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ABSTRACT.

The formation of polystyrene (PS) supramolecular bottle-brushes by self-assembly in cyclohexane
of hydrogen-bonding trisurea units decorated by PS chains was investigated using light and
neutron scattering. Atom Transfer Radical Polymerization (ATRP) was used to control the length
of the PS side-chains and allowed the straightforward synthesis of the targeted trisureas. It was

shown that their extent of self-assembly strongly depended on the degree of polymerization and



chemical nature of the polymer side chains, in contrast with what was previously observed with
cyclic oligopeptides, another type of self-assembling units. With sufficiently short PS side-chains,
anisotropic supramolecular bottle-brushes could be obtained. Their critical solubility temperature,
T., was measured in cyclohexane, proving experimentally for the first time that densely grafted PS
bottle-brushes exhibit a much lower T. than linear PS or even star-shaped PS of similar molecular

weight.

Introduction

Supramolecular chemistry is a powerful bottom-up approach which allows the formation of
complex structures by self-assembly of much simpler molecules through non covalent
interactions.* In this context, the design of bottle-brush polymers using non covalent bonds has
been the subject of growing interest because covalent bottle-brush polymers, consisting of a
backbone decorated by densely grafted side-chains, are not easy to obtain by conventional
synthetic methods.* Efforts have therefore been made to connect the side-chains to the backbone
by non covalent interactions** or more recently to form the backbone itself by supramolecular
directional interactions." In the latter case, the non covalent growth of the backbone, decorated by
polymer side-chains, has been promoted by self-assembly of shape persistent macrocycles through
n-stacking> or by self-assembly through hydrogen bonding of cyclic oligopeptides," ** linear
oligopeptides* or, more recently, urea-based self-assembling units”.

Polymer arms of different nature have been connected to the self-assembling units in order to
tune the solubility of the resulting bottle-brush,* impart some functionality to it,” or prepare Janus
particles.» Very few reports relate the effect of the degree of polymerization and chemical nature

of the polymer arms on the extent of self-assembly, which would be required to know how to



control the length of the bottle-brushes.»»»~ Rather surprisingly, the extent of self-assembly of
cyclic oligopeptides is only little influenced by the degree of polymerization of the side chains»»
and almost not influenced by their chemical nature.> To the best of our knowledge, no studies have
been made in this context on urea-based supramolecular bottle-brushes.

We report here the synthesis and characterization by controlled radical polymerization of two
trisureas decorated by PS arms of different number average degrees of polymerization (DP,):
S.U.S.. (DP, = 34) and S,\U.S.. (DP, = 14). The degree of polymerization of the arms of S.U.S., was
chosen to allow direct comparison with U3PIB2, a polyisobutylene-decorated trisurea previously
studied® whose arms have a similar degree of polymerization (DP, = 27). The self-assembly of
S.U.S. and S.U.S. was studied by scattering techniques in cyclohexane, a solvent in which the
solubility of PS strongly depends on the temperature . The aim of this work was twofold. First, we
investigated for the first time the influence of the chemical nature and degree of polymerization of
the arms on the self-assembly of trisurea-based bottle-brushes, revealing large differences of
behavior compared to cyclic oligopeptides. Second, we showed experimentally for the first time
that a bottle-brush architecture has a strong effect on the critical solubility temperature, T., of PS

in cyclohexane.

Materials and Methods

All experimental details concerning the synthesis of S,U.S.. and S.U.S., are given in Supporting
Information.

Preparation of the solutions.

Stock polymer solutions of S.U.S., and S.U.S., in cyclohexane were prepared at 1, 10 or 100 g/LL

by direct dissolution of either polymer at room temperature. Both polymers dissolved



spontaneously under stirring at room temperature and the solutions could be filtered through 0.2
um pore size Acrodisc filters 12 hours after their preparation. Dilutions were obtained by adding
filtered solvents (0.02 pum) and stirring for a few minutes. The solutions were heated at 60 °C
during 1 hour just before being measured in order to obtain stable solutions more quickly. They
remained stable for weeks after preparation. Solutions directly prepared at 10 g/L gave the same
results as solutions diluted to 10 g/L from a stock solution at 100 g/L.

