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Abstract: Conditional variations can lead to micellar tramsfations resulting in various (equilibrium)
morphologies. However, creating differently shapegemblies under the same final conditions (same
ingredients, composition, temperature, etc.) isllehging. We present a thermoresponsive
polyelectrolyte system allowing a pathway-depengeaparation of kinetically stable spherical star-
like or cylindrical micelles. In more detail, a tparature-induced structure switch is used to gémera
equilibrated interpolyelectrolyte complex (IPEC)celies of different morphologies (templates) below
and above the lower critical solution temperatur@riesence of plasticizer (salt). Then, lowering th
salt concentration at a specific temperature lkiadlti freezes the formed IPECs, keeping the regpect
microstructural information encoded in the froz&EC also at other temperatures. Hence, different
nonequilibrium morphologies at the same final cbads are provided. The salt-triggered transition
from nonequilibrium to equilibrium micelles can tepeated for the same sample, highlighting a system
with an on-demand changeable and restorable steuctu
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1. Experimental Procedures

1.1. Sample Preparation

The interpolyelectrolyte complexes (IPECs) formeddueous mixtures of the used polymers have been
analyzed concerning their quasi-equilibrium miaedisucture in agueous 0.3 M NaCl solution and the
kinetics of complex formation towards equilibriuefbrel? The miktoarm star polymer poly(ethylene
oxidei+(poly([2-(methacryloyloxy)ethyl] trimethylammoniuiodide)s)s was synthesized according

to procedures described in Ref. 3. The diblock toper poly(lithium vinylsulfonate)-b-poly(N-
isopropyl acrylamidey was synthesized as described in Ref. 4. For suiplithe polymers will be
labeled with STAR and DIBLOCK in the following teX8odium chloride (NaCl, 99.8 %) was purchased
from VWR. Deuterium oxide (D, 99.95 %) was used as the solvent and obtaioned Breutero.

The nomenclature of the samples (Scheme S1) censpiecifications of the preparation temperature
(pt) and the measurement temperature (mt), whieledher 20 °C or 60 °C and will be given as, e.g.,
pt20 or mt60. IPEC-dialyzed-pt20-mt60, e.g., démsia sample that was kinetically frozen by
eliminating the NaCl by dialysis at 20 °C (pt20)daafterwards was heated to 60 °C (mt60) to
characterize the resulting assemblies above therloritical solution temperature (LCST) of PNIPAM.
As a second example IPEC-frozen-pt60-mt20 was peep@quilibrated and diluted) at 60 °C, cooled
below the LCST and characterized at 20 °C. Foptieparation at 60 °C, all materials used (beakers,
solvent, stock solutions etc.) were tempered bbford at 60 °C. For the preparation of the IPEC
samples a consistent mixing sequence was apphedDtBLOCK solution was added first and the
STAR solution second.

The IPEC samples discussed in the main part wepaped according to the following procedure: Stock
solutions of STAR and DIBLOCK were prepared isC) containing 0.3 M NaCl. The concentration of
charged groups of the polyelectrolytes was 0.4 Mith stock solutions. Concentrated IPEC solutions
were prepared by adding the STAR to the DIBLOCKckteolution. Before further treatment, the
concentrated polymer solutions were equilibratedoatn temperature or 60 °C for at least 24 h. A
defined portion of the equilibrated IPEC solutioasatransferred to a vial and rapidly diluted (1:100
v/v) by addition of RO resulting in IPEC solutions with charge conceidre (positive and negative
each) of 0.002 M and an overall polymer concertratif 0.09 wt%. Concentrated IPEC samples will
be labelled with IPEC-eq and diluted samples wrBC-frozen.

Alternatively, the salt content of the IPEC sampless reduced by dialysis. For this approach, stock
solutions of STAR and DIBLOCK were prepared isCD(with 0.3 M NaCl) exhibiting concentrations
of charged groups of 0.06 M. IPEC solutions weentprepared by mixing a 0.3 M NaCl solution with
stock solutions of DIBLOCK and STAR resulting in awerall polymer concentration of 0.62 wt%
(concentration of charged groups of 0.012 M eaéfler 3 d of equilibration at their preparation
temperature, the solutions were transferred toysimlcapsules and dialyzed againsODMWCO
1000 Da). The dialysis medium was exchanged twediafter 1 d each time. After 3 d the dialysis was
terminated and the solutions were transferred atsvDialyzed IPEC samples will be labelled with
IPEC-dialyzed.

As a further reference system, IPEC samples weaped without the addition of salt. For this pwso
stock solutions of STAR and DIBLOCK were prepanmned;O with charge concentrations of 0.024 M.
After mixing both stock solutions the samples IPB@ssalt with an overall polymer concentration of



0.65 wt% and with concentrations of charged groafpsach polymeric component of 0.012 M were
stored at their preparation temperature for at [24$ before measurement.

In order to verify the reversibility of the structufreezing process by dilution, a concentrated INaC
solution (3.27 M) was added to the IPEC-frozen dampesulting in a polymer concentration of
0.082 wt% and 0.3 M NaCl. The change in hydrodymasize was investigated by use of DLS
measurements. Furthermore, this re-equilibrated pantPEC-re-eq-pt60 was dialyzed against
bidistilled water to remove the salt. After freelrging it was re-dissolved in a small amount of 0.3
NaCl (D:0O) and the concentrated IPEC solution was equitdrat 60 °C for 44 h. After dilution (1:100
viv) with D20, resulting in a polymer concentration of abo@®90wt%, the hydrodynamic size of the
obtained frozen assemblies IPEC-re-frozen-pt60dessrmined with DLS.

(2] (3] (4]

1st dilution 2nd equilibration 24 dilution

1st equilibration

sample code: \60_9/‘ \/‘ w

IPEC-eq = M concentration of IPEC dispersion:
1. dialysis against pure H,O
IPEC-frozen -@--------— 2. freeze drying
3. re-dissolution in 0.3 M NaCl
IPEC-re-eq  -@-—-—————~— Y Y
IPEC-re-frozen -@--——-~--—-~ A o QO ---—-—-——--- M
i
o (2] (1)

equilibration dialysis mixing

sample code: sample code:

IPEC-dialyzed -@--------~ 0/ IPEC-no-salt —-0/

Scheme S1. Sample nomenclature and preparation history.

1.2. Dynamic Light Scattering

Dynamic light scattering experiments were performadan ALV setup equipped with a goniometer
(ALV, CGS-8F), a digital hardware correlator (AL\D@0), and a HeNe laser (JDS Uniphase, 35 mW)
with a wavelength of = 633 nm. The samples were transferred to segledidcal scattering cells and
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placed in an index-match bath filled with toluefibe temperature was controlled with an external
programmable thermostat (Julabo F32). The measutsmere performed at scattering anglésom

30 to 150° in increments of 10-20° and at tempeestdrom 20 to 60 °C in increments of 4 K. The
CONTIN algorithm was applied to obtain the decayetidistribution from the measured autocorrelation
functions. The distributions were mainly bimodal depicted in Figure S1. The largest species is
assigned to loose aggregates and clust@te smaller species is identified as IPEC with attéc
structure and thus as object of interest, thoudferént coexisting micellar structures like fractal
aggregates/worm-like micelles and vesicles canlydr@ resolved in the DLS size distributions. The
decay rates of these objects (roughly within tze sange of 10-100 nm) were plotted agagdgtvith

the scattering vectar = (4mn/A) - sin(6/2) with n as refractive index of the solution) to determine
the z-average translational diffusion coefficiBatof the scattering species. The average hydrodynami
radiusR, was calculated fror®, according to the Stokes-Einstein equation.

RN
o
1

normalized intensity
o
o

o
o
!

r/ nm

Figure S1. Example for an intensity-weighted CONTIN plot dfet IPEC formed by STAR and
DIBLOCK in aqueous solution showing a bimodal dibtrtion according to micellar IPECs and
loose aggregates (sample: IPEC-frozen-pt60-mt60.603 M NaCl,f = 120°).

1.3. Cryogenic Transmission Electron Microscopy

For cryo-TEM studies, a sample droplet of 2 ul kwibtal concentration of polymers 0.09 wt%) was
put on a lacey carbon filmed copper grid (ScienegviBes, Minchen, Germany), which was
hydrophilized by air plasma glow discharge (30 w0W, Solarus 950, Gatan, Minchen, Germany).
Subsequently, most of the liquid was removed widltting paper leaving a thin film stretched oveg th

lace holes. The specimens were instantly shoclefrd rapid immersion into liquid ethane cooled to
approximately 90 K by liquid nitrogen in a temperatcontrolled freezing unit (Leica EM GP, Leica

Microsystems, GmbH, Wetzlar, Germany). The tempeesatof 20 °C and 60 °C were monitored and
kept constant in the chamber during all sampleanan steps. The specimen was inserted intoa cry
transfer holder (CT3500, Gatan, Minchen, Germany)teansferred to a Zeiss/LEO EM922 Omega
EFTEM (Zeiss Microscopy GmbH, Jena, Germany). Exatibns were carried out at temperatures
around 90 K. The TEM was operated at an acceleratiftage of 200 kV. Zero-loss filtered images
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(AE = 0 eV) were taken under reduced dose conditib@8-1000 e nrf). All images were registered
digitally by a bottom mounted CCD camera systemrédtan 1000, Gatan, Miinchen, Germany)
combined and processed with a digital imaging psicg system (Digital Micrograph GMS 1.9, Gatan,
Minchen, Germany).

