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Abstract

We combine synthesis, physical experiments, and computer simulations to investigate self-assembly patterns of low-
functionality telechelic star polymers (TSPs) in dilute solutions. In particular, in this work, we focus on the effect of the arm
composition and length on the static and dynamic properties of TSPs, whose terminal blocks are subject to worsening solvent
quality upon reducing the temperature. We find two populations, single stars and clusters, that emerge upon worsening the
solvent quality of the outer block. For both types of populations, their spatial extent decreases with temperature, with the
specific details (such as temperature at which the minimal size is reached) depending on the coupling between inter- and
intra-molecular associations as well as their strength. The experimental results are in very good qualitative agreement with
coarse-grained simulations, which offer insights into the mechanism of thermoresponsive behavior of this class of materials.
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Thermal - Self-assembly

Introduction

Self-organization of building blocks due to external stimuli
is ubiquitous in most materials and all living organisms in
nature. Inspired by this, a remarkable body of work has
been performed to understand and emulate their response
to temperature [1-3], pH [4-6] and light [7, 8], enabling
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the controlled design of their structure assembly. Recent
advances in polymer chemistry have led to the synthesis
of various building blocks with complex architectures
and functionalized properties. Such responsive building
blocks that can self-organize into higher-order structures
may form soft patchy particles, which have directional
interactions and varying softness. Furthermore, topological
effects that arise in systems with complex architecture
can alone lead to a range of interesting phenomena in
and out of thermodynamic equilibrium for both low [9-
15] and high system densities [16-21]. Functionalized
biomolecules such as DNA-grafted colloidal particles
represent a typical example where patchiness reflects the
competition between inter- and intra-particle associations
[22-25]. However, despite its significance, DNA-based
research is very specialized and yields limited amounts of
samples. An alternative design of patchy particles is based
on the so-called Telechelic Star Polymers (TSPs), that is
star polymers with functionalized end groups [26-29]. A
TSP consists of f amphiphilic AB-block copolymer arms
grafted on a common center. The solvophilic A-block is
attached at the center of the star, whereas the solvophobic
B-block is exposed to the exterior of the star. On changing
the solvent quality through temperature variation, the outer
blocks become attractive and form patches on the surface
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of the particle [30-32]. With such a TSP system, it is
thus possible to cover the entire range of inter-particle
interactions, from purely repulsive to attractive soft colloids
simply by changing the solvent quality. The self-assembly
of TSPs at the single molecule level and in concentrated
solutions depends mainly on three parameters: (i) the
functionality f of the stars, (ii) the outer block size ratio
Ng/(Na + Np) (Nan and Np denote the length
of the respective block), and (iii) the attraction strength
between the outer solvophobic blocks which is enhanced
upon worsening solvent quality.

TSPs with low functionality (f < 5) collapse into a
watermelon structure with one single patch on the surface of
the particle [30]. However, more complex structures with a
richer distribution of patches are formed in TSPs with higher
functionality [31]. Such soft patchy particles can preserve
their properties such as the size, number, and arrangement
of patches upon increasing the TSP concentration [33]. The
inherent flexibility of such soft-particles leads to formation
of ordered structures in the case of high functionality
[33]. On the other hand, low-functionally TSPs tend to
form micellar aggregates [34—37], which at relatively high
concentrations self-assemble into long worm-like micelles
[35, 38]. In previous work, we have examined the effects
of temperature (or attraction strength) on the self-assembly
of these low- f TSPs in dilute solution [32]. In the present
work, we extend these investigations by addressing the
effects of the block size ratio and arm length on the self-
organization of TSPs with f = 3 in dilute solutions. The
new results provide insight into the responsive behavior of
TSPs, paving the way for the design of functional materials
with tunable properties.

o =

Materials and methods
Experimental details
Telechelic star polymers (TSPs) with three arms made

of 1,4-polybutadiene (PB) as the inner A-block and
polystyrene (PS) as the outer B-block were synthesized

by anionic polymerization and chlorosilane chemistry
using high-vacuum techniques. Detailed information on
the synthesis procedure can be found in Ref. [32]. Three
different TSP samples have been used in the present study.
Two of them have a similar total molar mass of about
40000 g/mol, albeit a different PS weight fraction of
fps = 0.14 and 0.33. The third sample, which was used
in our previous work [32], has a lower molar mass of
Mw = 26700 g/mol and fps = 0.23. The molar mass
distribution in all three TSP samples is rather narrow with
the corresponding polydispersity being around B = 1.03.
The detailed molecular characteristics of the samples are
listed in Table 1.