Light scattering. Light scattering measurements were done using an ALV-CGS3 system
operating with a vertically polarized laser with wavelength A=632 nm (ALV-GmbH, Langen,
Germany). The measurements were done at 50°C over a range of scattering wave vectors
(q=4nn.sin(6/2)/A, with O the angle of observation and n the refractive index of the solvent) varying
from 4.8X10° m' to 2.8 X 10" m".

Dynamic Light Scattering (DLS). The normalized electric field autocorrelation functions (g(t))
obtained by dynamic light scattering (DLS) measurements were analysed in terms of a relaxation
time distribution (A.) :

9:(8) = [Aw exp(—Y¢) dr equation 1
All correlograms could be well described by a log-normal distribution. The average relaxation time
was g-dependent indicating that the relaxation was caused by cooperative diffusion of the solute.
The apparent diffusion coefficient D was calculated from the average relaxation rate of this
relaxation mode as D=(t *)/q2. D is related to the apparent hydrodynamic radius, R,, of the solute
according to equation 2.

R, = kT
67nD

equation 2



with k Boltzmann's constant, T the absolute temperature and n the viscosity of the solvent. When
the particles are small compared to q* and the solutions are sufficiently dilute so that interactions

can be neglected R, is equal to the z-average hydrodynamic radius, R..

Static Light Scattering (SLS). The Rayleigh ratio, Re, of the solution was determined following

equation 3.

2
R — Isolution (0) B [solvent (9) | nsolvent R
’ [toluene (9) n roliene

toluene equation 3

with L., Luw, Le.. the average intensities scattered respectively by the solution, the solvent and
the reference (toluene), n.... = 1.426 (cyclohexane) and n,. = 1.496 the respective refractive
indexes of the solvent and of toluene and R,... = 1.35x10"> cm™! the Rayleigh ratio of toluene for a

wavelength A = 632.8 nm.

At a given concentration C, Rg is related to the apparent weight average molecular weight of the
scatterers, M,, and to the q-dependent structure factor, S(q), see equations 4 and 5.» Note that M,
corresponds to the true molecular weight, M,, only in very dilute solutions where the interactions
between the scatterers can be neglected. At higher concentration, interactions cause M, to differ
strongly from M, »

Re=K.C.M..S(q) equation 4

with C the polymer concentration in g/LL and K a constant:

2.2 2
K= w on equation 5
A'N

a

where N, is Avogadro’s number.



For S.U.S., the scatterers were small, so that q.R, < 1, R, being their apparent radius of gyration.
In this case, equation 4 may be approximated to equation 6 corresponding to the Zimm
approximation, so that R, could be calculated. R, of S.U.S.. was close to the lower resolution limit
of light scattering so that the value of R, is only a rough estimate in this case. Representative plots

are shown for S,\U.S,, and S,\U.S.. in Figure S9 of the Supporting Information.

2 p2
KC 1 1 R
.[1 + % ] equation 6

R, M.S(q) M 3

When the solutions were cooled, the polymers became insoluble at a characteristic precipitation
temperature noted T,. Precipitation was characterized by a sharp increase of the scattered light
intensity and T, is therefore also called the cloud point and could be determined by light scattering
at a scattering angle of 90°. The cells were immersed in a decalin bath controlled to + 0.1°C and
in the vicinity of the cloud point the temperature of the bath was lowered in steps of 1°C. After
each step sufficient time was allowed for the solution to reach steady-state. The precipitation

temperature was detected with an accuracy of + 1°C.

Small Angle Neutron Scattering (SANS).

Measurements were made at the LLB (Saclay, France) on the Pace instrument, at two distance-
wavelength combinations to cover the 4.10° to 0.2 A+ g-range, where the scattering vector q is
defined as usual, assuming elastic scattering, as q=(47/A)sin(0/2), where 0 is the angle between
incident and scattered beam. Data were corrected for the empty cell signal and the solute and
solvent incoherent background. A light water standard was used to normalize the scattered

intensities to cm* units.



The measurements were done at a polymer concentration ¢ ~ 15 g/L and at 21 + 2°C.

Differential Refractometry. Measurements were performed on an OptiLab rEX from Wyatt
Technology Corporation (A=632nm). The refractive index was measured in cyclohexane at
various concentrations of S,,U.S,, and S..U.S., ranging from 1 to 5 g/L. In cyclohexane, for S, U.S.
and S.US.. dn/dc = 0.18 mL.g!, which is in agreement with the value found in the literature for

PS in this solvent.»