Cryo-TEM studies on the sample IPEC-re-frozen-pt&€e performed likewise. One drop of the sample
was placed onto a hydrophilized carboncoated cogpdr The excessive solution was removed in a
vitrobot system. The sample was vitrified from #Hupieous dispersion by rapid introduction of thd gri
in liquid ethane. A Carl Zeiss LIBRA 120 microscayeerating at 120 kV with a bottom mounted CCD
camera was used to record the zero-loss energyefilttransmission electron micrographs.

ImageJ software was used to analyze the imagetandasure manually the size of the partiéles.

1.4. Small Angle Neutron Scattering

Small angle neutron scattering (SANS) experimertewerformed at the KWS-2 instrument at FRM 1
in Garching (Munich, Germany)Incident neutron wavelengths of 5 A at detectstatices of 2 and

8 mand 10 A at 20 m were used, yieldirgrange of 0.002 to 0.474Rasq = (41n/1) sin6/2 where

A is the wavelength andlthe scattering angle. The samples were preparéeuterium oxide (BD) to
provide good neutron scattering contrast. Sampée tansferred to Hellma quartz glass cuvettds wit
pathlengths of 1 or 2 mm at room temperature dhénoven at 60 °C. Each sample was measured at
20 °C as well as at 60 °C. A calibrated thermosiat applied to reach temperatures of 20 and 60 °C
within the sample cuvettes. The scattered intengdty collected on a 2D detector with an active area
equivalent to 0.9 AP Each raw scattering data set was corrected factist sensitivity, electronics
background and sample transmission and convertadatbering cross-section data using instrument
software QtiKWS. This data was converted to theohits scale (cry through reference to the
scattering from a secondary standard sample (Pésjig

The 1D scattering patterns were qualitatively andngjtatively analyzed with SasView 4.Form
factor models (see below) implemented in SasVieweviigted to the scattering data in approprigte
ranges. Additionally, particle distance distributimnctions (PDDFsjp(r) were calculated via inverse
Fourier transformations (IFT) of the scatteringadaith SasView. The PDDFs depict the probability to
find two points within a certain distancevithin a particle.

For the description of the experimental scattedagyes by form factor fitting the start values the
micellar sizes (radii, thicknesses etc.) were esith on the basis of the PDDFs, the DLS data, cryo-
TEM results and previous (published) form factés.firhe scattering length densities of the micellar
domains were adjusted within certain limits. Fas tBcattering length densities of the pure comptmne
were estimated first (Table S1). Second, limitstfar hydration of these domains (volume fraction of
D20 ¢p,0) were assumed (Table S2). Finally, it was possiblgefine the limits for the domain SLDs
Pdomain @ccording to the following formul@gomain = @i - pi + (1 — ¢3) - pp,o With p; andg; as SLD
and volume fraction of the pure components, resggt andpp,o as SLD of the solvent (Table S2).
As start value used for form factor fitting, an ege SLD was used for the single domains, whiclidcou
adjust freely within the determined limits (Tabl8)SThe scattering length densities of hydrated PEO
and PNIPAM are rather similar, so it is hardly pbkesto resolve a compartmentalization in the caron
structure at 20 °C. Thus, no further domains astirgjuished within the corona. For the partly
dehydrated PNIPAM at temperatures above its LCB& pbssible SLDs are in the range of the SLD



limits assumed for the IPEC domain (Table S2). @qusently, it is also not possible to describe the
compartmentalization of the core structure at 6@y©ur SANS data analysis.

Table S1. Estimated scattering length densities (Spdr DO and the pure polymer compounds calculated
with SasView software

component SLD [10° A7
D0 6.39
PEO 0.64
PNIPAM 0.81

PEO+PNIPAM  0.73
gPDMAEMA 0.62
PVS 1.59
IPEC 1.00

Table S2. Supposed degree of hydration of different micedlamains and consequent limits for the SLDs of
these domains.

micelle domain $p,0 SLD [10° A7
corona (PEO, PEO+PNIPAM) 0.7 -0.95 4.69-6.11
PNIPAM atT > LCST 0.5-0.6 3.60-4.16
IPEC 0.3-0.7 2.62-4.77

Table S3. Start values of the domain SLDs and corresponiimits for the form factor fitting process.

micelle domain start value SLD [#®&?]  limits SLD [10° A7
corona (20 and 60 °C) 5.4 469-6.11
IPEC (20 °C) or IPEC+PNIPAM (60 °C) 3.7 2.62 - 4.77
PEO+PNIPAM+IPEC (20 and 60 °C) 4.5 2.62-6.11

In order to model the entire scattering curve, cioeth form factor fits were used. The strongly
increasing intensity toward logy values is indicative of aggregates. For simplicihese aggregates
were described as simple monodisperse sphereadibhgment of the form factor fits at laywalues

is therefore only of moderate quality, but givesagproximation for the size of loose aggregates.
Toward the higlg limit, the scattering intensities often decredse/ly. Here, the scattering contribution
might arise from interaction between single chasesentanglements. In some cases, this regionlis we
described by a Lorentz function that gives a cati@h length, which is large for highly correlated
systems. The mid+egion mainly results from the scattering of tHeattar IPECs, which are of interest
for us. For the description of théisregion, more detailed form factor models were igppincluding
either a sum of two simple form factors, modellthg overall shape of coexisting species, or single
complex form factors, which allow conclusions oa thner structure of the micellar IPECs. In general
it was tried to keep the models applied in formdaditting as simple as possible to obtain rekabl
information from SANS data analysis without overgraeterization. In this sense, also the
polydispersityo is disregarded and set to 0, e.g., in case ofatmis of spherical aggregates or the
length of cylindrical micelles. All applied formdtor models are described in the following.



Spherical Form Factor

l in(qR)—qR cos(qR)]>
I(Q) = SC:; = [3V(p - psolv) L2 (ql;);os . ] + bkg. 8
Psolv
R
p

scale: scale factor
V. volume of scatterer
p: scattering length density of scatterer
Psolv- scattering length density of the solvent
R: radius of the sphere
bkg: background scattering

Spherical Core-Shell Form Factor

scale [3VC(,DC — ) [sin(gRc)—qR. cos(qR)] [sin(qDs)—qDs COS(qu)]]Z +

Pcs—sphere(‘l) = + 3Vs(ps — Psolv)

Vs (qR¢)? (qDs)?
bkg.®
Psolv
Ps
scale: scale factor
V: volume of the outer shell
V.: volume of the core
De: scattering length density of the core (equaldtg, for hollow spheres)
Ds: scattering length density of the shell
Psolv- scattering length density of the solvent
R.: radius of the core
Dq: thickness of the shell
bkg: background scattering

Ellipsoidal Core-Shell Form Factor

scale

” F?(q,a) + bkg.®

P(q,a) =




F(CI; a) = f(q' Rc,e' Rc,e *Xey 0() + f(q' Rc,e + Ds' Rc,e "Xe + Ds " Xs) 0()

f(q, Re, Ry, oc) =

r(Re,Rp, a) = [R2sin’a + Rjcos®a

Psolv-
a.
bkg:

3ApV(sin[qr(Re,Rp,a)]—cos[qr(Re,Rp,a)])
[qT(Re'Rp'“)]g

]1/2

scale factor

volume of the ellipsoid

equatorial radius

polar radius

equatorial radius of core

axial ratio of core (pole to equator)
thickness of shell at equator

ratio of thickness of shell (pole to equator)
contrast: pc — ps) Or (Ps — Psolv)

scattering length density of the core
scattering length density of the shell
scattering length density of the solvent
angle between the axis of the ellipsoid gnd
background scattering

Lorentzian Function

I(q) =

scale:

¢
bkg:

scale
1+(q$)?