We have used 1-phenyldodecane as the solvent. It has
a cloud-point at 53 °C for PS [39] and 22 °C for PB (the
corresponding f-temperatures are expected to be slightly
higher). Solutions were prepared by mixing an appropriate
amount of the TSP with the solvent to reach the desired
concentration. The sample degradation was inhibited by
adding 0.1 wt% of the TSP of the antioxidant BHT (2,6-Di-
tert-butyl-4-methylphenol). In order to fully dissolve TSPs,
methylene chloride was used as the cosolvent. Then, the
cosolvent was evaporated under ambient conditions until a
constant weight was achieved.

Dynamic Light Scattering (DLS) was used to investigate
the dynamics and self-assembly of TSPs in dilute solutions.
In DLS, the normalized autocorrelation function G(q, t) =
(I(qg,0)1(q,1))/{I(q, 0))2 of the total scattered light
intensity [ (g) at the wave vector g = (4mng/)) sin (6/2)
(ng is the refractive index, 6 denotes the scattering angle,
and A is the wavelength of the incident laser beam) is related
to the normalized time correlation function of the scattered
electric field E(q, t) by the Siegert relation:

G(g,1) =1+ f*laglq, D> =1+ f*I1C@, 0>, (1)

where f* stands for the coherence instrumental factor, &
is the fraction of 7 (g) associated with fluctuations relaxing
with times longer than 0.1 ps [40-42], and C(q, ) denotes
the intermediate scattering function (ISF). The inverse
Laplace transformation using the constrained regularization
method was applied to compute the relaxation spectrum

Table 1 Molecular characteristics of investigated star diblock copolymers (PS-b-PB)3

Sample M (g/mol) Mlinear (o/mol) fps Yo(wiw) fpB Yo(WIw) c/c* n (mol/m?)
40500 13000 0.14 0.86 0.03 0.14
40000 13000 0.33 0.67 0.04 0.11
26700 8800 0.23 0.77 0.05 0.31

M3 is the total molar mass of the TSP, M&“ear is the arm molar mass, fps and fpp are the weight fractions of PS and PB blocks, respectively. ¢ is
the TSP concentration in terms of the overlap concentration ¢* = 3M3™ /(4% Rﬁ/\/’ A) (Ry is the star’s hydrodynamic radius at high temperatures
and N\, is the Avogadro number), and 7 is the number density of TSPs in solution
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H (In 7). This method assumes that C (g, t) can be expressed
as the superposition of exponentials:

+00
C(q,t) :/ H(nt)exp(—t/t)d(nT) 2)

—0o0

The characteristic relaxation times correspond to the peak
positions of H(Int), whereas the area under the peak
defines the value of & in Eq. 1 and hence the intensity
al(q) associated with the particular dynamic process. The
transformation was performed with the program CONTIN
[43] that yielded the relaxation time and intensity of the
partitioning modes.

DLS experiments were performed on an ALV-5000
goniometer/correlator setup (ALV-GmbH, Germany). The
light source was a Nd:YAG dye-pumped, air-cooled laser
(100 mW) with the wavelength A = 532 nm. The refractive
index of 1-phenyldodecane is n9p = 1.482. Before each
DLS experiment, the samples were equilibrated at 7 =
60 °C, which is above the cloud point of the outer PS-
block, for 10 min to erase thermal history. Then, the sample
was quenched to the desired temperature and equilibrated.
The equilibration process was probed by measuring the ISF
until it reached steady values over time. The duration of
equilibration depended on the temperature and ranged from
10 min for T = 60 °C to 10 h for T = 20 °C.

Simulation details

To model TSP dynamics under worsening solvent con-
ditions for its outer block, we have employed a coarse-
grained dissipative particle dynamics (DPD) model with
explicit solvent. In what follows, the inner blocks of a
TSP are labeled “A,” the outer ones—“B,” whereas solvent
particles—*“S.” In DPD, the total force F; acting on the ith
particle is composed of the conservative FC, dissipative FP,
and random FR contributions [44]:

Fo=> (FG+F) +F}). 3)
J#

In Eq. 3 above, FS is the conservative force acting between
the ith and jth particle separated by a distance r;; (here and
in WhathHOWS, l‘,'j =T —l'j, rij = |I‘,'j|, f‘,’j = r,-j/r,'j, and
Vij =V — Vj)i

