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The thermoresponsive behavior of two molecular brushes having poly(propylene oxide)-
23 poly(ethylene oxide) copolymer side chains is investigated in aqueous solution, where the side
25 chains have longer contour lengths than the backbone. The brushes differ in side chain architecture;
they are either a diblock (PbE) or a random copolymer (PrE). For both types of brushes, an overall
30 rod-like shape at room temperature is revealed by cryo-electron microscopy. A polymer-rich
32 central part and a water-rich outer part is identified by small-angle neutron scattering (SANS).
34 Upon heating up to the cloud point, the shell of PHE weakly dehydrates, while the one of PrE
severely dehydrates along with a cylinder-to-disk transformation. Moreover, the aggregates
39 formed above the cloud points feature significantly different inner structures: PbE aggregates are
41 composed of strongly interpenetrating brushes, while PrE aggregates consist of loosely packed
brushes. These differences indicate the important role of side chain architecture for the thermal

46 dehydration behavior and the associated structural changes.
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Introduction

Molecular brushes are densely grafted polymers composed of a backbone and numerous
polymeric side chains.!> At the backbone, the distance between neighboring chains is much
smaller than their unperturbed dimension, which leads to a stretched conformation of both the
backbone and the side chains due to the steric repulsion. Because of their compact structure,
molecular brushes exhibit physical properties that differ from their linear analogues. In this study,
we address molecular brushes with side chains exhibiting lower critical solution temperature
(LCST) behavior.*

Linear polymers having LCST behavior are soluble in water at low temperatures, and become
insoluble (or less hydrophilic) as the temperature is increased. The driving force for the lowered
solubility is the unfavorable positive entropic contribution from the H-bonding between water and
polymer, which becomes dominant in the free energy of mixing at high temperatures. Thus, upon
heating, water molecules are released as the polymer-polymer interaction becomes more favorable.
When the temperature is above the cloud point, Tcp, the dehydration induces a coil-to-globule
conformational transition of the polymer chain.> ¢ When LCST-type polymers are grafted on a
polymeric backbone, such dehydration of the molecular brushes upon heating has been also
observed,” yet T¢p is reduced due to the steric constraints and the prominent polymer-polymer
interactions.” 8

The size and shape of molecular brushes depend strongly on the molecular architecture, namely

9-14 which also has an influence

the backbone length, the side chain length and the grafting density,
on their structural evolution with temperature. For instance, when the backbone is significantly

longer than the (LCST) side chains, a gradual decrease in the overall size with increasing

temperature was observed in molecular brushes having poly(N-isopropyl acrylamide) side chains,
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and at Tep, a cylinder-to-globule transition was found.'> When the backbone and the side chains
are of similar dimension, it was found that only the brush with long side chains shows a shrinkage
in size with increasing temperature, while merely no change in size is observed for brushes with
shorter side chains.!®

The temperature-dependent structural investigations described above address molecular brushes
with homopolymer side chains. Choosing copolymers of LCST type as side chains offers the
possibility to tune the thermoresponsive behavior of the brushes by varying the composition or the
architecture of the side chains. The general principle that random copolymerization of monomers
with different properties results in polymers exhibiting intermediate characteristics of the
constituent components,'” is also realized in molecular brushes with random copolymers.'*° On
the other hand, when the side chains are diblock copolymers, the thermoresponsive behavior of
the molecular brush features transitions of both constituent polymer blocks.!®

The described investigations on the behavior of thermoresponsive molecular brushes mostly rely
on turbidimetry and dynamic light scattering (DLS), allowing to determine 7, and the
hydrodynamic radius, respectively. A detailed characterization of the structural evolution of
thermoresponsive molecular brushes, especially around T¢p, relating the dehydration of brushes
having different side chain architectures to their overall conformation and their inner structure has,
to the best of our knowledge, not been carried out.

Another aspect in the difference between linear LCST type polymers and the molecular brushes
is the aggregation behavior upon heating above the cloud point. As the temperature is increased,
linear LCST polymers gradually interpenetrate and finally form large homogeneous aggregates

due to the increasing hydrophobicity. In contrast, LCST molecular brushes form aggregates by
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agglomerating, and they only interpenetrate at the outermost periphery (if the side chains are long
enough to allow such mobility).

In the present work, two molecular brushes with copolymer side chains are investigated in
aqueous solution, the side chains being composed of propylene oxide (PO) and ethylene oxide
(EO).2"- 22 Both PPO and PEO are thermoresponsive polymers exhibiting LCST behavior. The
cloud point of PPO is lower than 8 °C,?* while the one of PEO is higher than 100 °C.>*% The two
molecular brushes feature side chains having different architectures, namely diblock (PPO-b-PEO)
or random P(PO-r-EO) copolymers named PbE and PrE, respectively. The PO weight fraction is
~60 wt% in both brushes. For both, the side chain contour length is longer than that of the backbone
(Table 1), allowing for better observation on the effects caused by the side chain architecture.

PPO and PEOQ, in the form of linear block copolymers, have been applied as drug delivery
systems, because of their good biocompatibility and tunable LCST behavior.?%2” Such linear block
copolymers form micelles in aqueous solution, featuring a hydrophobic PPO core and a
hydrophilic PEO shell. Molecular brushes with PPO-b-PEO side chains may be potential
candidates for drug carriers, when the hydrophobic PPO blocks are attached to the backbone and
create a hydrophobic nanodomain for drug storage. Molecular brushes with P(PO-r-EO) side
chains may serve the same purpose, while the hydrophobicity of the core nanodomain can be
adjusted by changing the composition between PPO and PEO. This provides an opportunity to
optimize the molecular brushes, for instance to afford a moderate hydrophobicity, which has
proven advantageous before.?® 2 Detailed structural investigations around the cloud point are key
to understand the formation of hydrophobic nanodomains and the switching process during
encapsulation and release of the drug. Our previous research addressed the behavior of these

21,22

brushes in dilute solution and their crystallization behavior in the melt.*° In dilute solution, the
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cloud points T¢p and the hydrodynamic radii below T, were determined using light scattering.
Fluorescence spectroscopy with pyrene revealed that PrE is strongly hydrated at low temperature
and dehydrates gradually upon heating. Moreover, hydrophobic PPO domains could be identified
within PBE.

Here, we address aqueous solution of PHE and PrE at higher concentrations than in the previous
studies?!” 22 to investigate not only the inner structure of the brushes, but also their interactions
below T, and their aggregation behavior above. Cryo-electron microscopy (cryo-EM) is used to
characterize the shape of the individual brushes at room temperature. Temperature-resolved
dynamic light scattering (DLS) measurements on semi-dilute solutions reveals that the cloud
points are significantly lower than the ones of PEO homopolymers and differ from each other. To
elucidate the origin of this reduction, we use small-angle neutron scattering (SANS) and identify
the underlying changes of the inner structures and the water content of the two types of brushes.
Moreover, the size and inner structure of their aggregates above the cloud point are investigated

and are related to their dehydration process below the cloud point.