+ bkg.*°

scale factor
screening / correlation length
background scattering

Fractal Structure Factor

D¢T(Ds—1) sin((Df—1)tan—1(qf)) "

Stractal(q@) = 1+ Dr—1

@RPH(147) *




Y 1 g
e .

fractal dimension
gamma function
correlation length
radius of the particle

Cylinder Form Factor

Pcylinder(q' a) = v [ZV(p = Psolv) —T

J1:
bkg:

2

sin(qu cos a) J1(gRsin @)
2 + bkg.®

scale

JaLcosa qRsina

R| L

Psolv
scale factor

volume of the cylinder

scattering length density of the cylinder

scattering length density of the solvent

length of the cylinder

radius of the cylinder

angle between the axis of the cylinder andcvector
first order Bessel function of the first kind
background scattering

Cylindrical Core-Shell Form Factor

__ scale sin(qu cos “) J1(qRcsina)
Pcs—cylinder(Q: CZ) Ty ZVC(pc - ps) %;L cosa lch sina + ZV(ps -
)sin(§q(L+2Ds)cos @) 1, (q(Re+Ds) sin ) ’ + bka. 12
Psolv %q(L+2DS) cosa q(Rc+Ds)sina g
D
'R Ps
[
Psolv
scale: scale factor
V: volume of the cylindeV = m(R, + Ds)?(L + 2D)
V. volume of the core
Pc: scattering length density of the core
Ds: scattering length density of the shell
Psolv- scattering length density of the solvent
L: length of the core
R.: radius of the core
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Dq: thickness of the shell

a: angle between the axis of the cylinder andctvector
Ji: first order Bessel function of the first kind
bkg: background scattering

2. Results and Discussion

2.1. Structure Freezing by Dilution

DLS Results

The intermediate scattering function derived frohrBDneasurements is the sum of exponential decays
resulting from different types of motion. For morgkrse rigid rods of length Pecora stated that for
gL < 5 (with the amount of the scattering vectpronly the translational motion of the particles
contributes discernibly to the total scatteredrisigy!®* Hence, the intermediate scattering function
contains only one exponential decay. fbr> 5 a second exponential decay must be considetedh

is related to the rotational diffusidh Cryo-TEM images obtained for IPEC-frozen-pt60-mttw
worm-like structures with a length of about 91 rifig(ire 3D). Thus, according to Pecora the scattered
intensity derived in the investigated angular ra(®8f#f - 150°) should solely result from translatbn
diffusion here. Apart from this, in general it isusual to find a depolarized mode for polymeric glas
Although it is not expected from the previous erpldons, the decay rate of IPEC-frozen-pt60 shows
y-intercepts different from 0 at 20 as well as @t’6 (red dashed and solid lines in Figure S2)sThi
might be an indication for additional relaxatioropesses (rotational diffusion) as expected, eog., f
elongated particles.

Tirado and Garcia de la Torre established an egjmegor the diffusion coefficient of rigid rodBy =
(kT/3mmL)(Inp + 0.312 + 0.565/p — 0.1/p?).1**®> The parametep is the ratio of rod length and

rod diameted. Cryo-TEM images obtained for IPEC-frozen-pt60-n{Eigure 3D) show worm-like
structures with a diameter of about 11 nm and gtkenf about 91 nm (Table S5). If these values are
plugged in the equation, a translational diffustomefficientDr of 9.52102 n?s? is calculated, which

is almost equal to the experimentally obtainedudifin coefficient from DLS analysis (9:40' n?s?).

As the objects visible in cryo-TEM images probatrlight not (fully) contain the water-soluble PEO
and PNIPAM corona (see discussion below), the alpeeetioned equation can be used to calculate the
rod length under assumption of a bigger diametdrusme of the experimentBr: For a diameter of
15 nm a rod length of 73 nm and b= 20 nm a length of 55 nm is obtained. The mod@li@do and
Garcia de la Torre is valid for rigid rods. The@EM images in Figure 3D, however, show bent and
possibly flexible worm-like structures. Thus, tH®ae equation has only limited validity here, baihc

be considered as good approximation. Consequémty)L S data of IPEC-frozen-pt60 correspond very
well with the results obtained from SANS and cryieM data analysis.
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Figure S2. Decay ratel” obtained by CONTIN analysis of DLS results of IPECGcelles
kinetically frozen by dilution after equilibratiom 0.3 M NaCl (xO) plotted versusgp?.

With DLS measurements it is further possible toneix& the stability of the kinetically frozen IPEC
assemblies. Due to the huge size difference tedodibrated state at 60 °C the sample IPEC-frozen-
pt60 was chosen for this experiment. 27 days #iftefirst DLS study (the results of this is preseinn
Figure 1, Figure S2 and in Figure S3 as solid )imesecond set of measurements was performed with
the physically same sample IPEC-frozen-pt60. Asaleg in Figure S3 the same sizes, within the range
of error, were determined for both measuremen2® &C as well as at 60 °C. Figure S3 further shows
that the different kinetically frozen assemblietolbeand above the LCST of PNIPAM are repeatedly
rearranged into each other by heating and cootilegice, these DLS studies prove the stability of the
kinetically frozen IPEC micelles as well as theemsibility of their size (and structure) change mpo
varying the temperature around the LCST.
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IPEC-frozen-pt60

-mt20 / -mt60: 7 days after prep.
-------- o-- 34 days after preparation
T T T T T T T T T T T
50 + L]
x
L f
40+ ,E\ P
E
c
" 30— 4
20+ i/ \‘\T,’/ i
) by

04—

T/°C

Figure S3. The hydrodynamic radiuRy of kinetically frozen IPEC micelles (IPEC-frozen-
pt60) measured at 20 °C and 60 °C and at diffetenes after preparation (solid lines: 7 days
after preparation, squares: 34 days after prepamtiThe polymer concentration is

~ 0.09 wt% for diluted systems. The dashed linesguiles to the eyes only.

The identification and structural analysis of intediate micellar structures at temperatures near th
LCST of PNIPAM is challenging. Hence, it is hargigssible to differentiate intermediately formed
IPEC assemblies when crossing the LCST upon heamgooling. A first impression on the
restructuring processes at the transition temperatpon heating and cooling might, however, be
obtained from the hydrodynamic sizes. Figure S4Bale the heating curve for the sample IPEC-frozen
prepared at 60 °C in red (cf. also Figure 1) andaing curve for the same sample in black. Withi
range of error, th&, is the same for the heating and cooling curvddomperatures below and above
the LCST. Thus, for the investigated temperatutervals no hysteresis is observed. However, close t
the transition at 36 °C just one species was fdanthe heating process by DLS. This might indicate
that the aggregation of PNIPAM blocks results ie formation of assemblies with an increased
aggregation number within one step. In contragt,tie cooling process two species of distinctly
different sizes were found. TR of the main species is similar to that of the imgatycle, whereas the
radius of the minor species is right in betweens¢hobtained at 20 and 60 °C. Hence, upon re-
solubilization of the PNIPAM blocks some intermediatructures might be obtained during the vesicle-
to-worm transitiont® A similar scenario is observed for IPEC-frozenepé depicted in Figure S4A.
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A A -.---|PEC-frozen-pt20: heating curve (8 days after prep.) B A -----|PEC-frozen-pt60: heating curve (7 days after prep.)

v ---- |[PEC-frozen-pt20: cooling curve (50 days after prep.) v ---- |PEC-frozen-pt60: cooling curve (34 days after prep.)
v IPEC-frozen-pt20: cooling curve (minor species at 36 °C) v IPEC-frozen-pt60: cooling curve (minor species at 36 °C)
T T T T T T T T T T
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Figure S4. Temperature dependence of tReof IPEC micelles upon heating from 20 °C to
60 °C (colored symbols and lines) and cooling (lkkaymbols and lines) measured by DLS for
different preparation temperatures (pt) of 20 °C) @d 60 °C (B). The polymer concentration
is ~ 0.09 wt% for diluted systems. The dashed linesguales to the eyes only.

In comparison to the equilibrated micellar IPE@& assemblies kinetically frozen by dilution exhibi
larger radii and/or different structuresVhen the NaCl content in IPEC-frozen-pt60 is atdjdsto

0.3 M, the hydrodynamic radius of the micellar IREE€decreased (cf. yellow filled hexagon in Figure
1 and Figure S5) approaching the values deternioratie equilibrated sample (black filled hexagon).
This indicates that the addition of salt leads tather rapid rearrangement of the IPECs towards th
equilibrium micellar structures. This process migétreversed by removing the added salt via d&lysi
After freeze-drying the IPEC, a concentrated polyamdution (IPEC-re-eq) is prepared in 0.3 M NacCl,
which is diluted (1:100 v/v) with ED after equilibration at 60 °C (IPEC-re-frozen-pt6bhe micellar
IPECs now exhibit the same hydrodynamic radius as @abtained after the first dilution approach
proving full reversibility of the generation of nequilibrium structures (cf. red circle filled yehloin
Figure 1 and Figure S5). This result further sutgydsat the freeze-drying process does not affect t
IPEC. Addition of salt to IPEC-frozen-pt20, howewvaoes not result in a decrease of Rabelow the
LCST (cf. blue filled grey diamond in Figure S5).réarrangement does not occur as the kinetically
frozen and the equilibrated structure are basicdéintical. At temperatures above the LCST theumdi

is slightly reduced presumably indicating that nawe-shell-shell spheres or worms are formed rather
than vesicles.
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Figure S5. Temperature dependence of the & IPEC micelles upon heating from 20 °C to
60 °C measured by DLS for different preparation pemratures (pt). The polymer concentration
is ~ 0.09 wt% for diluted systems. The dashed lines@uales to the eyes only.