Ff, = Ajjw(ri)), “)
where A;; is the maximal repulsion between the particles
and w(r;;) is given by

w(rij) = (1 —=7ij/Teu)d (reut — 1), )

with 6(x) denoting the Heaviside step function and the
cutoff distance r¢y; being chosen as the unit of length (r¢y; =
1). Furthermore, FB. is the pairwise dissipative force

Fp = —yw(rij)® (R - vij) » (6)

and F?j is the pairwise random force

F% = —2ykgT /At - nijw(rij), O

where 7;; is a Gaussian random number with zero mean
and unit variance. The unit of mass is set by the (same)
mass of every particle m, whereas the unit of energy was
chosentobe kgT (kgT = 1). The simulation were performed
using the HOOMD-blue simulation package [45—48] using
friction coefficient y = 4.5mt~! and the equations of
motion were integrated using the Velocity-Verlet algorithm
[49] with time step At = 0.04t, where T = reyn/m/ kT is
the DPD unit of time.

To obtain the total polymerization degree N of the
star arms in the experimental samples considered, we first
estimated the molar volumes of PB and PS, given by
vps;pB = Mw/pps/pB, Where pps/pp is the corresponding
molar density (p™S = 1.05 g/mL and o = 0.892 g/mL).
N and apspp were then computed on the basis of the
PS reference segment volume 99.2 mL/mol and are listed
in Table 2. In general, we are interested in the behavior
of experimental systems in a rather narrow temperature
range 20 °C < T < 60 °C, where the Flory-Huggins
incompatibility parameter yps.pg = 18.78/T — 9.6-10~*
[50] does not change substantially (experimental values of
xps-pB N for the three samples in such temperature range are
xps-pBN < 10), implying that the self-assembly is mainly
controlled by the solvent selectivity towards the outer block.

Given the computational cost of simulations with explicit
solvent particles, we focused on a star polymer model
with f = 3 arms containing N = 64 monomers, and
systematically varied the outer block ratio o by changing
Na and Np. All our simulations were performed at total
particle density pr3,, = 3. Bonded interactions were given
by Voond(r) = & (r — rcu)? with K = 50kgT. The central
particle, to which all arms were connected to, was treated
as a monomer of type A. In DPD, repulsion amplitudes A;;
can be directly related to the Flory-Huggins y;; parameters
[51]:

Aij ~ Aji +1(0) Xij»s (®)
where «(p) depends on the DPD density such that

k(3) = 3.49. In all simulations, we fixed the inter-
block incompatibility parameter yap = 0.23, which
corresponds to Aap = 25.8 at prd, = 3. Such value

of xap was obtained from a conservative experimental
value (xaABN)exp = 10 by taking into account finite
polymer chain length corrections: xaAB = (XABN)exp -
(1 + 39N?2/32V)/N with N = 64 and v = 0.588
[51]. The incompatibility parameter xas for the outer
block and effective solvent particles was always set to
xAas = 0, which corresponds to Apas = 25. Moreover,
XBS Was systematically varied between 0 and 7 with step
~ 0.72, corresponding to Ags in the range between 25

@ Springer



Colloid Polym Sci

Table 2 Composition of investigated star diblock copolymers (PS-b-PB)3

Sample vps [L/mol] vpg [L/mol] Votal [L/mol] ops opB N

1 1.73 12.53 14.26 0.12 0.88 144
4.09 9.76 13.85 0.30 0.70 140
1.93 7.60 9.53 0.20 0.80 96

vps and vpp are molar volumes of PS and PB, respectively, whereas vty is the total molar volume of the TSP. N is the TSP’s polymerization
degree computed on the basis of PS reference segment volume, and aps and apg denote the resulting number fractions of the two components

and 50. Finally, note that the main goal of our simulations
using such a coarse-grained model is not to quantitatively
reproduce the change of star properties with increasing
XxBS, for which atomistic simulations with realistic solvent
interactions would be necessary, but to qualitatively assess
the effect of self-associations on the change of TSPs static
and dynamic behavior.