Experimental Section

Materials

The molecular brushes were synthesized by the grafting-from method.?" 2 The backbone is
poly(para-hydroxylstyrene) (PHOS), and the side chains are copolymers of ethylene oxide (EO)
and propylene oxide (PO). The synthesis of PHE and PrE is described in detail in refs. 23 and 24.
Their characteristics are compiled in Table 1. The lengths of the fully stretched backbones and
side chains are calculated as the product of the monomer length and the degrees of polymerization,

considering the C-C bond and C-O bond lengths and angles.?! For cryo-EM, the polymers were
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dissolved in deionized water at a concentration of 2.5 g L. For both DLS and SANS
measurements, the solvent was D20 (99.95%, Deutero GmbH) and the concentration was 20 g L
! (in one case 5 g L!). All solutions were shaken at room temperature for at least 2 days before the

experiments.
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Methods

Cryo-Electron Microscopy. The sample solutions having a concentration of 2.5
g L' were applied to C-Flat 1.2/1.3 4C (Protochips, Morrisville, USA) grids and plunge-frozen
using a Vitrobot Mark V (FEI, now Thermo Scientific) at a temperature of 22 °C and a humidity
of 100 %. No waiting time was applied, the blot time was 2 s, the blot force parameter -1 and the
drain time O s. The data were acquired using a Titan Krios G2 electron microscope operated at 300
kV equipped with a Falcon 3EC direct detector, a Volta Phase Plate (FEI, now Thermo Scientific),
and a Cs Corrector (CEOS GmbH) using the EPU software for automated data and TIA software
for manual data collection (FEI, now Thermo Scientific). Micrograph movies comprising 9-20
frames were recorded in linear and in counting mode at a calibrated magnification of 120k at a
corresponding magnified pixel size of 0.53 A, at a total dose of ~100 ¢ A2 and at a few hundred
nanometer defocus, using the phase plate for contrast enhancement. The image processing was
performed in RELION 2.1 and 3.0,%> 3* using MotionCor2** to align the image frames. The
software Fiji was used for the image analysis.*

Dynamic Light Scattering (DLS). DLS measurements were carried out using a LS Spectrometer
from LS Instruments (Fribourg, Switzerland), which is equipped with a goniometer and two
avalanche photodiode detectors. The light source was a polarized HeNe laser (Thorlabs, Dachau,
Germany) with a maximum power 21 mW and a wavelength A = 632.8 nm. Sample solutions were
loaded in cylindrical glass cuvettes with 5 mm outer diameter and 0.4 mm wall thickness. The
cuvette was mounted in a decalin bath, which was temperature—controlled by means of a Julabo
CF31 Cryo-Compact Circulator (JULABO, Seelbach, Germany). The scattered intensity was

collected at a scattering angle 26 = 90° and was recorded for 30 s. The normalized autocorrelation

function of the scattering intensity, g2(¢,7), is a function of the momentum transfer g = 47n sin(6)/A,
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with n being the refractive index of the solvent, and the delay time 1. g2(¢g,7) was analyzed by the
REPES algorithm implemented in the Gendist software, yielding average hydrodynamic radii
(Rn).>® 37 The distribution functions of Rn, A(Rn), are plotted in the equal area representation,
RhA(Rp) vs. logRn. DLS data of 20 g L™! solutions in D,O were collected from 25 °C to 60 °C for
PbE and from 25 °C to 38 °C for PrE, i.e., from room temperature to the respective cloud point
T, of the solutions. At each temperature, 20 measurements were performed, giving a standard
deviation of Ry after data analysis. The thermal equilibration time was set to 10 min.

Small-Angle Neutron Scattering (SANS). SANS measurements were performed at the KWS-1
instrument at the Jiilich Centre for Neutron Science (JCNS) at Heinz Maier-Leibnitz Zentrum
(MLZ), Garching, Germany.*® * The neutron wavelength was A = 5 A (AMA =10 %), and the
sample-to-detector distances (SDD) were 1.5 m, 8.0 m and 20 m, giving a g-range of 0.02-4.5 nm’
!, The exposure times were 8 min, 15 min and 30 min respectively, for the 3 SDDs. The detector
was a Li scintillator with an active area of 60 cm x 60 cm and a spatial resolution of 5.3 mm x 5.3
mm. The solution samples were loaded into quartz glass cuvettes (Hellma Analytics) with a 2 mm
neutron path. The cuvettes were mounted in a thermostated (Peltier) sample holder. Poly(methyl
methacrylate) was used to bring the data to absolute intensity values and to provide the detector
sensitivity. After the scattering from the empty cuvette was subtracted, and intensity matrices were
corrected for transmission, the scattering intensity of the sample solutions were azimuthally
averaged. Data reduction was conducted with the software QtiKWS by JCNS. SANS data of 20 g
L! solutions in D,0 were collected from 25 °C to 64 °C for PbE, and from 25 °C to 42 °C for PrE,
i.e., from room temperature to temperatures well above the respective cloud point 7T, of the

solutions. The thermal equilibration time was set to 3 min.
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Modeling of SANS Data. The SANS data of PAE were analyzed as follows. Below Tcp, the

following model was used:

1(q) = IoPes(@)Sus™ (@) + Ioig (1)
Iy is a scaling factor, Pes(q) the core-shell ellipsoid form factor, Sus®(g) the hard-sphere structure
factor, and Ivk, the incoherent background.

From Pcs(q),*>*! the polar radius, Rp, and the equatorial radius, Re, of the core of the brushes
were resolved, as well as the shell thicknesses along both axes, T, and T.. The scattering length
densities (SLD) of the core, pcore, and the shell, pshei, were left as free fitting parameters, while the
SLD of the solvent D,O was fixed at 6.33 x 10°® A2 (calculated from its mass density 1.1 g/cm?).
From their values along with the SLD values of PPO and PEO of 0.34x10° A2 and 0.64x10° A-
2 42 the D»O content in the core and the shell was determined.

The hard-sphere structure factor Sus®(g) was applied to model the spatial correlation between
the molecular brushes, using the Percus-Yevick approximation.** From this contribution, the hard-
sphere radius, Rus®™, i.e., half the center-to-center distance between the brushes, and the hard-
sphere volume fraction, nbr, i.e., the volume fraction of brushes which are correlated, were
obtained.