SANS Results

For the micellar IPEC assemblies, which were kaadly frozen by dilution, form factor fits were
conducted for the wholgrange as presented in the main part (Figure 2DFDwere calculated fay

> 0.005A* to neglect the scattering contribution of loosgragates. As Figure S6 shows, distinctly
different distribution functions are obtained fbetinvestigated-range at a measurement temperature
of 20 °C. From these it might be deduced that edted) structures are present for a preparation
temperature of 60 °C, whereas spherical-like asBeshave formed upon equilibration and dilution at
room temperature. These results are in line wighfehm factor fits presented in the main part and i
Table S4.

For measurements at temperatures above the LCBNIBfAM (Figure S6B), the PDDFs suggest the
existence of micelles with a spherical to sliglglgngated shape in case of a preparatidn<at. CST.

This possibly results from the small fractal agaiteg visible in the cryo-TEM images described & th
main part. Besides of the fractal aggregates aesicular structures were observed in cryo-TEM
analysis. For the sample prepared at 60 °C, theFP&IED suggests the formation of elongated species
rather than vesicles. Due to the coexistence tdr@ifit structures, it is hard to draw detailed dasions
from the PDDFs at high measurement temperaturereldre, the cryo-TEM images were used as an
aid to find appropriate form factor models for SAN&a fitting.
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temperatures (20 °C and 60 °C), diluted and meadatedifferent temperatures obtained from
SANS data analysis. The corresponding SANS datafanch factor fits are presented in Figure

2.
sample form factor model fit results
p spherical aggregate:
& R = 140.0 nm4 set to 0)
p=5.910°A1
IPEC-frozen _ .
_pt20-mt20 spherical core-shell micelle:
R. = 6.8 nm . = 0.32)
Ds=4.7 nm ¢s=0.01)
pc=4.110% At
ps=5.410% At
Lorentzian function:
&=3.4nm
p - :
spherical aggregate:
IPEC-f .
0t6 O-r:t);gn = R = 140.0 nm (fixed)d set to 0)

p=4.610° A1

16



cylindrical core-shell micelle:
R. = 4.7 nm . = 0.33)
Ds=5.9 nm ¢s = 0.42)

L = 153.7 nm¢ set to 0)

pc=4.010% At
ps=5.910% A1
Ds hollow sphere (vesicle):
R. = 8.6 nm . = 0.23)
P , Re D = 18.5 nm s = 0.12)
¢ pe = 6.410° A (fixed)
ps=4.810% At
IPEC-frozen fractal aggregate from core-shell
-pt20-mt60 spheres:
R. = 13.8 nm . = 0.30)
Ds=9.3 nm §s = 0.03)
pc=3.510% At
ps=6.110% A
Di=2.8
£=19.3nm
cylindrical micelle:
R| L R=17.4 nmg& = 0.50)
p L =94.1 nm ¢ set to 0)
p=4.810°A1
IE;E;ZT;S " Ds hollow sphere (vesicle):

R = 28.6 nm ¢ = 0.78)
Ds=17.5 nm#s=0.01)
pc = 6.410° A (fixed)
ps = 3.710° A

pS RC
Pe

pt: preparation temperature, mt: measurement teatpee,R: radius,D: thicknessL: length,
&: correlation lengthp: scattering length density;: polydispersity, c: core, s: shelDs: fractal
dimension.

Cryo-TEM Results

Cryo-TEM images of polymeric micelles kineticallpfen by dilution are presented in Figure 3 in the
main part and in Figure S7. For IPEC-frozen-pt2@90rit78 of these spherical-like micelles depicted in
Figure 3A were evaluated yielding an average radit&5 + 1.4 nm for the dark grainy spots (Figure
S8A). These mainly correspond to the IPEC domaigfitvhich exhibits the highest electron density
and thus is visible in cryo-TEM images. The mixd&lOPPNIPAM corona presumably just marginally
contributes to the dimension of the observed objddius, the radius is in good agreement with ¢ine ¢
size obtained from SANS data fitting. Further it@nsistent with the radial size of 8.7 nm foundtfe
equilibrated IPEC sample at 20 °C as stated elsehe
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At temperatures above the LCST of PNIPAM, the sighéobjects formed by equilibration and dilution
at room temperature aggregate due to the collapseeoPNIPAM blocks. The cryo-TEM images
presented in Figure 3B clearly show vesicular $tmgs which seem to have an irregular membrane
with localized dark spots. These darker parts, vhie partly highlighted in Figure S7C, might dépic
the IPEC domains. It is conceivable that the sphédore structures present at 20 °C as descritmmdba
are preserved upon heating as rearrangementseaenped in the absence of low molecular weight salt
The vesicles are therefore formed by aggregatiatebfdrated PNIPAM blocks of different micelles,
presumably depicted by the brighter parts of thebrane. 154 of these vesicular objects were anglyze
concerning their size. The average radius inclutltregmembrane visible in cryo-TEM images is 34.7
+7.9 nm (Figure S8C). The membrane, presumabltiagting the IPEC domain as well as the collapsed
PNIPAM blocks, exhibits an average thickness off983 nm (the thickness was determined from 56
vesicles at 10 positions for each object, Figui@)SBlowever, the spherical micelles are not conghjet
consumed by vesicle formation, but further form edmegular spherical- or elongated-like aggregates
with a loose inner structure (Figure 3B). Accordynghe corresponding SANS data could be well
described with a combination of form factors ofcdidw core-shell sphere and a fractal structurdawit
core-shell spheres as primary building blocks (Fed).

zen-pt60-

D TR SRR

= TETIALY

C IPEC-frozen-pt20-mt60 D IPEC-frozen-pt60-mt60

nonequilibrium micellar IPECs prepared at T<LCST
1S91 <1 e pasedaid sH3d| Jej@21w wnugqijinbauou

Figure S7. Cryo-TEM images of kinetically frozen IPEC mice$l@repared at 20 °C (A, C) and
60 °C (B, D) and then shock vitrified at 20 °C (B) and 60 °C (C, D). The scale bars
correspond to a length of 100 nm except where rtbeowvise stated. The yellow color
exemplarily highlights some insoluble IPEC domaimish its grainy substructure at 20 °C (A,
B) and its spherical or worm-like shape in the \sdsimembranes at 60 °C (C, D). For A, B,
C1, C2, D1, D2 the original images are depictedrigure 3.
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The IPEC sample equilibrated and frozeT &t LCST consists of elongated, partly branched haice
structures which can be seen in the backgrounkeottyo-TEM images (partly marked in red in Figure
3C). The diameter of these observed worms seebes somilar to that determined at 20 °C (see below),
which is surprising as it was expected that théapsked PNIPAM blocks contribute to the thickness of
the elongated core. Additionally, some vesiclesciipartly exhibit damages are observed in cryo-TEM
images (Figure 3C). These seem to exhibit a rathiésrm membrane as opposed to IPEC-frozen-pt20-
mt60. It might be conceivable that these vesicteshailt up from an aggregation of the bent worms,
which are present dt< LCST. Such worm-like structures, which mightfbend on closer inspection,
are highlighted in Figure S7D. 28 of these objeatse analyzed concerning their size and membrane
thickness (Figure S8E-F). The evaluation revedated the vesicular structures exhibit a broader size
distribution as those obtained from the samplegmexgbat room temperature. An average vesicle radius
(including the visible membrane) of 68.2 £ 22.7 was determined with a membrane thickness of 11.8
+ 3.2 nm (the thickness was determined at 5 positior each vesicular object). By help of this eryo
TEM analysis, the SANS data were well describedhwaitsum of form factors describing a simple
cylinder and a hollow core-shell sphere as indatatd-igure 2.

Cryo-TEM images of IPEC-frozen-pt60-mt20 clearlpwshbent worm-like objects, which also exhibit

a grainy substructure (Figure 3D, highlighted igufe S7B). This probably depicts the water-ins@ubl
IPEC domain forming the elongated micellar core.ol2hese objects were investigated concerning
their core diameter and length. The diameter oheearm was determined at 7 positions yielding an
average thickness of 11.3 + 2.1 nm (Figure S8Bis iBhapproximately the same magnitude as obtained
from SANS data fitting. Cryo-TEM images of a sametpiilibrated and shock vitrified at 60 °C show
worm-like structures with a core diameter of 18:3riThese are bigger in size as apart from the IPEC
domain the dehydrated and collapsed PNIPAM blockgart of the water-insoluble core. Further, the
investigated objects depicted in Figure 3D exhibitaverage core length of 86 £ 21 nm.

