ethyl]amine (97%, Aldrich), and anhydrous,
inhibitor-free tetrahydrofuran (THF, 99% Aldrich) were stored inside a glovebox and used as
received. Methanol (MeOH, 99.8%, Fisher) was dried at room temperature by storage over 30%
w/v of molecular sieves (3 A, 8—12 mesh, Acros Organics) for a week. Deuterium oxide (D20,

99.9% D) was purchased from Cambridge Isotopes and used as received. Deuterated Methanol
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(MeOD, 99.9% D,) was purchased from Cambridge Isotopes and used as received. Methyl acrylate
(99%, stabilized) was run over an alumina column prior to use. All reagents were used as received

without any further purification unless otherwise stated.

Poly(ethylene oxide) Macro-Initiator Synthesis:

PEO-Br was synthesized via a Steglich esterification. Poly(ethylene glycol) monomethyl ether
with a molecular weight of 5,000 g/mol (20 g, 4.0 mmol) was dissolved in 100 mL of chloroform.
Next, 2-bromopropionic acid (0.720 mL 8.00 mmol) of was added dropwise while stirring. The
solution was brought to 0°C for 10 minutes prior to the addition of N,N’-dicyclohexylcarbodiimide
(DCC) (1.65 g 8.0 mmol) and 4-dimethyl- aminopyridine (DMAP) (0.391 g 3.20 mmol). The
suspension was then allowed to stir for 2 hours at 0°C for 2 hours, brought to room temperature
and allowed to stir overnight. The crude product was isolated via vacuum filtration to remove the
urea by-product. The filtrate was then added to hexane (1000 mL) to isolate PEO-Br
macroinitiator. The precipitant was collected via vacuum filtration and allowed to dry in a vacuum

chamber overnight. The final product was collected for an 87% yield as verified with 'H-NMR.

Poly(ethylene oxide-b-methyl acrylate) Synthesis:

Previously synthesized PEO-Br (1 g, 0.2 mmol), and methyl acrylate (4.216 g, 49 mmol) was
dispersed in 1 mL of anisole. The solution was treated to 3 cycles of freeze-pump-thaw to remove
oxygen and brought into an argon glovebox. A copper stock solution of copper(I) bromide (35.86
mg, 0.25 mmol) MegTREN (66.81 mL, 57.6 mg, 0.25 mmol) was dispersed in 0.5 mL of toluene.

To the PEO-Br, MA solution 0.2 mL of copper stock solution was added. The solution was then
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placed in a preheated oil bath at 80°C and stirred for 16 hours. The final product was collected by
precipitation in methanol and dried in a vacuum chamber overnight. The final product was

validated with 'H-NMR.

SANS Measurements:

SANS measurements were performed on the CG-3 Bio-SANS instrument at the High Flux Isotope
Reactor at Oak Ridge National Laboratory.’”> Sample preparation was carried out by generating
micelle solutions. The solutions were made by dispersing the polymer in methanol at a
concentration of 10 wt% followed by the addition of a H,O/D,0 (77.16/22.84 vol%) mixture until
the solution was 50/50 (vol%) MeOH/(H,0O/D,0). The polymer was then diluted with a solution
of 50/50 (vol%) MeOH/(H,0O/D,0) until a final concentration of 1 wt% was achieved. A volume
of 0.35 mL of the final solution was added into a titanium cell for SANS measurements. The

nominal neutron wavelength was 0.6 nm with a detected g-range spanning from 0.007-9.25 nm-!.
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