At Tep (60 °C), the scattering contribution from large aggregates was included. Therefore, the
fitting model read:

1(q) = Iogg (@) + IoPes (@) Sus" (@) + Ipig 2)

For L,es(g), the empirical Guinier-Porod model was used:**

G —(qRg*99)?
Iagg(q) = ;exp[ 39_5 ] forq<q, 3)
D
Iagg(CI) = E fO‘I" q=q;
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G and D are the scaling factors of the Guinier term and the Porod term, respectively, which need
to satisfy the requirement that the intensities of the two terms are equal at g = g1. g1 is calculated
to meet the requirement of a smooth continuous curve, which yields:

1 —(qRg*99)?

—e
o s )

a1 = e
—(qRy*99)? -
+]q1(d s)

D = Gexp|
The Guinier term contains the radius of gyration of the aggregates, R;*#¢, and the shape factor, s,
revealing the shape of the aggregates. s = 0 is found for spheres, s = 1 for thin rods, and s = 2 for
flat disks. The Porod term provides information on the surface of the aggregates: The Porod
exponent, d, describes the surface roughness of the aggregates. For a smooth surface, d = 4, while
d > 4 indicates a concentration gradient at the surface of the aggregate.*>- 46

At 62 °C, the contribution from the interacting brushes within the aggregates, was introduced.
The model was:
1(q) = lagg(@) + IoPro(@)Sus™ (@) + IoPes(D)Sus™ (@) + Ipig (5)
It describes thus the scattering of the aggregates, of correlated brushes within the aggregates and
of correlated brushes which are molecularly dissolved. The brushes within the aggregates are

modeled by the fuzzy sphere form factor, Pt(q). It describes a homogeneous sphere with a fuzzy

surface:*’

_ (3[sin(qRf,)—qRy, cos(qRy,)] (Fq)? 2
sz(CI) = { L (quzf)s . exp (_ T)} 6)

The fuzzy-sphere radius, Ry, is the radius where the SLD has dropped to half of the value of the
core. The fuzziness, f, is the width of the smeared surface. The radial SLD profile of a fuzzy sphere
starts to decrease at Ry, - 2f and reaches zero at R, + 2f. The hard-sphere structure factor Sus™ (¢)
was combined with Pr(g), in order to describe the spatial correlations between the brushes

composing the aggregates. Sus® (g) gives Rus™ as well as #°, which are half the average distance
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between the constituent brushes in the aggregate and the volume fraction of these correlated
brushes, respectively.

At 64 °C, the contribution from molecularly dissolved brushes disappears, and the model
became:
1(q) = Iogg (@) + IoPro (@) Sus" (@) + Ipig (7)

For PrE, the following model was used: Below T¢p, the same model as for PHE was used (Eq 1),
but with an additional term to describe the intensity due to concentration fluctuations, presumably

in the shell of Pcs(¢). The model was thus expressed as:

I(CI) = IoFs (CI)SHSbr(CI) + Ifluct(CI) + Ibkg ®)
For Inua(g), a modified Ornstein-Zernike term was used:*® 4
I
Ifluct(CI) = 1+(3§)m 9

loz is a scaling factor and ¢ the correlation length of concentration fluctuations. The exponent, m,
provides information about the solvent quality for the polymer. m = 5/3 is expected for swollen
polymers in a good solvent, m = 2 corresponds to Gaussian polymers in a theta solvent, while m =
3 is obtained for collapsed polymer chains in a poor solvent.

At and above T¢p (38 °C), the following expression was used:
1(q) = Lagg(@Sus? (@) + loPro(D)Sus™™ (@) + et () + Iog (10)
Sus®®8(q) is the hard-sphere structure factor, which was used to describe the spatial correlation
between the PrE aggregates. It gives the hard-sphere radius between the aggregates, Rus®#2, as well
as the volume fraction of the correlated aggregates, #%8.

The incoherent background ke was limited to values in the range 0.071 + 0.003 cm™! and 0.073

+0.003 cm™! for PHE and PrE, respectively. The software SasView 4.1.2 was used for SANS model
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fitting.’® The smearing effects were taken into consideration during software fitting by using a
Gaussian function with standard deviation Ag as a weight function.
Results and Discussion

In the following, we present results from cryo-EM, which provides real-space images of the
brushes; dynamic light scattering (DLS) reveals the size and LCST behavior, and small-angle
neutron scattering (SANS), which gives detailed information on the structural changes in
dependence on temperature.
Real-space Images

Fig. 1 shows the cryo-EM images of PbE and PrE solutions at 2.5 g L! in H>O. Considering that
the brushes are randomly distributed in the solution, oriented in all directions, the images should
be seen as 2D projections of the brushes. Due to the high local electron density in the central part
of the brushes, the dark lines in the images can be assigned to the polymeric backbones, while the
greyish corona regions are composed of the crowded side chains. The length of the dark lines
ranges from 15.6 to 20.1 nm for PHE, and from 17.0 to 36.5 nm for PrE. (For details see Fig. S1
and Tables S1 and S2 in the Supporting Information.) These wide ranges are supposed to be a
result of the 2D projection from a 3D volume, as well as of the backbone polydispersity (Table 1).

We compare these values with the lengths of the fully stretched backbones, as estimated from
the monomer lengths (Table 1). For PAE and PrE, 22.2 nm and 36.0 nm are obtained, respectively,
which are close to the maximum values of the measured length of the dark lines in the cryo-EM
images, for the corresponding brush. This implies that the backbones are stretched rather than
having a Gaussian chain conformation, as observed previously.!® Thus, the overall shape of the

brushes in solution is expected to be elongated.
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Figure 1. Cryo-EM images of (a) PbE and (b) PrE solutions at 2.5 g L™ in H2O.

Behavior Below T¢p

The behavior of the molecular brushes in aqueous solution below T, was characterized using
dynamic light scattering (DLS). Measurements were performed on 20 g L' PbE and PrE solutions
in DO, and temperature was increased, starting at 25 °C. D>O was chosen for consistency with
the neutron scattering experiments, which were carried out on the identical samples (see below).
Representative autocorrelation functions and distribution functions are given in Fig. S2 in the
Supporting Information. The dependence of the hydrodynamic radius, Ry, on temperature is given

in Fig. 2. For both samples, Ry is around 16 nm at 25 °C, which is considered to be the
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hydrodynamic radius of an individual molecular brush. As the temperature is increased, Rn
decreases by 2~3 nm, indicating the shrinkage of the side chains due to the increasing
hydrophobicity. Upon further heating, Ry rises abruptly at the temperature where aggregates form,
revealing the cloud point temperature 7¢, of PHE and PrE solutions to be ~60 °C and ~38 °C,
respectively. Above these temperatures, the high turbidity prohibits further DLS measurements.
The significant difference in T¢p is due to the different distribution of the hydrophobic PO and the
hydrophilic EO monomers. Presumably, in PbE, the hydrophobic PPO is located close to the
backbone and is shielded from water by the hydrophilic PEO. In contrast, in PrE, the PO monomers
are randomly distributed over the side chains, resulting in a much lower overall collapse
temperature and thus lower Tcp. The Ry values for PrE are similar to the one observed previously
at 1 g L'1.22 In contrast, the Ry values of PHE are ~2 nm smaller than the ones at 1 g L'.2! The
reason may be that the overall size of the molecular brush can be rather strongly affected by
concentration, especially when the side chains are relatively long compared to the backbone
(which is the case in PbE). As the side chains extend further away from the backbone, chain

overlap is facilitated, which may alter the size.
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Figure 2. Hydrodynamic radii from DLS in dependence on temperature for 20 g L™ solutions of

(a) PbE and (b) PrE in D>O. The vertical dashed lines indicate the resulting cloud point

temperatures Ttp.