The same structures are observed after repeagniyebzing process at> LCST (Figure 3D). Cryo-
TEM images of IPEC-re-frozen-pt60-mt20 show bentmuike micelles of similar sizes as obtained
after the first freezing cycle. Together with the$data this proves the fully reversible switching
between well-defined equilibrium and nonequilibriamcellar assemblies.
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Figure S8. Histograms of size distributions obtained from @fYEM analysis: (A) distribution
of the radius of 178 spherical-like objects measufer IPEC-frozen-pt20-mt20 (cf. Figure
3A); (B) distribution of the thickness of 12 wornké objects (determined at 7 positions of
each object) measured for IPEC-frozen-pt60-mt2Q Ffure 3D); (C) distribution of the
radius (including the visible membrane) of 154 wmdar objects measured for IPEC-frozen-
pt20-mt60 (cf. Figure 3B); (D) distribution of thdsible membrane thickness of 56 vesicular
objects (determined at 10 positions of each objec¢rasured for IPEC-frozen-pt20-mt60 (cf.
Figure 3B); (E) distribution of the radius (includj the visible membrane) of 28 vesicular
objects measured for IPEC-frozen-pt60-mt60 (cf.Hig3C); (F) distribution of the visible
membrane thickness of 28 vesicular objects (detaediat 5 positions of each object)
measured for IPEC-frozen-pt60-mt60 (cf. Figure 3C).
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Structural Parameters of Kinetically Frozen IPEC Micelles

The following table summarizes the micellar sizbtaimed from DLS, SANS and cryo-TEM analysis.
The hydrodynamic radiuB, measured at 60 °C clearly indicates the differemesveen the IPEC
samples kinetically frozen at 20 and 60 °C. ThesgameR, include vesicles and irregular aggregates
in case of IPEC-frozen-pt20-mt60 and vesicles dbasevorm-like assemblies for IPEC-frozen-pt60-
mt60. The size of the vesicular objects was andlyia cryo-TEM. The vesicle radius given in Table
S5 includes those membrane parts visible in the-C&M images. The thickness of these parts is
presented aB.esicie €xcluding the outer and inner parts of the memirehich is supposed to be water-
soluble PEO chains with an insufficient contfdsf.The sizes obtained for the samples vitrified atmo
temperature mainly describe the dimensions of ticelfar IPEC cores, which is the only insolubletpar
at 20 °C and exhibits the best contrast for crydAT&nalysis. In case of IPEC-frozen-pt20 a small
spherical-like complex is formed, whereas for IPiEGzen-pt60 the images show an elongated, worm-
like core structure. As discussed above, also éuréivaluation of the DLS data indicate the fornmatio
of elongated objects. The sizes obtained from SAALS fitting applying a core-shell (cs) cylindermfo
factor fit correspond well with the cryo-TEM anabisA spherical cs form factor was fitted to the
scattering pattern of IPEC-frozen-pt20-mt20. Fothldds equivalent overall radii were obtained. For
the evaluation of the SANS measurements perforrhé&@ aC a sum of two form factors were applied
based on the structural information received froyo€I EM images. A hollow cs sphere simulates the
vesicular structure, whereas fractal aggregatesistomg of cs spheres depict the irregular agge=gat
observed for IPEC-frozen-pt20-mt60. Also for thenpke IPEC-frozen-pt60-mt60 a simple cs sphere
with a hollow core was used to describe the vearaubjects and a cylinder form factor was appliad f
the elongated assemblies (due to the considerabier of parameters in the fitting process, theiinn
core-shell structure of the worms was neglected)her

Table S5. Comparison of structural parameters (in nm) ofetically frozen IPEC micelles
prepared at different temperatures (20 °C and 6}, tluted and measured at different
temperatures obtained from DLS, cryo-TEM and SANBadanalysis.

samplé’ R, cryo-TEM®! SANS data fitting!
IPEC-frozen cs-sphere:
£20-mt20 171 R=85%x1.4 R.=6.8 (0.32)
P Ds = 4.7 (0.01)
cs-cylinder:
IPEC-frozen- lgeq De=1l3z21 R.= 4.7 (0.33)
pt60-mt20 - Le=90.5% 22 Ds = 5.9 (0.42)
L = 153.7 (0)

hollow cs-sphere:
R:. =8.6 (0.23)
Ds=18.5(0.12)

IPEC-frozen- 30+1 Resie= 347 £ 7.3 fractal cs-sphere aggregates:
t20-mt60 a Dvesicle=9.8 £ 2.3 '
P esicle R, = 13.8 (0.30)
D<= 9.3 (0.03)
£=19.3
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cylinder:

R=17.4 (0.50)
IPEC-frozen- 48+ 1 Reesice=68.2 + 22.) L =94.1(0)
pt60-mt60 B Dvesicle=11.8 £ 3.2 hollow cs-sphere:

R:. = 28.6 (0.78)

Ds=17.5(0.01)

[a] pt: preparation temperature, mt: measurementperature. [b]JR: radius,D: thickness,L:
length,&: correlation length, c: core, s: shell. [c] ves®aladius includes membrane parts
visible in cryo-TEM. [d] number in () representsetipolydispersity index.

2.2. Structure Freezing by Dialysis

Another way to drastically reduce the concentratibthe low molecular weight salt is dialysis agsin
salt-free water. The dialysis was conducted atsHrae temperatures as the samples previously were
prepared and equilibrated. Thus, it was expectatthe obtained equilibrium micellar morphology is
not changed upon exchange of the salt solutiopdoe BO.

In contrast to the dilution approach, the polynmanaentration does not considerably change duriag th
procedure. Further, dialysis is as opposed toidilug rather slow process which might enable
rearrangements upon continuous reduction of thieceatent. These differences might finally resalt i
kinetically frozen structures that differ from tleguilibrium morphologies as well as from those
assemblies frozen by dilution.

After termination of the dialysis, the samples el at 60 °C and at room temperature visibly difle

in their turbidity after storage at room temperat(ffigure S9). As they were prepared from the same
stock solutions, the dialyzed samples contain #meespolymer concentration. Hence, the considerably
increased turbidity of the sample prepare@ atLCST might result from large aggregates or dvem
different micellar structures of higher order masjaigies such as worms or vesictes.

pt60

pt20

Figure S9. Pictures of IPEC samples, stored at room tempeeatar 20 h after termination of
equilibration and subsequent dialysis at 20 °C (9tand 60 °C (pt60).

DLS Results

Micellar IPEC assemblies that were kinetically oy eliminating the low molecular weight salt via
dialysis at different temperatures show the sameeige temperature-dependent trend for their
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hydrodynamic radii (Figure S10A). Reaching the LCGSTPNIPAM a substantial increase in size is
observed. In comparison to the diluted IPEC assesibhowever, the samples dialyzed at different
temperatures do not exhibit distinctly differendhydynamic radii at temperatures above the LCST.
The hydrodynamic size of the micelles is ratheiilsinfior both preparation temperatures over theleho
temperature range. This might indicate that theesstnictures are formed irrespective of the prejoera
temperature. In contrast to the dilution pathwa@®NITIN analysis reveals considerable standard
deviations of the averad® for T > LCST. This is also clear from thigvs. ¢? plot, which especially
suggests the presence of polydisperse assembb€s®at (Figure S10B). Therefore, it is important to
consider that here theintercept cannot be regarded necessarily as ddristructural anisotropy. The
DLS data measured at 20 °C, however, yRldvith much smaller deviations. Hefevs. g2 exhibits a
y-intercept of zero for IPEC-dialyzed-pt20 and ateicept distinctly different from zero for IPEC-
dialyzed-pt60. As explained above this is not etgaéor polymeric micelles and hence the following
interpretation should be treated with caution. Wiatercept might indicate that elongated IPEC
structures are present at 20 °C when the preparetiperformed at temperatures above the LCST of
PNIPAM, whereas a preparationTat LCST does not induce the formation of particléth additional
relaxation processes. Similar to the sample kialyiérozen by dilution, the expression for thefd#ion

of rigid rods established by Tirado and Garciaal@drre (see above) can be applied to calculate rod
length and diameter for the elongated species©BCHRialyzed-pt60 at 20 °C exhibiting an equivalent
sphereRr, of 16 nm withDr = 1.08810™ n?s™. For given diameters of 11, 15 and 20 nm rod lesgf

73, 58 and 41 nm are obtained. As stated above tasulations depict good approximations and the
hypothesis of the presence of worm-like objects banfurther verified with the help of SANS
measurements.

T T T T T T T
— =—- |PEC-dialyzed-pt20 e IPEC-dEaIyzed-ptGO-thO
|- -e—- IPEC-dialyzed-pt60 | 154 O =----- IPEC-dialyzed-pt60-mt20
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------ IPEC-dialyzed-pt20-mt20
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Figure S10. (A)Temperature dependence of the aver&gef IPEC micelles kinetically frozen

by dialysis of an equilibrated solution measuredlyS for different preparation temperatures
(pt). The polymer concentration is about 0.62 wfPhe dashed lines are guides to the eyes. (B)
Average decay rat& obtained by CONTIN analysis of DLS results of IPEGcelles frozen by
dialysis plotted versug?.