Results and discussion

1. Synthesis of the PS-functional trisureas S, U.S.. and S.U.S.,

Two trisureas functionalized symmetrically by two PS side-arms were obtained in five
straightforward steps (Figure 1) as described in detail in Supporting Information. Briefly, the first
three steps consisted in the synthesis of monodisperse amino-functional PS of the desired lengths
by Atom Transfer Radical Polymerization (ATRP) according to procedures adapted from the
literature+ =, see Figure la-c. In a fourth parallel step, 2,4-TDI was dimerized by reaction with
water in ether following a procedure published elsewhere*« (Figure 1d), yielding T,. The targeted
trisureas S.U.S,, and S.U.S.., whose PS arms are monodisperse and have number-average degrees
of polymerization of 14 and 34 respectively, were finally obtained by reacting an excess of the

amino-functional polystyrene (S.-NH. or S.-NH. respectively) with T, (Figure le).
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Figure 1. Five steps synthesis of two trisureas, S14U3S14 and S34U3S34, functionalized by PS

side-arms having number average degrees of polymerization x = n+2 = 14 or 34 respectively.

2. Self assembly in cyclohexane.

Self-assembly at 50°C. Cyclohexane is a ® solvent for linear polystyrene at 34.5°C.» The self-
assembly of S,U.S. and of S.U.S. was therefore first studied at 50°C, i.e. in conditions where
cyclohexane is a moderate solvent of the PS arms so that the self-assembly is not perturbed by
solvophobic interactions and is only driven by hydrogen bonds. The influence of the concentration
on the self-assembly of S.U.S.. and S.U.S.. was investigated over a broad concentration range
(0.12-115 g/LL for S.U.S.. and 0.5-100 g/L for S.U.S.). At lower concentrations the scattering

intensity was too low to allow accurate measurements.

The concentration dependence of the apparent molar mass follows the same trend for S.U.S., and
S.U.S., see Figure 2. M,, first increases very slightly with increasing concentration and decreases
strongly at higher concentration. M, is always higher than the molecular weight of single S,.U.S..

or S.U.S. molecules, indicating that self-assembly does occur in both cases. The slight increase of



M. with the polymer concentration in the low concentration regime may either be the result of
attractive interactions between scatterers of constant size or of an increase of M, with increasing
concentration. Below we will show that solvophobic interactions can be neglected at 50°C in
cyclohexane. Therefore the weak initial increase of M, is probably caused by weak growth of the
aggregates with increasing concentration. However, the increase of M, up to 10 g/L is much weaker
than the growth predicted for an open association scenario: M, « C« with a = 0.5+ and can be
neglected in first approximation. The decrease of M, at higher polymer concentration is due to

repulsive, excluded volume, interactions between the aggregates.

S.U.S. self-assembles into much larger aggregates than S.U.S... Indeed, the molecular weight of
the aggregates formed by S.U.S.. determined in the dilute regime (C < 20 g/L) was M, = 4.8x10
g/mol, corresponding to an aggregation number N,, = M,(aggregates)/M.(S.U.S.) = 5.5 with
M.(S.U.S.) = 8500 g/mol the molecular weight of the unimers. Considering that the distance
between two hydrogen bonded urea groups is 0.46 nm,* the corresponding weight-average length
of the supramolecular backbone is 0.46 X (N,.-1) ~ 2 nm. For the aggregates formed by S.U.S.. we
found M, = 4.0x10° g/mol, corresponding to N, = 100 and a total length of the supramolecular
backbone of about 50 nm. Moreover, the radius of gyration of the aggregates was R, = 15+ 2 nm
for S.U.S.. and R, = 24 + 2 nm for S.U.S... For both systems R,was independent of the polymer
concentration within the experimental error. The larger size of aggregates of S, U.S.. explains why

the decrease of M, with increasing concentration started at a lower concentration (10 g/L) for

S.U.S.. than for S, U.S.. (20 g/L).
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Figure 2. Evolution of the apparent molar mass M, of S33U3S34 (O) and S14UsS14 (V) as a

function of the polymer concentration obtained by light scattering at 50°C in cyclohexane.