At the T of the PbE solution, both individual molecular brushes and large aggregates are
detected. On the contrary, no individual PrE molecular brushes are found at T, and only
aggregates are observed. We discuss this finding again below in the SANS analysis.

It was reported previously that the T, of a molecular brush with block copolymer side chain is
close to the one of the block at the periphery.'® However, our experimental result does not match
this rule. Tcp of PBE solution is ~60 °C, i.e. much lower than the T¢, of the peripheral block, PEO,
which is above 100 °C. It seems that T, is strongly reduced. To explain this finding, we consider

the thermoresponsive behavior of self-assembled core-shell micelles formed by linear PEO-b-
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PPO-b-PEO triblock copolymers in aqueous solution. Upon heating, the PEO-b6-PPO-H-PEO
chains rearrange with temperature, e.g., to alter the aggregation number in each micelle, until large
aggregates are formed at T¢p.>! As for a molecular brush with block copolymer side chains, PhE
can be seen as a unimolecular core-shell particle, where the PEO-b-PPO diblock copolymers are
tethered to the backbone, which makes it impossible to rearrange the chains upon a temperature
change. Thus, the reduced T¢p for the molecular brush may be attributed to the effect of the grafting:
Since a change in aggregation number is impossible, the phase transition takes place at a lower
temperature. Besides the above, the hydrophobic PHOS backbone may also play a role in the

reduction of Tcp.

Structural Analysis Around the Cloud Point

Overview. SANS measurements in a wide g range were conducted on 20 g L™! solutions of both
types of molecular brushes in D>O to gain information about their structural evolution around their
respective Tcp. From 25 to 58 °C, the scattering curves of PHE (Fig. 3a,c) show a broad maximum
at ~0.1 nm™! and an additional fringe at ~0.7 nm™'. Upon heating towards 58 °C, both become less
pronounced. Between 60 °C and 64 °C, the overall shape changes gradually. At 60 °C, strong
scattering appears at low ¢, and steadily becomes more pronounced as the temperature is increased
up to 64 °C. Meanwhile, the maximum at ~0.1 nm™ becomes shallower and eventually vanishes
at 64 °C. Another feature that shows up in this temperature range is the maximum at ~0.3 nm’!,
which emerges at 62 °C and grows more pronounced at 64 °C. Thus, significant changes are
witnessed around T¢p, which we tentatively attribute to the collapse of the (outer) PEO blocks and
the subsequent aggregation of the brushes, which, at 62 and 64 °C, seem to be strongly correlated

within the aggregates. This is not the case at 60 °C, where we speculate that individual brushes
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coexist with loosely connected ones forming large aggregates, in consistency with the results from
DLS at this temperature (Fig. 2a).
At higher temperatures (66 °C for PbE, 44 - 46 °C for PrE), SANS data do not show significant

changes, and these are shown in Fig. S3 in the Supporting Information.
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Figure 3. Representative SANS data of the 20 g L™ solutions of PbE (a, ) and PrE (b, d) in D-O
(symbols) at the temperatures indicated in the graphs. The bluish and reddish colors indicate
temperatures below and above the cloud point, respectively. In (c) and (d), the full lines are the
model fits, see text. For better visibility, the data and the fits are shifted vertically by a factor of

10 with respect to each other in (c) and (d), and only every third data point is shown.
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From 25 °C up to 36 °C, the features in the SANS data of PrE are similar to the ones of PHE in
the same temperature range; however, they evolve in a different way: The maximum at 0.1 nm'!
becomes more pronounced upon heating towards 36 °C. Moreover, the shape of the decay between
0.1 and 1 nm™ changes above 32 °C, and the maximum starts to move towards slightly lower g
values (~0.1 nm™). At 38 °C, the maximum moves to substantially lower g values (~0.08 nm™),
and its intensity increases drastically; moreover, fringes appear at ~0.2 and 0.7 nm™'. At 40 and 42
°C, the position of the maximum is again decreased (~0.05 nm™), and its intensity is even higher;
while the two fringes both move to lower ¢ values. The strong scattering between 38 and 42 °C is
attributed to large aggregates, which are correlated with each other. Thus, also in this sample, an
intermediate state is encountered at T¢p (38 °C), where aggregates are gradually formed, grow and
become correlated with each other.

Both solutions undergo distinct structural transitions upon an increase of temperature, which
proceed in several steps. The temperatures, where aggregates appear, match the 7¢p values
determined by DLS rather well (60 °C for PHE and 38 °C for PrE). The structures of the two types
of molecular brushes as well as their aggregates were analyzed by model fitting the SANS data
using Eqgs 1-10, as described in the Experimental Section. The fitted model curves are shown in
Fig. 3c and d.

In both systems below T¢p, only dissolved brushes are present. For modeling their size, shape
and inner structure below T, the core-shell ellipsoid form factor is applied, assuming a polymer-
rich core and a water-rich shell. This form factor is combined with the hard-sphere structure factor,
which describes in the simplest possible way the spatial correlation between the brushes. While

these two contributions are sufficient to obtain good fits for PHE (Fig. 4a, Eq. 1), an additional
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Ornstein-Zernike term describing the decay of the PrE data at ¢ > 0.4 nm™ is needed (Fig. 4b, Eq.

8), which we assign to concentration fluctuations in the shell.
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Figure 4. Model fits of the SANS data from 20 g L' PhE (a, ¢) and PrE (b, d) solutions in D-O.

Data below (a, b) and above (c, d) the respective T, (symbols), overall fits (black full lines) and

contributions from each term in the fitting model (broken lines, see legend). The temperatures are

given in the graphs. The contribution from the incoherent background is not shown.