SANS Results

Comparing the SANS patterns obtained at 20 °Cifégrdnt preparation temperatures reveals different

slopes in the lowg-region as indicated by the dashed lines (FigurA$1The first data points are

neglected as they probably result from the scatjeof a few loose aggregates.g& dependence is
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typically found for rod-like assemblies. With thiag scattering data measured for IPEC-dialyzed-pt60
mt20 gives rise to the assumption that worm-likeeasblies have formed, which is supported by the
DLS results as described above. IPEC-dialyzed-pt#ZB in comparison exhibits a much flatter
decreasing scattering intensity for sntpllalues. This gqualitative treatment of the SANSadatggests
the formation of differently shaped micellar assbesbat temperatures below the LCST of PNIPAM
for different preparation temperatures and henopgses a successful freezing of equilibrium stmestu
via the dialysis approach.

To describe the entirely measumgdange, form factor fits consisting of three indiwal models were
applied. For both preparation temperatures, thegeegion was fitted with a simple sphere to model
large loose aggregates, which were also found i& Bhalysis, and the highregion was described
with a Lorentzian function. For the sample prepae@0 °C the midy region is well described by a
spherical core-shell form factor (Figure S11A: bheguares and grey line). As Table S6 shows the
obtained sizes are very similar to those obtairedRPEC-frozen-pt20-mt20, which was kinetically
trapped by dilution (compare Table S4). The coracttire of this model describes the IPEC domain,
whereas the shell depicts the hydrated corona icamgalong PEO arms as well as short PNIPAM
blocks as illustrated in Scheme S2E. The micegion measured for IPEC-dialyzed-pt60-mt20 is
described by a cylindrical core-shell form factbiglire S11A: red circles and black line). The same
location for the polymeric domains is assumed Iveith the IPEC in the core and PEO as well as
PNIPAM within the shell (compare Scheme S2F). Tregth of the cylindrical micelle obtained from
fitting is especially error-prone as the region is partly superimposed by the scatterisglteg from
loose aggregates.

At T > LCST the scattering patterns look rather simaldirst glance, both exhibiting four regions with
differentq dependencies (Figure S11B). For the low- andnm€eliateg regime, however, the scattering
behavior is slightly different for both preparatitemperatures. Both curves show a small bump in the
measured scattering intensity for the region withdapendence of abog#, which is not characteristic
for any particular morphology. Far values approaching 0.001*Ahe scattering pattern of IPEC-
dialyzed-pt60-mt60 exhibits a slope of approximatgf, which might indicate the presence of
elongated assemblies. In contrast, for the saniplgzed at room temperature and measured at 60 °C
the scattering data suggest a spherical-like naicabsembly.

For further analysis of the scattering data by féawtor fitting the same models that were appled f
IPEC-frozen-mt60 were used. The sample IPEC-didlyrepared at 20 °C and measured at 60 °C is
nicely described by the combination of a hollowesghand a fractal aggregate from core-shell spheres
(Figure S11B: blue squares and grey line, compehei@e S2E). The shell of the hollow sphere model
contains all micellar domains (IPEC, dehydrated P\, PEO corona). Apart from the vesicles also
the fractal aggregates result from the aggregaifahe spherical cs micelles present at 20 °C due t
dehydration of PNIPAM. The core of these aggregafdtres now contains the IPEC domain as well
as the dehydrated PNIPAM, whereas the shell is actypied by PEO. A comparison of Table S6 and
Table S4 again shows that very similar resultsaogined for IPEC-frozen-pt20-mt60 and IPEC-
dialyzed-pt20-mt60. The scattering data measured|R&C-dialyzed-pt60-mt60 are rather well
described by a combination of a hollow sphere aodiadrical micelle (Figure S11B: red circles and
black line, compare Scheme S2F). In comparisoREHrozen-pt60-mt60 the thickness of the vesicle
and the radius of the cylindrical assembly arestime. This might indicate that the objects frozgn b
dialysis exhibit the same inner structure as tHfoseen by dilution. Only the overall size, which is
estimated from the inner vesicle radius and thgtlerf the cylinder, differs for both preparation
pathways.
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Figure S11. Scattering curves of IPEC micelles kinetically feozby dialysis of an

equilibrated solution measured (mt) at 20 °C (Ad&0D °C (B) for different preparation
temperatures (pt). The polymer concentration iswth® 62 wt%. The solid lines represent form
factor fits as indicated in the legend. For claritiie intensity data for samples prepared at

60 °C are shifted vertically (x10).

Table S6. Structural parameters of kinetically frozen IPEGcelles prepared at different
temperatures (20 °C and 60 °C), dialyzed and meagsat different temperatures obtained from
SANS data analysis. The corresponding SANS datafanch factor fits are presented in Figure
S11.

sample form factor model fit results

P spherical aggregate:
] R=111.0 nm set to 0)
p=4510°41

IPEC-dialyzed

pt20-mt20 spherical core-shell micelle:

R.=7.2nm¢.=0.11)
Ds=5.6 nm s = 0.58)
pc=3.710° At
ps=5.510% At

Lorentzian function:
¢=10.2 nm

spherical aggregate:
R=117.2 nmd set to 0)
p=5.910°A1

IPEC-dialyzed R
-pt60-mt20
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cylindrical core-shell micelle:
Rc = 5.6 nm ¢. = 0.19)
Ds=3.8 nm ¢s=0.01)

L =103.3 nm¢ setto 0)

pe = 4.410° A1

ps=5.310% At

Lorentzian function:
&=8.0nm

Ps
Pc

hollow sphere (vesicle):
R. =10.9 nm §. = 0.01)
Ds=18.9 nm §s = 0.46)
pe = 6.410° A (fixed)
ps=4.910% At

IPEC-dialyzed
-pt20-mt60

fractal aggregate from core-shell
spheres:

R.=12.3 nmg:=0.61)

Ds=7.1 nm §¢s=0.01)

pec = 3.410° A1

ps=5.310% At

Di=2.6

=111 nm

cylindrical micelle:
R=175nm¢ 0.22)

L = 1350 nm ¢ set to 0)
p=4.810%41

IPEC-dialyzed D,
-pt60-mt60

Ps
Pc

hollow sphere (vesicle):
R.=13.0 nm . = 0.61)
Ds=18.5 nm¢s=0.11)
pe = 6.410° A (fixed)
ps=4.410% At

pt: preparation temperature, mt: measurement teatpee,R: radius,D: thicknessL: length,
&: correlation lengthp: scattering length density;: polydispersity, c: core, s: shelDs: fractal

dimension.

IFTs of the scattering data measured at 20 °@ f00.0045 Al support the conclusions drawn from the
qualitative consideration of the scattering cur¢iégure S12A). The PDDF of IPEC-dialyzed-pt20-
mt20 suggests the presence of spherical-like naicasemblies, whereas the long-drawn-out decrease
for large distances of IPEC-dialyzed-pt60-mt20 indicates the formatigoreservation of worm-like

micelles.

The PDDF of the IPEC micelles generated at 60 t€ afuilibration and dialysis at room temperature
shows a clear spherical structure (Figure S12B).IF&EC-dialyzed-pt60-mt60 the PDDF is slightly
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flattened for distances of 200-400 A. This might be an indication for tfeemation of vesicular
structures, whereas the PDDF does not suggestésenxe of elongated worm-like structures. As we
probably obtain at least two coexisting micellae@ps at temperatures above the LCST of PNIPAM it
is however not possible to draw distinct conclusion the assembly shape from the PDDFs.

A B
T T T T T T T T T T T T T
0.010+ —=— |PEC-dialyzed-pt60-mt20 | 0.12+ —&— |PEC-dialyzed-pt60-mt60
—=— |PEC-dialyzed-pt20-mt20 —<— |IPEC-dialyzed-pt20-mt60
0.10 + y B
0.008 + ) B
0.08 + B
S 0.006 + 3 . <
2 20.06 + g
0.004 + \ s
0.04 + s
0.002 + _ O S 7 0.02 + b
0.000 t t t t t t 0.00 } + t t
0 100 200 300 400 500 600 700 800 0 200 400 600 800 1000
rlA riA

Figure S12. PDDFs calculated via IFT from the scattering datdPEC-dialyzed measured at
20 °C (A) and 60 °C (B).