Experimental results

We first focus on the effect of the outer PS-block fraction on
the dynamic relaxation of the TSP system at low densities.
In Fig. 1, we show the experimental ISFs at a fixed
wave vector and various temperatures for the two samples
with comparable total molar masses but with distinct PS
weight fractions. The ISFs show two distinct trends upon
changing temperature. At high temperatures, the ISFs show
a single exponential decay that demonstrates the existence
of individual stars in solution. However, when temperature
is reduced below the cloud temperature of the outer-block,
the ISF features a two-step decay which indicates the
coexistence of two distinct populations in the system. The
first decay (fast process) in the ISF is similar to the one
observed at high temperatures and hence represents the
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Fig.1 Experimental ISFs at constant wave vector ¢ = 0.02475 nm™!

and different temperatures for TSPs with the outer PS-block fractions
of fps = 0.14 (a) and fps = 0.33 (b). Note that the plateau values of
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individual stars in solution. On the other hand, the second
decay (slow process) taking place at longer times suggests
the presence of larger aggregates (clusters of TSPs). The
slow process becomes more pronounced as the temperature
is decreased. Interestingly, the two-step decay in the ISF
appears at a slightly higher temperature for the TSP with a
larger PS-fraction.

To extract hydrodynamic sizes associated with the
two processes in the solution, that is individual TSPs
and clusters, the relaxation spectrum is calculated from
the inverse Laplace transformation of the ISF using the
constraint regularized method [43] discussed in Section 4.
Typical results of such analysis for the TSPs with two
different PS fractions at 7 = 60 °C and 30 °C are
shown in Fig. 2. The relaxation spectrum at 60 °C shows
a single peak, which is rather sharp, reflecting single
exponential decay of the ISF mode. The position of the
peak shifts to a slightly longer time for the TSP with
a smaller PS fraction, indicating a larger hydrodynamic
radius. At the lower temperature of 30 °C, the relaxation
spectrum exhibits two well-separated peaks, as seen in
Fig. 2b. Similarly to high temperatures, the position of
the first peak shifts to a slightly longer time for the
TSP with a smaller PS fraction, whereas the position of
the second peak in both TSP samples is located at a

0.4

C(a.t)

0.2 H

0.0

T T T T
10° 107 10" 10° 10’

t[s]

T
10*

T
10°

10°

the ISF at short times are well below one. This is due to the fact that
a part of the scattered intensity originates from density fluctuations of
solvent molecules



Colloid Polym Sci

T T
C —a—f,=0.14
—e—f,.=0.33

C(a.t)

10°

t[s]

Fig. 2 ISF (open symbols, left axis) and its corresponding relaxation
times spectrum (closed symbols, right axis) deduced from the con-
strained regularization method for the TSPs with PS fractions of fps =

similar time. These two peaks represent the relaxation times
associated with individual TSPs and clusters, respectively.
Subsequently, the two relaxation times are used to calculate
the diffusion coefficients associated with each component.
The diffusion coefficient for the fast mode (where gR < 1)
is g-independent, whereas D for the slow mode (where
gR > 1) shows some g-dependence. In the latter case, D
extrapolated to ¢ = 0 is used to calculate Ry. Then, the
hydrodynamic sizes of TSPs and clusters are obtained using
the Stokes-Einstein-Sutherland relation.

We first examine the effect of the block size ratio «
on the single TSP size upon cooling. In experiments, the
radius of gyration was too small to be probed by DLS.
Instead, we focused on the hydrodynamic radius Ry of
individual TSPs in dilute solution, as calculated from the
fast process in the ISF using the Stokes-Einstein-Sutherland
relation. The temperature dependence of R} for the three
studied TSP samples is shown in Fig. 3. The single star size
exhibits a two-step shrinkage upon reducing temperature or

(a) = Mw=40500g/mol, f,;=0.14
51| L) ® Mw=40000g/mol, f,.=0.33 |

} %-ﬁ- - % -J‘ - }\ A Mw=26700g/mol, f,=0.23
48} ! g

39t . -
Ao 1~ < \I
36 B
i1/T:S i1/TSB l
Il 1 1 1 1
0.0030 0.0031 0.0032 010033 0.0034
1T K]

Fig.3 a The hydrodynamic radius, Ry, of individual TSPs in the dilute
solution calculated from the fast process in the experimentally deter-
mined ISFs. b R, normalized by its plateau value at high temperatures.