For temperatures well above T¢, (Fig. 4c, d), the fuzzy sphere model is used, instead of the core-

shell ellipsoid, to describe the molecular brushes that compose the aggregates, presumably because

the side chains are collapsed. This form factor is again combined with the hard-sphere structure

factor. In both solutions, the aggregate scattering is described by the Guinier-Porod form factor,

and in the PrE solution, the correlation between aggregates is modeled by another hard-sphere

structure factor. In addition, the model for the PrE solutions still includes the Omstein-Zernike
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structure factor accounting for the scattering from concentration fluctuations. The SANS data well
above the T¢p are thus model fitted by Eqs. 7 and 10 for PAE and PrE, respectively.

Besides, the data from the PhE solution at 60 and 62 °C seem to reflect coexistence of (i)
dissolved brushes, which are of core-shell type and are correlated by the hard-sphere structure
factor similar to the ones at lower temperatures, and (ii) molecular brushes which are of fuzzy
sphere type and are located in the aggregates. Thus, PHE data at 60 and 62 °C are modeled by Egs.
2 and 5, respectively. Using these models, excellent fits are obtained for both samples below, as
well as above Tcp.

Two features may be noticed in the SANS data at the phase transition, both in PSE and PrE: a
high intensity in the low-g region and fringes accompanied with correlation peaks at high ¢ (0.3-
0.4 nm™"). For PBE, the two features appear in sequence as the temperature is increased; while for
PrE, the two features both show up at T¢, = 38 °C.

In the following, the structural parameters resulting from the different contributions to the model
are discussed in dependence on temperature. Beginning with PHE and continuing with PrE, we
address first the effect of the dehydration process below T, on the structure of the molecular
brushes and describe afterwards the morphology and correlation of the aggregates. The differences
of the dehydration process in PHE and PrE give information about the effect of the side chain
architecture (block vs. random copolymer). The most important parameters are discussed below;

full sets of structural parameters are compiled in Tables S3-S6 in the Supporting Information.

Structural Changes in the PbE Solution. Below Tcp, the molecular brush PHE is modeled as a
core-shell particle. At 25 °C (i.e., far below T¢p), the polar and the equatorial radius of the core

have similar values (~7 nm, Fig. 5a), while the shell is significantly thicker in polar direction (~
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17 nm) than in equatorial direction (~ 4 nm, Fig. 5b). Altogether, this results in an elongated shape
of the molecular brush. The scattering length density (SLD) of the core is ~0.6 x 10°A~ (Fig. 5¢),
which is close to the value of PPO (SLD 0.34 x 10°A2). Assuming that the core consists of PPO
and D0 only, a content of D>0 of ~3 vol% is estimated. Thus, the core is spherical and compact
and mainly composed of the backbone and the hydrophobic PPO blocks, which are water-insoluble
and collapsed. The shell SLD amounts to 5.47 x 10® A2 at 25 °C (Fig. 5d). Assuming that the
shell consists of PEO (SLD 0.64 x 10° A?) and D,0O gives a water content of 84.9 vol%, i.e., it is

very rich in water at room temperature.
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Figure 5. Structural parameters from model fitting to the SANS data of the 20 g L'! solution of
PbHE in D20 shown in Figure 4a in dependence on temperature from room temperature to around
T¢p. (a) Core radii along polar and equatorial direction, R (closed black circles) and R. (open red
circles). (b) Shell thickness along polar and equatorial direction, 7, (closed black circles) and 7.
(open red circles). Scattering length density in the core, peore (¢), and the shell, pshen (d). (e) Hard-
sphere radius Rus®. (f) Hard-sphere volume fraction 4. The vertical dashed lines indicate Tcp from
DLS. The blue triangles in (a) and (b) are parameters from a 5 g L! solution of PAE in D20 (see

Fig. S4 and Table S7 in the Supporting Information).

As for the shell, the inequality in the polar and equatorial shell thickness seems counterintuitive,
since one would expect the side chains to stretch equally in all directions. In order to investigate
whether this effect is due to close packing and mutual influence of the brushes at the concentration
of 20 g L', SANS data were also collected from a solution of significantly lower concentration,
namely 5 g L' in D2O (Fig. S4 in the Supporting Information). These data were analyzed in the
same way as the ones at 20 g L! at 25 °C, resulting in an excellent fit. The resulting dimensions
from the core-shell ellipsoid model are given in Fig. 5a and b. The analysis reveals that the core is
also spherical with a similar size as in the 20 g L'! solution (6.4 and 8.6 nm in polar and equatorial
direction, Table S7 in the Supporting Information). However, the shell thickness is the same in all
directions, namely 8.7 nm, which is between the polar and the equatorial value at 20 g L. (The
SLDs of the core and the shell are very similar to the ones at 20 g L'!)

Comparing the structure of the PhE molecular brush at 20 and at 5 g L'}, it is seen that the size
and the composition of the core, which is composed of the backbone, the PPO blocks and very
little D20, is independent of concentration. In contrast, the shell, which contains the water-swollen

PEO blocks, is sensitive to the concentration, which points to its flexibility. Whereas it has the
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same thickness all around the molecule in dilute solution, at higher concentration, the PEO blocks
in the side chains arrange themselves such that the molecular brush assumes an elongated shape.
The reason could be the mutual alignment of the molecular brushes along their polar direction, for
the sake of reducing the interaction energy in equatorial direction, which is the explanation for
elongated micelles formed by amphiphilic block copolymers.>* >3 The elongated shape of PAE may
thus be due to the relatively long side chains (the fully stretched side chain length is four times
larger than the one of the backbone, Table 1). The thick, water-swollen PEO shell can change
shape easily and adapt to the spatial limitation caused by the high concentration, leading to a
rearrangement of the outer part of the side chains.

Looking again at the 20 g L !solution, upon heating towards Tep, the core radii are unchanged up
to ~45 °C. Above, the polar radius of the core increases and becomes slightly larger than the
equatorial radius, namely R, = 12 nm and R. = 8 nm at 60 °C (Fig. 5a). Thus, the core shape
transforms from spherical to slightly elongated. Meanwhile, the shell thickness in the polar
direction continuously decreases as the temperature is increased (Fig. 5b). Up to ~45 °C, the
decrease is weak (down to ~14 nm), but above, it is much stronger (down to ~8 nm at 58 °C). The
shrinkage of the shell along the polar direction may be attributed to the dehydration of the PEO
blocks and the resulting contraction, as the temperature is increased towards 7cp. The equatorial
shell thickness is unchanged at ~4-5 nm in the entire temperature range up to 7cp. This value is
slightly larger than the end-to-end distance of the PEO block, assuming Gaussian conformation,
which is 3.9 nm (based on the monomer length of 0.359 nm, calculated based on the carbon-carbon
bond length and the bonding angle).’! Thus, the PEO blocks in the shell become increasingly

dehydrated and rearrange, as T¢p is approached.
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The scattering length density (SLD) of the core stays unchanged at ~0.6 x 10 A2 in the whole
temperature range up to T¢p (Fig. 5¢), i.e., the low content of D2O of ~3 vol% is maintained. The
shell SLD decreases weakly to 5.35 x 10 A2 at 45 °C and then more strongly to 4.64 x 107 A2
at 60 °C (Fig. 5d). This means, the water content decreases to 82.8 vol% at 45 °C and further to
70.3 vol% at 60 °C. Thus, the dehydration of the PEO-rich shell is very weak, even at 60 °C (i.e.,
the T¢p of the PHE solution).