2.3. Interpolyelectrolyte Complexation without Salt

DLS Results

For comparison, the complexation between STAR ad.DOCK is finally performed without addition

of any low molecular weight salt. It is expectedttmore ill-defined aggregates will develop on lieha
of equilibrium micellar assemblies as dynamic exdeareactions will not occur in the absence of salt
Therefore, a considerable difference in morpholagynot expected for different preparation
temperatures, taking also into account the subatinincreased unimer concentration for the pure
DIBLOCK solution even in the heat (electrostatipulsion in the highly charged corona lowers
aggregation number and increases critical micadlecentration/temperature of the thermosensitive
DIBLOCK). As Figure S13A shows, both samples, diffg in their preparation temperature, exhibit
the same temperature-dependent chand® ahd under consideration of the error bars appratem

the same sizes. Again, highly polydisperse miceltsemblies are observed at temperatures above the
LCST of PNIPAM whereas substantially more uniforamtitles are formed below the LCST. Thes.

g? plot might reveal the formation of anisotropicustures for IPEC-no-salt-pt20 at 20 °C as the y-
intercept is unlike zero (Figure S13B). The incesas size upon heating to temperatures above the
LCST results from the aggregation of partly dehtettaPNIPAM blocks. As rearrangements of the
IPEC domains are prevented due to the lack of l@leoular weight salts, the formation of polydisgers
structures might be favored.
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Figure S13. (A)Temperature dependence of the aver&gef IPEC micelles in BO measured
by DLS for different preparation temperatures (pthe polymer concentration is about
0.65 wt%. The dashed lines are guides to the e¢f@sAverage decay rat€ obtained by
CONTIN analysis of DLS results of IPEC micellesO plotted versus?.

SANS Results

The SANS data measured at 20 °C for the IPEC sanmlpared in absence of salt are the same for
both preparation temperatures except for a sligfférdnce in theg-dependence at small scattering
vectors (Figure S14A). However, the scatteringgrast might be regarded as almost the same, in both
cases suggesting the formation of possibly slighlithgated micelles. Form factor fitting yieldedsbe
results for an ellipsoidal core-shell model in th&l-q region of the scattering curve (Figure S14A,
compare Scheme S2C,D). The results presented I $alshow that the ellipsoidal assembly prepared
at 60 °C is slightly larger (5 nm /3 nm in equé&btpolar diameter) compared to that prepar&DaiC.
Under the assumption of similar densities of tHedRlomain, this might suggest a bigger aggregation
number for IPEC-no-salt-pt60-mt20. Hence, this ¢atlks that the temperature influences the IPEC
formation. Nevertheless, the micellization prodestominated by the rapid IPEC formation rathentha
the dehydration and aggregation of PNIPAM at 60CGnsequently, the same structures are obtained
at 20 °C irrespective of the preparation tempeeatbor the description of the low- and higinegion,

the scattering data were again rather well destttiyea Lorentzian function and a monodisperse gpher
respectively.

The scattering curves obtained at 60 °C both ehigp? decrease at lowvalues, which is typical for
flat particles or vesicular structures (Figure SL4Rirther, both patterns show a slight bump inoke
g-regime, which is more pronounced and found ath#lghigherq for the sample prepared at 20 °C.
From these qualitative considerations, it mightlbduced that vesicles of slightly different sizagéh
formed atT > LCST for different preparation temperatures darIPEC preparation without any salt
added. A simple hollow sphere model was, howewarsuafficient to describe the scattering curves of
IPEC-no-salt-mt60. The combination of a hollow gghand a spherical assembly yields much better
results as depicted in Figure S14B and Table Smgeoe Scheme S2C, D). Also, the PDDFs suggest
the formation of two or more coexisting specieg(fé S15B). The fit results show that bigger vesicl
are formed for a preparation at 60 °C. This isrne Wwith the bigger ellipsoidal structures obtairzéd

20 °C after preparation at 60 °C. The sphericataisjthat might have formed in addition are, howeve
of similar sizes for both preparation temperatufdss species might be irregular aggregates sirtolar
those found for IPEC-frozen-pt20-mt60.
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In comparison with all previously discussed scattecurves, those from IPEC-no-salt show a steeper
decay ofq® to g2 at highg values indicating a denser internal structuresThight result from the
prevented rearrangement processes involved inileigibn. However, modelling this region, e.g.,twit

a Lorentzian function, in combination with the atineodels used (hollow sphere and sphere) was not
successful for the measurement at 60 °C.
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Figure S14. Scattering curves of IPEC micelles in® measured (mt) at 20 °C (A) and 60 °C
(B) for different preparation temperatures (pt).eTholymer concentration is about 0.65 wt%.
For clarity, the intensity data for samples prephet 60 °C are shifted vertically (x10).

Table S7. Structural parameters of kinetically frozen IPEGcelles prepared in BD at

different temperatures (20 °C and 60 °C) and meedwt different temperatures obtained from
SANS data analysis.

sample form factor model fit results

spherical aggregate:
R=101.3 nm{ set to 0)
p=4.410°41

ellipsoidal core-shell micelle:
Reequa= 6.4 nm §c = 0.36)

Xc = 1.34 ¢ set to 0)

= Repolar= 8.6 nm

Dsequa= 3.3 nm §s = 0.39)

Xs = 4.39 ¢ set to 0)

- Ds polar= 14.5 nm
pe=3.510° A

ps=5.510% At

s,polar

IPEC-no-salt
-pt20-mt20

Ds,equat

Ps

Lorentzian function:
&=2.4nm
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spherical aggregate:
E—— R=281.3 nm ¢ set to 0)
p=4.710°A1

ellipsoidal core-shell micelle:
Reequa= 7.9 nm §c = 0.22)

X =1.73 ¢ set to 0)

2 Repoar=13.7 nm

Dsequa= 3.3 Nm §s = 0.78)

Xs = 3.60 ¢ set to 0)

- Dspolar=11.9 nm
pc=3.610° A1

ps=6.010°% A1

IPEC-no-salt
-pt60-mt20

Ds,equat

Ps

Lorentzian function:
&=1.0nm

hollow sphere (vesicle):
R. = 40.9 nm §. = 0.44)
Ds=17.1 nmgs=0.13)
pe = 6.410° A (fixed)
ps=4.5100% A1

Ps R.

IPEC-no-salt

-pt20-mt60

sphere:
E—— R=29.0 nm ¢ = 0.01)
p=4.610°41

hollow sphere (vesicle):
R. = 54.7 nm §. = 0.57)
Ds=16.2 nm §s=0.07)
pe = 6.410° A (fixed)
ps=4.010% A1

Ps R.
Pe

IPEC-no-salt

-pt60-mt60

sphere:
E—— R=31.5nm ¢ = 0.01)
p=4.710°A1




pt: preparation temperature, mt: measurement teatpee,R: radius,D: thicknessL: length,
&: correlation lengthp: scattering length density;: polydispersity x: ratio of polar to
equatorial dimension, c: core, s: shell, equat: &quial.

The PDDFs calculated for the IPEC assemblies peepaithout any salt added at room temperature
indicate that slightly elongated assemblies formgoh complexation (Figure S15A).

For a measurement temperature of 60 °C the PDDIPEBEC-no-salt-pt20 implies the presence of
vesicular structures due to the flat shoulder fopraximately 300-700 A (Figure S15B). This also
applies to the sample prepared aLCST. In this case, however, the PDDF coursegjitie impression
that vesicles of different sizes are formed.

These results confirm that at least very similacettar structures are formed at 20 and 60 °C upon
interpolyelectrolyte complexation without any lovolacular weight salt added into the system.
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Figure S15. PDDFs calculated via IFT from the scattering datdRPEC-no-salt measured at
20 °C (A) and 60 °C (B).

2.4. Concentrated Equilibrated IPEC Solution

Concentrated polymer solutions served as equiédratock solutions for the dilution approach. These
were also investigated by means of SANS. Unfortlgathe neutron beam could not be aligned
appropriately as the available volume of the sofutivas insufficient to fill the cuvettes. Thus, tsedng
effects caused by the interface are responsibléh®steeply increasing scattering intensity at ¢pw
values (Figure S16). Apart from this the scatteqpadterns detected at 20 °C and 60 °C seem to be
almost identical for both preparation temperatuasst was expected from a previous study of the
equilibrated IPECS.
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Figure S16. Scattering curves of IPEC micelles in 0.3 M Na®LQ) measured (mt) at 20 °C
(A) and 60 °C (B) for different preparation temptrees (pt). The polymer concentration is
about 9.8 wt%. For clarity, the intensity data amples prepared at 60 °C are shifted
vertically (x10).