T T
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e fPS=O_33 +0.3
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./I 0.1
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0.1
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0.0 ‘&. L " s 0.0
10° 10* 10° 10 10

0.14 (black squares) and 0.33 (red circles) at ¢ = 0.02475 nm~! for
T =60°C(a)and T =30 °C (b)

equivalently worsening the solvent quality. The first decay
in size takes place at temperatures well below the cloud-
point of outer PS-blocks, whereas the second drop is seen
when temperature is reduced further below the cloud-point
of the inner PB-block. Hence, the first decrease in size is
associated with the collapse of outer blocks, whereas the
second decay corresponds to the case when inner blocks
start to collapse. At high temperatures, for the TSP with
fps = 0.14, we find R, ~ 5 nm and for fps = 0.33,
Ry, &~ 4.6 nm (see Fig. 3a). Although both TSPs have almost
the same molar mass of about 40000 g/mol, the difference
in their size originates from the difference in the fraction
of PS. The radius of gyration of a star homopolymer in
good solvent conditions is given by R, ~ «(f)bN", where
v = 0.588, N is the number of Kuhn segments in a star arm,
b is the size of a Kuhn segment, and « ( /), which depends on
the number of star arms f, is a numeric constant that takes
into account the star functionality [52-54]. Using the latter
relation, it can be found that the size of a star made of purely

I(b) ' " [ = Mw=40500g/mol, f,;=0.14
e Mw=40000g/mol, f,,=0.33
§ A Mw=26700g/mol, f,;=0.23
1.0 H —%—i—'—}' 1--4 8
° \ ‘\ \
n: SN . I
~ o (. I
x \ e L1 AN
09 \ g R I . |
\ \
N
AY
0.8 - i»]/TF’S i,”TPB B
Il :: 1 1 1 N
0.0030 0.0031 0.0032 0.0033 0.0034
¥
1T K]

The dashed lines serve as a guide to the eye. The black arrows indicate
the cloud-points of inner PB and outer PS blocks
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PB is about 65% larger compared with that made of purely
PS, RgPB ~ 1.65 Rgs, given that their molar mass is the same
[55]. Hence, it is expected that the increase in PS fraction
reduces the size of a TSP. In order to compare the collapse
process for stars of different size, we have normalized the
TSP size by the plateau value of Ry at high temperatures.

The TSP with a larger fraction of outer PS-blocks
(fps = 0.33) shows the first-step reduction in size at higher
temperatures and the second-step drop at slightly lower
temperatures compared with the TSP with a smaller PS
fraction (fps = 0.14). In both stars, the decrease in size
is about 15%, as seen in Fig. 3b. In addition, in Fig. 3,
we show the results for a TSP with a smaller molar mass
(26700 g/mol) with the outer PS-block fraction fpg = 0.23,
which is between the other two higher molar mass TSPs
with fps = 0.14 and 0.33. The main difference is that the
TSP with the smaller molar mass exhibits the decay in size
at a much lower temperature compared with the other two,
which originates from a smaller value of the incompatibility
parameter ~ xps-s N. Moreover, the decrease in size is also
rather weaker (about 10%), which can be attributed to a
shorter length of its arms.

In Fig. 4, we present the temperature dependence of
clusters’ Ry, for the systems of TSPs with the same molar
mass but two different PS fractions (Mw = 40000 g/mol,
fps = 0.14 and 0.33). In both TSPs, the cluster size shrinks
on cooling. However, a slight but consistent increase in the
cluster size is observed when temperature is further reduced
below the cloud-point of the inner PB-block. Moreover, the
hydrodynamic cluster size does not show change with the
fraction of outer PS block. In Fig. 4a, we additionally show
the results for the TSP with smaller molar mass (Mw =
26700 g/mol) and fps = 0.23. In this case, the temperature
dependence of the cluster size is the same as for the other

two TSPs (fps = 0.14, 0.33). However, the smaller molar
mass TSP shows a cluster size that is nearly three times
larger. This could be due to a higher concentration of these
TSPs. To rule out the effect of concentration, we have
normalized the cluster size by the number density of TSPs
in solution (Fig. 4b). The number density takes into account
for the number of stickers available in the solution. With
such normalization, the differences in cluster size between
different TSPs are reduced to a great extent. The minor
differences could originate from the complex nature of self-
organization of TSPs due to differences in their molecular
characteristics.