The correlation between the PhE brushes is described by the structure factor Sus®(g). For
simplicity, the hard-sphere structure factor was chosen, which contains the hard-sphere radius
Rus™, i.e., half the average distance between brushes in the solution, and the volume fraction of
correlated brushes, #*. At 25 °C, Rus™ is ~22 nm and stays unchanged up to 50 °C (Fig. Se).
Above, it increases and reaches 32 nm at 60 °C. 5 also stays unchanged at 0.17 between 25 and
50 °C and slightly decreases to 0.11 at 60 °C (Fig. 5f). Both the rise of Rus™ and the slight decrease
of # are probably due to the overall shrinkage of the brushes above 45 °C, possibly also to the
shape change towards a more spherical shape, as described above, resulting in an increased average
distance and a weaker correlation.

The results reveal that the PEO blocks in PHE undergo a weak dehydration, as the temperature
is increased from 45 °C towards T¢p (60 °C). Recalling the cloud points of PPO (8 °C) and PEO
(>100 °C) homopolymers in aqueous solution, it can be concluded that, while the PPO blocks in
the side chains are hydrophobic in the entire temperature range and form the dense core, the PEO
blocks in the side chains gradually become more hydrophobic as the temperature is increased
above ~45 °C, but still stays water-soluble up to 60 °C. Between 25 and 58 °C, the shell rearranges,
the brushes become more spherical, and their correlation weakens, until aggregation finally sets in

at 60 °C.
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At 60 °C and above, a fraction of the brushes forms large aggregates, as evidenced by the abrupt
increase of intensity at low ¢ in the SANS data (Fig. 3a). Nevertheless, at 60 and 62 °C, a certain
fraction is still dissolved as individual particles. They can be described as core-shell particles in
the same way as at lower temperatures. The cores stay elongated (Fig. 5a), and the shell thickness
in polar direction is larger than in equatorial direction (Fig. 5b). The SLDs remain unchanged (Fig.
5c and d). While the dissolved brushes are weakly correlated at 60 °C (Fig. Se and f), they are not
correlated any longer at 62 °C. At 64 °C, no contribution from dissolved brushes is observed in
the SANS data, i.e., all brushes have become part of the aggregates. These observations imply that
the phase transition of PHE starts with coexisting individual brushes and aggregates (60 °C); then,
the contribution from the individual brushes decreases (62 °C) until only aggregates are present in
the solution (64 °C).

We now turn to the characteristics of the aggregates and the brushes forming them. The
aggregate scattering at low g values is described by the Guinier-Porod form factor (Fig. 4c), which
gives the radius of gyration of the aggregates, R,"#, along with the shape factor s and the Porod
exponent d. The contribution from the brushes within the aggregates, namely the correlation peak
at ¢ = 0.3 nm™ as well as the fringe at 0.7 nm™' are described by the fuzzy sphere form factor,
Pr,(q), combined with the hard-sphere structure factor, Sus™ (g). These correlated fuzzy spheres
are attributed to the dehydrated brushes that compose the aggregates. Pr,(g) features the so-called
fuzzy sphere radius Ry, which is defined as the value where the SLD has decreased to half the
value of the SLD of the core, and the width of the fuzzy surface, also called the fuzziness f. SHSbr’(Q)
gives half of the average distance between the correlated fuzzy spheres, Rus®™ , and the hard-sphere

br’

volume fraction, #°". It is worth noting that #" is the volume fraction occupied by the correlated
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brushes within an aggregate, rather than the normally considered volume fraction in the entire
solution.

At 60 °C, Rg*®® is 73 nm, and it gradually decreases to 58 nm, as the temperature is increased to
66 °C (Fig. 6a). The continuous shrinkage of the aggregates may be related to the increasing
hydrophobicity of the PEQ block upon heating.>* s is close to 0 and d around 4 (Fig. 6b,c),

indicating the aggregates are spherical and have a smooth surface.
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Figure 6. Structural parameters from model fitting to the SANS data of the 20 g L™ solution of
PbE in D20 shown in Figure 4c in dependence on temperature at and above T¢,. (a) Radius of
gyration of aggregates Rg%®, (b) shape factor s, and (c) Porod exponent d. (d) Length scales from
Pr(q): fuzzy-sphere radius Ry, (closed circles), fuzziness f (closed triangles) and Rt, + 2f (open
circles). (e) Parameters from Sus™ (q): hard-sphere radius Rus™ (closed black circles, left scale)
and volume fraction # (open red circles, right scale). The vertical dashed lines indicate T from
DLS. (f) Schematic representation of the correlation between the brushes within the aggregates,
comparing Ry, + 2f with Rus®. The dash-dotted line indicates the center between two fuzzy

spheres.
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As for the dimensions of the brushes forming the aggregates, Ry, is 10 nm and fis 3 nm without
temperature dependence (Fig. 6d). The SLD of the fuzzy sphere changes radially, starting from R¢,
- 2f until R, + 2f, where it reaches the solvent SLD value. Thus, Rt, + 2f is seen as the overall size
of the fuzzy sphere. Comparing Ry, + 2f with Rus® can provide some insight into the packing of
the brushes. While Ry, + 2f is around 16 nm, Rus™ is only 11 nm (Fig. 6d,e), i.e., the side chains
from adjacent brushes interpenetrate partly, as sketched in Fig. 6f. ™ is found to be around 0.5,
which is a rather high value. The overlapping fuzzy spheres and the high #° imply that the brushes
within the aggregates are strongly connected.

Based on these results, a schematic view of the structural changes in dependence on temperature
is derived, as shown in Fig. 7. At room temperature, PbE features a spherical core, presumably
rich in PPO, and a water-swollen shell, presumably formed by PEO. The shell thickness is different
along the polar and the equatorial direction, resulting in an elongated shape, in consistency with
cryo-EM. This shape is attributed to the rather high polymer concentration. Upon heating, the
shape changes towards a more spherical one. Below the cloud point, the dehydration of the shell
is only weak, whereas above the cloud point, the brushes collapse and form large, spherical,

smooth aggregates. Within the aggregates, the brushes interpenetrate.