2.5. Comparative Discussion

In order to stabilize various nonequilibrium mieellIPEC structures, a temperature-responsive
polyelectrolyte system was applied exhibiting diéig quasi-equilibrium morphologies below and
above the LCST of PNIPAM (green quarter in Scher@g Spherical core-corona assemblies were
found atT < LCST with a water-insoluble IPEC core and a toaponent corona consisting of short
PNIPAM blocks and long PEO arms (Scheme S2B&juilibration aff > LCST results in the formation

of worm-like micellar morphologies probably of ceskell-corona structure (Scheme S2Bhe water-
soluble corona is composed of the PEO arms, whénea®EC domain forms the core surrounded by
a PNIPAM shell or vice versa as discussed in Ref. 2

In case of polyelectrolyte systems, equilibriumeipblyelectrolyte complex micellar assemblies are
always obtained in the presence of a low moleautaght salt. Within certain system-dependent limits
this enables a dynamically progressive exchanggngfie polyions between different (micellar) co-
assemblies!-?2 Exchange reactions are suppressed if the salteotnation is below the lower limit,
whereas no IPEC micelles are found as the charfgbg @olyions are completely screened by the low
molecular weight ions preventing complex formatairsalt contents above the upper limit. Thus, to
stabilize the different equilibrium micellar assdimb it is necessary to remove the salt or at least
drastically reduce the salt concentration to irthiearrangements. Two possible pathways were tested
to kinetically freeze IPEC micelles at differentigeratures allowing access to a directed creafion o
various morphologies from IPEC systems. In thet faggproach, a concentrated equilibrated IPEC
solution was rapidly and drastically diluted. Isezond approach, an IPEC solution was dialyzedhapai
salt-free water after equilibration in presenc&atCl.
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As a reference system, the IPEC formation was éurfserformed without addition of any salt at
temperatures below and above the LCST of PNIPAMatly resulting in kinetically frozen structures
(blue quarter in Scheme S2). As the scatteringesuof the salt-free samples discussed above reveal
there is almost no difference in the morphologmstie different preparation temperatures. Slightly
elongated, possibly ellipsoidal, assemblies arsgmeat 20 °C, which seem to exhibit a rather marro
size distribution. Polydisperse assemblies apppan @xceeding the temperature above the LCST of
PNIPAM, which probably are of vesicular and sphedrike structure. Mixing STAR and DIBLOCK

without pathway dependent morphology control

o based on cryo-TEM
9 in analogy to the structures found for IPEC-frozen-pt20-mt60 (G, 60 °C)
e most probable core structure: above the dashed line (IPEC domain surrounded by dehydrated PNIPAM)?2

Scheme S2. Representation of possible structures of IPEC2@FC and 60 °C for various
preparation pathways.
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dissolved in DO at room temperature results in the formation Kipswidally-shaped micellar
assemblies with a kinetically frozen water-insobul*EC core surrounded by a two-component corona
of water-soluble PEO and PNIPAM (Scheme S2C).dftdmperature is increased above the LCST of
PNIPAM these polymer blocks become dehydrated amdequently aggregate. This might result in
vesicular structures and fractal aggregates ofativepherical shape as those depicted in Scheme S2C
as the IPEC domain is unable to undergo rearrangsmepon heating the DIBLOCK solution To>
LCST the formation of spherical micelles with a ®rainsoluble core containing the dehydrated
PNIPAM blocks surrounded by a negatively chargerba of PVS blocks is expectéd.This is
supposed to be especially favored in the presehadaw-molecular weight salt as an increase in the
ionic strength leads to a reduced repulsion betweerPVS blocks facilitating micelle formation and
consequently reducing the critical micelle concatdn (cmc). Hence, in absence of salt the cmc is
supposed to be higher. Therefore, it is possitdehire the DIBLOCK does not form spherical micelle
atT > LCST. Upon addition of the STAR solution it igpposed that vesicles might be formed apart
from fractal aggregates of spherical shape. Whatirapto T < LCST the PNIPAM blocks become
water-soluble resulting in a disintegration of tii@ained assemblies. The IPEC domain is unable to
rearrange and ellipsoidal or elongated structyressibly exhibiting a compartmentalized corona,hrhig
arise as depicted in Scheme S2D. As expected tlagneld results indicate no considerable difference
in the micellar shapes obtained for the complexagibdifferent temperatures in absence of salt.

The first pathway to specifically generate noneaqtiiim structures from IPECs is the dilution apmioa
(yellow quarter in Scheme S2). The most importastiits of this are presented in the main partak w
clearly shown that it is possible to kineticallgdze various equilibrated IPEC assemblies by dedisti
and rapidly diluting a concentrated solution ofsineUpon dilution at room temperature the spherical
equilibrium core-corona structures are preservetié®ie S2G). An increase in temperature leads to an
aggregation of dehydrated PNIPAM blocks as soorthasLCST is exceeded. This results in the
formation of irregular spherical-like and elongasejregates as well as of vesicular structurese(8eh
S2G), which probably exhibit a similar internalustiure as described for the IPECs prepared without
any salt. The water-insoluble spherical-like IPE&@nadins are distributed within a layer of collapsed
PNIPAM blocks, which crosslink several smaller sjpded micelles by aggregation. The water-soluble
PEO arms are located at the inside as well aseatotltside of this vesicular structdfé? The
equilibration of an IPEC solution 8t > LCST results in the formation of mainly wormdikpartly
branched, assemblies, which were also observeddifidon with salt-free water (Scheme S2H). After
a decrease in temperature below the LCST of PNIPAMand solely worm-like morphologies are
present as shown by scattering and cryo-TEM ingastins verifying that the dilution approach is a
facile and successful pathway toward kineticalbyzén nonequilibrium micellar IPECs. In cryo-TEM
images these worms show almost entirely a bentesfigure 3D), which might either indicate a Janus-
like composition of the micellar corona (with tHest PNIPAM blocks at the stronger bent side ard th
longer PEO arms at the less bent side or vice welgn considering that &= 1 the number of
PNIPAM blocks per micelle is two to three timesheg compared to the number of PEO arms) or the
curvature was preserved upon release from the dwsudgace of the vesicles. This former scenario
might suggest that the PNIPAM blocks are locatethiwithe core of the vesicular- or worm-like
assemblies &t > LCST, surrounded by an IPEC layer. Upon coolihg,dissolution of PNIPAM blocks
results in a breakup of the worms, which curve ttuéhe difference in required space of PNIPAM
blocks on the one and PEO arms on the other sideekbr, this explanation does not regard merging
of the IPEC domain and the reversible thermo-adjast of size. Taking also previous discussitme
opposite internal structure is probably more likelyhibiting an IPEC domain in the interior of wam
shielded also by a PNIPAM shell, which keeps tHeGRIlomains apart even in the vesicles. Apart from
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the worm-like micelles at 60 °C some vesicles waserved in cryo-TEM images. These seem to
exhibit a rather uniform membrane, which is progahlilt up by association of the bent worm-like
micelles.

The second approach toward a controlled creatidro@én nonequilibrium micellar IPEC assemblies
is the dialysis pathway (red quarter in Scheme A8)opposed to the dilution approach, DLS results
did not show a clear difference between the sampiesared at room temperature and & LCST.
SANS experiments, however, indicate that dialysl&kewise a successful method to freeze equilibriu
IPEC structures and end up with different morph@eginder the same final conditions depending on
the preparation pathway. For a preparation temperddelow the LCST of PNIPAM, a spherical-like
core-corona micellar assembly is obtained jusbashe diluted sample (Scheme S2E). Increasing the
temperature td@ > LCST might similarly result in the formationwésicular structures or spherical-like
fractal aggregates as demonstrated in Scheme SRE Fore precise statement, cryo-TEM images
would be necessary. For the preparation at 60hHColbtained results reveal much clearer the foomati
of vesicular micelles (Scheme S2F). These mightioconcomitant with elongated structures. The
polydispersity is high as indicated by DLS resuisilarly to that of the IPEC prepared at room
temperature and measured at 60 °C. Thus, furttaysis is mandatory for distinct conclusions on the
exact structure(s). The scattering results measafteddecreasing the temperature to a value bélew
LCST, however, strongly suggest that worm-like rheehave formed. Hence, dialysis is also proven
to be an appropriate and facile way to generateequaiibrium micellar IPECs. The considerably
different hydrodynamic radii observed for the diadgl and diluted sample®t> LCST for a preparation
temperature of 60 °C might be accounted for by eatration effects. Before dilution, the IPEC saiuti
exhibited a polymer concentration of approximat8lg wt%, which might lead to intermicellar
interactions. The high polymer concentration maitift transitions within the phase diagram or préeno
the formation of bigger micellar assemblies. Stfter dilution, the polymer system seems to have a
memory effect as these bigger aggregates are fordesgite a considerably lower polymer
concentration (0.09 wt%) in comparison to thathef dialyzed sample (0.62 wt%).

In conclusion, we could demonstrate two pathwawstd a controlled formation of kinetically frozen
nonequilibrium micellar IPEC assemblies. Dilutiondialysis freezes the obtained IPEC structures by
a drastic reduction of the concentration of the lawalecular weight salt, which in a first step erabl
inter- and intramicellar exchange processes regulti the formation of equilibrium morphologies.
Thus, IPEC rearrangements are prevented when tlubilgyg conditions for the other polymer
compounds are changed, which are in our case élgréne temperature. We could generate spherical
and worm-like non-equilibrium IPEC structures, whiwere colloidally stable at room temperature
under the same final conditions (polymer, salt eoi@tion).

In a next step, it would be worthwhile to adapssthapproaches to other morphologies and freeze, e.g
vesicles which are formed as equilibrium structar® > LCST. Therefore, it is necessary to find an
appropriate ratio between the block lengths ofdharged parts as well as PNIPAM and the water-
soluble PEO arm. Such vesicles might then servewascarriers, which release stored molecules upon
an increase in salt concentration.
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