Only one, relatively broad, diffusive relaxation mode was observed for all solutions by dynamic
light scattering (DLS), see Figure S10 of the Supporting Information. The apparent hydrodynamic
radius, R,, is plotted as a function of the concentration in Figure 3. R, of aggregates formed by
S.US. increased very weakly between 1 and 20 g/ and somewhat stronger at higher
concentrations. The latter may indicate growth of the aggregates, but one also needs to consider
that, contrary to M,, the cooperative diffusion is influenced by an increase of the friction coefficient
with increasing concentration which may cause an increase of R..» The hydrodynamic radius of

aggregates of S.U.S.. determined at low concentrations (R, ® 5 nm), was much larger than the
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backbone length (2 nm), which means that the small aggregates formed by S.U.S..are not very
anisotropic, but more akin to star polymers. The hydrodynamic radius of S.U.S.. increased with
increasing concentration from 10 to 15 nm between 0.2 and 10 g/L. These values are significantly
smaller than the calculated backbone length (50 nm) implying that the larger aggregates formed

by S.U.S.. are rod-like.
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Figure 3. Evolution of the apparent hydrodynamic radius Ra of S34U3S34 (O) and S14U3S14 (V)
as a function of the polymer concentration obtained by dynamic light scattering at 50°C in

cyclohexane.

The rod-like morphology of S.U.S.. aggregates was confirmed by Small Angle Neutron Scattering

(SANS) in deuterated cyclohexane, see Figure 4. Indeed, a q'-dependence of the scattered
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intensity, expected for rods, was observed from 4.10° A+ to ~ 4.10: A'. Interestingly, a q-
dependence of the scattered intensity, characteristic of gaussian chains, is observed at the highest
q values. The combination of the low-q rod-like character and high-q flexible chain character
suggests the presence of hairy rod-like objects. Therefore, a fit of the data was attempted with the
form factor of a simple cylinder,* but also with the form factor of a hairy rod-like micelle (see
Supporting Information).” Both models yield a reasonably good fit at low and intermediate q
values, with parameter values that are compatible with the formation of a rod-like core composed
of hydrogen bonded ureas. The fact that the agreement at high-q is not perfect is probably due to

the specific shape of the core cross-section.
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Figure 4. SANS intensity (I) versus scattering vector (q) for solutions of S,US. (O) in d.-
cyclohexane at 16 g/L. and 21°C. The straight lines indicate q' (continuous) and q> (dashed)

dependencies.

To summarize, S..U.S., forms small aggregates which correspond to supramolecular star-shaped
PS with a small number of arms. Larger aggregates which are significantly anisotropic can be
obtained with S,U.S. by reducing the size of the PS arms, resulting in average-sized
supramolecular bottle-brushes. The self-assembly of both molecules is however much weaker than
that of U3PIB2, a trisurea decorated with two polyisobutylene (PIB) arms with DP, = 27. The latter
is indeed able to form bottle brushes with aggregation numbers higher than 600 (persistence length
> 300 nm) in the same solvent®. These results thus point out the dramatic effect of both the
chemical nature and the degree of polymerization of the polymer side-chains on the self-assembly
of trisurea-based molecules.

Two aspects must probably be taken into account to understand these results. First, as already
pointed out,* a theoretical model by Wang et al» indicates that the side-arms must stretch to
accommodate within a bottle-brush morphology. This results in a conformational entropic penalty
which must be compensated by strong enough hydrogen bonds between the self-assembling units
if long bottle-brushes are to be formed. Clearly, the conformational entropic loss increases when
the degree of polymerization of the PS side-chains increases, which explains why S, U.S., forms
much smaller bottle brushes than S.U.S... Considering how large the effect is, very short PS arms
are required to obtain long anisotropic PS bottle-brushes. Second, even S.U.S. whose side-arms
have a smaller DP, than U3PIB2 forms much shorter bottle brushes than the latter. This observation

can obviously not be explained by the number of monomer units in the side-arms. It is neither

13



related to the difference of polarity of the side-arms as both types of arms are non polar and
therefore hardly compete with the formation of hydrogen bonds. The observed differences must
therefore be related to the steric hindrance of the monomer units close to the trisurea functions.
According to the bulk density of the polymers and the molecular weight of their monomer units,
the volume occupied by styrene units in the bulk (V, = 0.17 nm‘/unit) is almost twice as large as
that of isobutylene units (V, = 0.10 nm*/unit), hinting at much more bulky S than IB units. As a
consequence, the first few styrene units connected to the trisurea functions probably hinder much
more the formation of hydrogen bonds than the isobutylene units because of their bulkiness. It has
indeed been observed that monoureas self-assemble much more weakly when they are substituted
by very bulky alkyl chains.” The negative effect of the styrene units may be amplified by the fact
that they are directly connected to the trisurea functions without any spacer, see Figure 1. Adding
an n-alkyl spacer between the trisurea function and the first styrene units may help to decrease this
effect and obtain longer PS bottle brushes.