Simulation results

We now focus on static and dynamic properties of single
TSPs under worsening solvent conditions for the outer B
block, that is under increasing xgs. To do so, we simulated
single stars with f = 3 arms of length N = 64 using a
coarse-grained DPD model with explicit solvent particles,
as described in detail in Section 4. The outer block ratio
was systematically varied from 0.1 to 0.5 with step 0.1.
The exact number of A- and B-type monomers in an arm
was Np = 58, 52, 45, 39, 32 and Ng = 6, 12, 19, 25,
32, respectively (the corresponding = 0.1, 0.2, 0.3, 0.4,
0.5). For each state point (¢, xps), we performed 10—12
independent simulation runs of length 10°7, followed after
a shorter equilibration period of 10*z. Single TSPs were
simulated in a box of size L = 30rqy at the total particle
density prd,, = 3. To check if such box size is sufficient
to accommodate a TSP, we initially simulated the same star
in good solvent conditions (xgs = 0) in a larger box with
L = 35ry, and we did not observe any substantial changes

(a)l I u M:v‘star:400009/moll,fPS:0.14
600 - ® M, ,=40500g/mol, f,:=0.33 |
I A M, ,=26700g/mol, f,;=0.23
— i
g 450 | J | B I I
% A
300 | .
150l & ¢ @ . s _
v e ]
0.0031  0.0032 ~ 0.0033  0.0034
/T [K™]

(b) B M,__=40000g/mol, ,,=0.14
® M,,,=40500g/mol, f,;=0.33
A M, =26700g/mol, ,;=0.23
— 3E4 - I J
E Lt
= ]
0 2E4| J I3 4
$ i ¢ 4
s i %
u
1E4} WPB
0.0031  0.0032 0.0034

O.OI0313
1T K]

Fig. 4 a The hydrodynamic radius, Ry, of clusters extracted from the slow process in the experimental ISFs. b The ratio of Ry to the number
density n (see Table 1) of TSPs in the solution. The black arrow indicates the cloud-point of inner PB blocks
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1
2
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(A1 —
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Fig. 5 a The mean radius of gyration of a TSP R, as a function of xgs for different fractions of the outer block « = Ng/N. b The mean
asphericity of a TSP, computed as (A — %(Az + A3)), scaled with its mean radius of gyration Ry as a function of xgs for different

in its properties. In selective solvents, the TSP size is even
smaller due to the formation of patches, which justifies the
use of the same box size L = 30r¢y in this case.

To assess single star shape properties, we computed the
eigenvalues A; (i = 1,2,3, A1 > Ap > X3) of the star’s
gyration tensor

FNA+1

1
> arPar®, )
k=1

Gij=——
YN+

where Ari(k) is the ith component of the kth monomer’s
position in the star’s center of mass frame. In Fig. 5, we

report the TSP’s mean radius of gyration R, = (Ré)l/ 2

(Ré = A1 + A2 + XA3) as well as the mean asphericity
parameter (A1 — %()»2 + A3)), which is positive and can
vanish only for a completely symmetric configuration, as
a function of s for different block length ratios «. The
angles (---) denote an ensemble and time average. We
find that the behavior of a single TSP size is generally
very similar to the experimental one (see Fig. 3): upon
increasing xps, we first observe a rather small decrease
in Ry, followed by a major drop at higher xgs. Such
behavior of Ry is associated with the formation of a single
patch, where all three arms of a TSP clump together (see
Fig. 6). We find that the transition point shifts towards a
higher xgps, that is a lower temperature because y ~ 1/T,
with decreasing «, which is in full accordance with the
experimental behavior of the two samples with fps =
0.14 and 0.33 that have a very similar total molar mass
(see Fig. 3b). Afterwards, only a small reduction of R,
is observed upon increasing xps, as seen in Fig. 3a. We
also note that simulations do not capture the second drop
in size which is observed in experiments for temperatures
below the cloud-point of inner-block. The reason for this
discrepancy is that in simulation, for simplicity reasons, the
inner-block is assumed to be always in a good solvency

condition. Hence, it only captures single step shrinkage
process due to collapse of outer-block monomers.

We furthermore find that the final TSP size decreases
with increasing «, also in accordance with the experimental
findings for the samples with fps = 0.14 and 0.33 (see
Fig. 3b). This behavior is associated with generally more
open configuration of collapsed TSPs with small « that
permit solvent flow through the TSP’s interior. On the other
hand, in the case of larger «, the solvophobic B-blocks form
a single large patch that expels the solvent from its interior,
resulting in more compact and symmetric configurations
(see Figs. 6 and 5b). Interestingly, as can be seen in Fig. 5b,
upon slightly increasing xgs from O, the stars first become
more aspherical, which can be attributed to the formation of
transient patches between two out of three star arms. This
is confirmed in Fig. 7 that reports the average number of
patches formed by the star, the average number of arms in
a patch, and the fraction of free arms as a function of xpg
for different arm compositions. In agreement with earlier
results [30], we find that such TSP with f = 3 forms only
one patch for all « with all three arms contributing to it
at high enough xgs. In addition, as seen from Fig. 7a and
7b, the point when all arms start to form a single patch