25°C
‘ Tep
Heating 60 °C
Ly S
weakly dehydrated

highly-connected brushes
Figure 7. Schematic representation of the structural evolution of PbE in aqueous solution in

dependence on temperature around the cloud point of 60 °C. The black arrows indicate the heating
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process. The black, dark and light blue lines mark the polymeric backbone, the PO and the EO

segments. A light blue shading indicates water.

Structural Changes in the PrE solution. We now turn to the structural changes in the 20 g L’!
PrE solution in D20 below its cloud point 7Tcp = 38 °C. Again, the model of core-shell ellipsoids
described the SANS data well in the g range 0.03-0.6 nm™' (Fig. 4b), which indicates a polymer-
rich inner part and a water-rich outer part of the brush. At 25 °C, the polar and equatorial core radii
amount to 14 and 8 nm, and the shell thickness is 6 nm in both directions (Fig. 8a,b). Thus, PrE
assumes an overall elongated shape like PHE, but in contrast to PHE at the same concentration, the
core has an elongated shape, whereas the shell thickness is constant everywhere. Up to 32 °C, the
polar core radius increases slightly to 16 nm, the equatorial core radius decreases slightly to 6 nm,
while the shell thickness decreases by only ~1 nm in both directions. At 34 °C, the polar core
radius is significantly lower, namely 6 nm, whereas the equatorial core radius has increased to 15
nm. Similar values are found at 36 °C. (Fits are shown in Fig. S5 in the Supporting Information.)
Thus, above 32 °C, the core of the brushes assumes a disk-like conformation. The shell thickness
along the polar axis decreases to ~1 nm, whereas it gradually decreases down to ~2.5 nm along the

equatorial direction at 36 °C.
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Figure 8. Structural parameters from model fitting to the SANS data of the 20 g L™ solution of
PrE in D>0 shown in Figure 4b in dependence on temperature below T¢p. (a) Core radii along polar
and equatorial direction, Rp (closed black circles) and R. (open red circles). (b) Shell thickness
along polar and equatorial direction, Ty (closed black circles) and Te (open red circles). The
scattering length density in the core, peore (c) and the shell, pshen (d). (e) Hard-sphere radius Rus™.

(f) Hard-sphere volume fraction #". The vertical dashed lines indicate Tc, from DLS.

These shape changes are accompanied by a dehydration of the core and the shell. The SLD of
the core decreases from 25 °C to 32 °C and then stays unchanged up to 36 °C (Fig. 8c), while the

SLD of the shell decreases first slightly up to 32 °C, then strongly up to 36 °C (Fig. 8d). Using the
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volume-weighted average SLD of PPO and PEO (0.43 x 10 A?), these SLD changes correspond
to a decrease of the water content in the core from 9.5 to 0.5 vol%, and, in the shell, a weak decrease
from 90.7 vol% 25 °C to 81.9 vol% at 32 °C and then a strong decrease to 6.3 vol% at 36 °C. Thus,
upon heating, water is repelled out of the PrE core and the shell, especially above 32 °C.

From the changes of the shape and of the water content of the core and the shell between 32 °C
and T¢p, we conclude that the PrE brushes undergo a strong dehydration, leading to the collapse of
the side chains. This might cause the backbone to coil up, resulting in the shape change from a
rod-like to a disk-like particle.

The hard-sphere radius, related to the distance between the brushes, Rus®, is ~20 nm at 25-32
°C (Fig. 8e). Above, it increases to 26 nm at 36 °C. The volume fraction #* is around 0.16 at 25
°C and increases to 0.27 at 36 °C (Fig. 8f). Thus, in the temperature range just below T¢p, both, the
average distance between the brushes and the volume fraction of correlated brushes increase,
which may seem counterintuitive. Comparing with the observations in PAE, where the volume
fraction decreases upon heating towards Tcp, we suggest that the architecture of the side chains has
an influence on the interaction between the brushes when approaching 7cp. In brushes with PPO-
b-PEO side chains, the degree of dehydration of the PEO-rich shell is low, and the overall
hydrophobicity changes only very little with temperature; moreover, no shape change is
encountered. In contrast, the P(PO-r-EO) side chains in PrE release a large amount of water at 34
°C, thus, the shell becomes significantly more hydrophobic, which causes a stronger attractive
interaction between the brushes. The simultaneous increase of the average distance between the
brushes may be attributed to the drastic shape change of the PrE brushes, which affords a different

arrangement between the neighboring brushes.
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At 38 °C, the SANS curve shape is very different from the ones at lower temperatures (Fig.
3b,d). The maximum intensity is at a much lower g value, and fringes appear at both 0.2 and 0.7
nm'!. The changes are attributed to the aggregate formation of the dehydrated brushes.

The data above 38 °C were fitted by a model similar to the one used for PHE above T¢p. It includes
the Guinier-Porod form factor accounting for the size and shape of the aggregates, and the form
factor of fuzzy spheres for the dehydrated brushes within the aggregates with the correlation
between the latter being described by the hard-sphere structure factor, Sus™ (¢). Different from
PbE, the PrE aggregates are correlated with each other, as is evident from the maximum at 0.5-0.7
nm’! (Fig. 3b,d), and we model these interactions by another hard-sphere structure factor, Sus*#2(g).

The results reveal that, at 38 °C, the radius of gyration of the aggregates, R;*%¢ is only 14 nm
(Fig. 9a). At higher temperatures, R;*¢¢ becomes ~26 nm. The aggregates are spherical, since s ~0
(Fig. 9b). Applying the relation between the radius of gyration and the geometrical radius of a
homogeneous spherical particle, we can estimate the radius of the aggregates, R, by R = Ry (5/3)"2.
R grows from 18 nm to 34 nm. Meanwhile, the hard-sphere radius of the aggregates, Rus®®,
increases from ~39 to 57 nm (Fig. 9d) and is thus always about 20 nm higher than the radius of
the aggregates, which means that the aggregates are well-separated from each other. The Porod

exponent d is higher than 4 and close to 5, indicating a gradient SLD at the surface (Fig. 9c).
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Figure 9. Structural parameters from model fitting to the SANS data of the 20 g L™ solution of
PrE in D20, as shown in Fig. 4d in dependence on temperature at and above T¢p. (a) Radius of
gyration of the aggregates R;"%8, (b) shape factor s, and (c) Porod exponent d. (d) Parameters from
Sus*®¥(q): hard-sphere radius Rus®®® (closed black circles, left scale) and volume fraction #*# (open
red circles, right scale). (e) Length scales from Pg(q): fuzzy-sphere radius Ry, (closed circles),
fuzziness f (closed triangles) and Ry, + 2f (open circles). (f) Parameters from Sus® (q): hard-sphere
radius Rus™ (closed black circles, left scale) and volume fraction #" (open red circles, right scale).
The vertical dashed lines indicate T, from DLS. (g) Schematic representation of the correlation
between the brushes within the aggregates, comparing Ry, + 2f with Rus®. The dash-dotted line

indicates the center between two fuzzy spheres.