Fig. 6 Characteristic TSP conformations with ¢ = 0.1 (left) and o« =
0.3 (right) at a high xgs &~ 7. B-monomers are blue, A-monomers—
red, and star centers are black. Solvent particles are not shown for
clarity
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Fig.7 a The total number of formed patches as a function of xgg for
different «. Two arms are defined as being in a common patch if there
is at least one pair of monomers from the two distinct arms lying at a

corresponds to the point when R drops significantly (see
Fig. 5a). Finally, to assess the influence of arm length N
on the transition point for the watermelon-like structure
formation, for ¢ = 0.3, we additionally simulated stars with
arm length N = 32, 48, 80 for different values of ygs. The
comparison between the behavior of the radius of gyration
of TSPs with different N for @ = 0.3 is shown in Fig. 8. We
find that the TSP with shorter arms features the star collapse
at higher values of xgs, which therefore corresponds to
lower temperatures in the experiments, being in line with the
trend observed for the experimental sample with fps = 0.23
that has a lower molar mass, see Fig. 3.

The presence of faithful hydrodynamic interactions in
DPD allows us to assess the influence of patch formation
on the dynamics of single stars in solution. We did this by
considering the mean-square displacement of TSP’s center
of mass, computed as:

1 T—t
MSD(1) = ﬁ/o <[R(t’+t) —R(t’)]2> ar'. (10

where R(¢) is the position of the star’s center of mass at
time ¢, T is the total simulation time, and (---) stands
for the average over independent simulations runs. Typical
behavior of the MSD for different « as well as the extracted
diffusion coefficients D is shown in Fig. 9. We find
that the tendency to form patches, causing more compact
watermelon-like structures, increases the diffusivity of the
TSP. In the experiments, this behavior corresponds to a
reduction in the hydrodynamic radius Ry, which is in good
agreement with results shown in Fig. 3. Furthermore, this
effect is especially significant for the case of high «, where
D at high xgs can become about two times bigger compared
with athermal conditions with xgs = 0, as seen in Fig. 9a,
again in agreement with the experiments, where a larger
reduction in Ry, is seen for the TSP with a higher PS fraction.
Finally, more open conformations of collapsed TSPs with
low o make the increase in diffusivity less pronounced (for
example, about 30% increase for « = 0.10).

@ Springer

distance r < r¢y. The average number of arms in a patch (b) and the
average fraction of free arms (c) as a function of xpg for different «.
a, b, and ¢ share the same legend shown in (a)

In addition, we have considered the dynamics of internal
patch reorganizations at the single-star level. In Fig. 10, we
show the times g for an arm spent in the free state, that is
not forming an association with other arms, as a function of
xBs for different . We find that for all «, the mean value
of fee initially decreases exponentially fast with increasing
xBs (Fig. 10a), up to a point where a single patch forms. At
this point, (fgee) drops to 0, indicating that the single patch
is stable over the course of the whole simulation. The value
of xgs where it happens compares with the point where a
significant reduction of Ry occurs (Fig. 5a). Furthermore,
in Fig. 10b, we show the distribution for fgee for « = 0.1
at various xgs, featuring tails that decay exponentially fast
with increasing fge in all cases.

Finally, we consider the formation of inter-star aggre-
gates in the dilute solution. To asses such behavior, it is nec-
essary to simulate a sufficiently large number of stars, which
becomes computationally restrictive if using the model with

Rg / Rg(xas = 0)

XBS

Fig. 8 The mean radius of gyration Ry of a TSP as a function of xgs
for the same fraction of the outer block « = 0.3 but different arm
lengths N



Colloid Polym Sci

(a)

0.018

0.016

0.014

0.012

D x 71/d?

0.010

0.008

0.006 -

IN

XBS

w

N

T
10°
t/T

T
102

Fig.9 a The diffusion coefficient D of the TSP’s center of mass as a function of xggs for different . D was extracted from the long-time behavior
of the MSD of the star’s center of mass, MSD = 6Dt. Typical MSD as a function of xggs are shown for « = 0.5 (b) and o = 0.1 (¢)

N = 64 that was employed for single star behavior dis-
cussed previously. We therefore resort to an even coarser
model with, similarly, f = 3 but with N = 10, and in what
follows we focus on the case with o = 0.3. We simulated
2000 such stars in a box with L = 70r¢y at particle density
prdy = 3. In this model, the corresponding star concen-
tration is ¢ &~ 0.4¢*, which is higher than the one used in
the experiments (to reach an equivalent experimental con-
centration of ¢ &~ 0.04c*, it would be necessary to simulate
about a ten times bigger system containing ~ 107 particles).
Nevertheless, even in this regime, we remain at concentra-
tions considerably below c¢*. Initially, TSPs were initialized
uniformly in the box and subsequently equilibrated in ather-
mal solvent conditions for both blocks with xos = xgs =0
(xaB Was set to xap = 28.6 to match the experimental value
(xaBN)efr = 10, as explained in Section 4). Afterward, the
incompatibility parameter for the outer block was increased
to 4.3 (Aps = 40) over 2-10° integration time steps and then

(a)

104 4

103 5

(tiree) /T

102 3

10" 3

further equilibrated for another 2-10° steps. During the lat-
ter stages, the TSPs initially began to form small micelles
that subsequently merged into worm-like structures, which
then again merged into a single giant cylindrical aggre-
gate, shown in the left column of Fig. 11. Note that such
cylindrical architecture is rather a consequence of periodic
boundary conditions. It is likely that symmetric spherical
aggregates would form in a more dilute system with a larger
simulation box size, as, for instance, recently shown in
Ref. [56]. Nonetheless, this illustrates the tendency of TSPs
to form large aggregates even at dilute conditions, as previ-
ously shown in the experimental cluster sizes in Fig. 4. We
also considered the effect of lowering temperature on the
structure of such aggregate by quenching xgs to 10 (Aps =
60) and equilibrating the system for another 10° integration
time steps. As shown in the right column of Fig. 11, as a
result of the xps increase, the aggregate shrinks in the two
transverse directions. This occurs because the solvophobic

b
(6) s
mm xes =0
xgs = 1.43
B xps =287
mm xgs = 4.30
10-4 - Xgs = 5.73

P ( tfree)

0 20000

40000
tiree /T

60000

Fig. 10 a The mean time of an arm not belonging to a patch (fe) as a function of xps for different . b The normalized distribution of #fee for

o = 0.1 and various xgs
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Fig. 11 Left column: self-assembly of three-arm TSPs with N = 10
and @« = 0.3 into a giant cylindrical aggregate at ¢ ~ 0.4c*. The
bottom row shows only the solvophobic B-blocks. Right column:
the aggregate shrinks in the transverse directions upon increasing the
solvophobicity of the B-monomers that become more ordered (bottom
image)

TSP blocks that lie in the aggregate’s interior become more
ordered and thus push away the remaining solvent (see the
bottom row of Fig. 11). This further agrees with the exper-
imental trend of decreasing cluster size with decreasing
temperature (Fig. 4).

Conclusions

In summary, we have investigated the self-assembly of
TSPs with a variable size of the outer block as well as
the arm length, which are subject to worsening solvent
conditions, in dilute solutions. We find that two distinct
modes in the experimental ISF appear upon lowering the
temperature below a critical value: the fast-relaxing mode
that corresponds to free stars in solutions as well as a
slow-relaxing mode that indicates the presence of large
aggregates. We find that the size of both populations
decreases upon cooling. For single TSPs, the decay is
associated with the formation of a single patch, where
all three arms come together. From both experiments and
simulations, we find that the temperature that corresponds
to such transition increases with growing fraction of
solvophobic monomers. However, we find that the transition
temperature increases with the polymerization degree of

@ Springer

TSP arms, when keeping the fraction of solvophobic
monomers constant. The formed aggregates in solution are
much bigger than single stars (~ 100 nm versus ~ 5 nm).
In simulations, albeit at a higher concentration of TSPs,
we have found the formation of micellar aggregates with
complex internal structure. Upon worsening the solvent
quality for the outer block, the solvent is becoming more
strongly expelled from the aggregate’s interior, which
causes the reduction of its size, similarly to the experimental
behavior. We therefore speculate that similar objects also
form at concentrations similar to the experimental ones,
in line with assembled structures that have been recently
observed in large-scale DPD simulations of linear diblock
co-polymers in dilute conditions [56].
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