The data indicate a stepwise transition from 38 °C to 40 °C, above which the phase-separated
solution reaches a stable state. In this temperature range, the aggregate size increases along with
their average distance. Since no individual brushes are observed at 38 °C and above, aggregate
growth may proceed via coalescence, which still seems possible up to 40 °C. Above, the growth

stops, which we attribute to the strong dehydration of the brushes, rendering them rigid.
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Regarding the brushes within the aggregates, their radius Ry, is 4 nm and the fuzziness fis 0.6
nm at 38 °C (Fig 9e), resulting in a Ry, + 2f value similar to Rus™ . Thus, the brushes are closely
packed without interpenetrating each other (Fig, 9g), in contrast to the PHE brushes. Upon heating
from 38 °C to 46 °C, Ry, + 2f values increase steadily, and become slightly higher than Rus® . This
might indicate that the brushes start to interpenetrate upon heating. This is supported by the volume
fraction of correlated brushes, #°, which shows a growth from 0.2 (40 °C) to 0.3 (46 °C) (Fig. 9f).

A modified Ornstein-Zernike structure factor was needed for PrE, both below and above T¢, to
describe the scattering at high g values, which is due to the concentration fluctuations of the
polymer side chains (Fig. 4b, d). It features the correlation length, £, as well as the exponent, m,
indicative of the polymer conformation.

The correlation length ¢ fluctuates around 1.5 nm without any temperature dependence (Fig.
10a). From 25 °C to 36 °C, m increases from 1.8 to 2.8 (Fig. 10b), implying a decrease of the
solvent quality, as expected. Above, it stays rather constant. The necessity of the modified
Ornstein-Zernike term in the fitting model for PrE, which was not the case for PHE, indicates a
higher degree of local inhomogeneity in the PrE solution, which might be due to the randomly

distributed hydrophobic PO segments.
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Figure 10. Parameters from the modified Ornstein-Zernike structure factor for the PrE solution:

30 (a) correlation length £, (b) exponent m. The vertical dashed lines indicate T¢, from DLS.

33 Figure 11 shows a schematic view of the structural evolution of PrE. The brushes are elongated
35 at room temperature and feature a swollen shell, in consistency with cryo-EM. A few degrees
below the cloud point, the shell deswells strongly, and the brush changes shape to become a flat
40 disk, presumably because the backbone folds. At the cloud point, the collapsed brushes gather to
42 form aggregates, within which the brushes do not interpenetrate. Concentration fluctuations are

still present above the cloud point.
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Figure 11. Schematic representation of the structural evolution of PrE in aqueous solution in
dependence on temperature around the cloud point of 38 °C. The black arrows indicate the heating
process. The black, dark and light blue lines mark the polymeric backbone, the PO and the EO

segments. A light blue shading indicates water.

Comparison of the aggregation behavior of PbE and PrE. 1t is worth noticing that, above T¢,
R;*% is significantly larger for PAE and the surface is smoother than for PrE (Figs. 6a,b and Fig.
9a,b). Within the aggregates, the PHE brushes interpenetrate each other and are strongly correlated,
which is not the case in PrE aggregates. Actually, the aggregates formed by PrE brushes may
rather be considered as loose clusters.

The different aggregation behavior is related to the strong difference in the degree of dehydration
of the molecular brushes at the cloud point, which concerns the mobility of the polymer chains.>>"
> However, the fuzzy sphere form factor used above 7T, does not contain information on the SLD;
thus, the water content is a priori unknown. Here, we try to gain a rough idea about the degree of
dehydration in the aggregates by comparing the size and shape of the individual dissolved brushes
below T¢p, modeled as core-shell ellipsoids and the brushes within the aggregates above T¢p,
modeled as fuzzy spheres. For PbE, the geometric mean radius, Rmean = [(Rp + Tp) X (Re + Te)*]'?,
of the core-shell ellipsoid is ~14 nm at 58 °C, i.e., just below T¢p, which is similar to the overall
radius of the fuzzy spheres at 62 °C (Ry, + 2f = 16 nm). Thus, it is reasonable to assume that the
PbHE brushes in the aggregates are as hydrated as the dissolved ones, i.e., their PEO shells contain
70 vol% D>0. As for PrE, Rmean 1s ~14 nm at 36 °C, while the fuzzy spheres at 38 °C are much
smaller (R¢, + 2f ~6 nm). The severe shrinkage may imply that the PrE brushes in the aggregates

are strongly dehydrated. Since the shell of PHE stays hydrated, the PEO blocks are mobile and can
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more easily connect and interpenetrate with those from other brushes. As a result, the PHE brushes
are strongly correlated, and larger aggregates can form. As for PrE, the brushes are strongly
dehydrated and are less mobile. This hampers the association with other brushes and thus slows
down aggregate growth. As a result, small aggregates with a rather high surface roughness are
encountered.

Another effect that influences the side chain mobility is the architecture of the molecular brushes.
When the side chains are much longer than the backbone, it is easier for them to overlap with each
other, and the side chains with higher mobility can interpenetrate with chains from neighboring
brushes. On the other hand, when the side chains are short compared to the backbone, the brushes
behave like bottle brushes that hardly overlap with adjacent brushes. The fact that PHE has longer
side chains and a shorter backbone than PrE, is thus also considered as one of the reasons why the

PbE aggregates are larger than the ones from PrE.

Conclusion

Cryo-electron microscopy, dynamic light scattering and small-angle neutron scattering are used
to investigate the structure of molecular brushes in aqueous solutions. The molecular brushes under
study feature thermoresponsive PPO-PEO diblock or random copolymer side chains. The linear
PPO and PEO polymers exhibit vastly different cloud points.

As the temperature of the molecular brush solution is increased, starting from room temperature,
the brushes with diblock copolymer side chains undergo a slight dehydration, and form aggregates
with strong connections between the hydrated brushes. On the contrary, the molecular brushes
with random copolymer side chains show severe dehydration upon heating, and the dehydrated

brushes form aggregates by mere gathering without close connections.
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The architecture of the side chains implies strong differences in the intra- and intermolecular
interactions and the resulting brush shapes and inner structures in dependence on temperature, as
well as in the size and inner structure of the aggregates. These features cannot be identified using
turbidimetry, vibrational spectroscopy or light scattering. The wide g-range of small-angle neutron
scattering reveals structures on a wide range of length scales. These findings may be related to the
dehydration process of thermoresponsive molecular brushes with different side chain architecture

at the phase transition.
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