Our results contrast strongly with those obtained for cyclic oligopeptides. Indeed, Couet et al.»
reported that the length of supramolecular assemblies of cyclic oligopeptides was exclusively
controlled by the degree of polymerization of the side-chains and did not vary significantly when
poly(n-butyl acrylate) (PnBA) side-chains were replaced by poly(N-isopropyl acrylamide)
(PNIPAM) or by much bulkier PS side-chains of the same degree of polymerization. Moreover,
the general trend observed by Chapman et al.” was that the total length of nanotubes formed by
cyclic oligopeptides decorated by two PnBA arms did vary as a function of the degree of
polymerization of the arms, but only moderately. The difference observed between trisureas-based
and cyclic-oligopeptide-based bottle-brushes may be due to a significant difference in the packing

density. Indeed, in the case of the trisurea core, the distance between two adjacent arms is fixed by
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the urea hydrogen bond (ca 4.6A), whereas in the case of the cyclic-oligopeptide core, the distance
between two adjacent arms can be increased by rotation of one cyclic peptide with respect to its
neighbor. If this is the case, both the effect of the steric hindrance of the first monomer units and
the necessity for the chains to stretch would be strongly diminished. It must also be mentioned that
six hydrogen bonds per self-assembling units are formed for trisureas, whereas height are formed
for cyclic oligopeptides. The increased number of hydrogen bonds in the latter case may render

the self-assembly of cyclic oligopeptides less sensitive to the effect of the side arms.

Effect of the temperature. PS exhibits a critical solubility temperature, T., in cyclohexane which
has been predicted theoretically to depend on the topology (linear, star-like, bottle-brush) of the
chain.» A reduction of T. has been predicted for more branched structures compared to linear PS
of the same molecular weight due to the fact that less interaction between segments of different

molecules can develop when they are close to the branch points.

For S.U.SS. which forms star-like aggregates with a small number of arms (N, ~ 5.5
corresponding to ~ 11 arms), the critical temperature T. was only slightly lower than that of a linear
polystyrene of the same molecular weight as that of S.U.S.. aggregates. This result confirms both
the theory and previous experimental evidences reporting only a very small reduction of T. (by 2-
3°C) for star-shaped polystyrenes with a relatively small number of arms (< 12),*# Moreover, the
temperature hardly affected the self-assembly of S,US.: N,, remained almost constant until
precipitation occurred. Details are given in Figure S12 of the Supporting Information for this

polymer.

S.U.S.. was much more interesting because it forms bottle-brush PS with a large number of arms

(N.. ~ 100, corresponding to ~ 200 arms) whose critical temperature had never been compared
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experimentally to that of linear PS of the same molecular weight. The concentration dependence
of M, at different temperatures is shown in Figure 5 for S,,U.S... At all temperatures, M, increased
initially weakly with increasing concentration and was considered to be equal to M, at low
concentration. M, increased moderately with decreasing temperature from about 2.5 10° g/mol (N.,,
= 65) at 60°C to about 5.0 10° g/mol (N..= 130) at 14°C. The influence of the temperature on M,
may be partly explained by the fact that at lower temperatures the effective excluded volume
interaction between the PS segments is reduced as was suggested by Dingenouts et al.” and the
arms hinders less the self-assembly. However, an increase of the strength of the hydrogen bonds
at lower temperature can also play a role. For T>20°C, the evolution of M, with polymer
concentration was qualitatively similar to what was observed at 50 °C. However, for T <20°C, M,
increased more strongly with the concentration above about 5 g/L before decreasing at the highest
concentrations. The effect amplified with decreasing temperature until at 14 °C precipitation was
observed. These phenomena were caused by the increase of attractive interactions between the
aggregates due to the decrease of the solvent quality for PS. At all temperatures above 14°C and
at high concentrations, M, decreased with increasing concentration, because repulsive excluded

volume interactions dominated.
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Figure 5. Evolution of the apparent molar mass of S14U3S14 as a function of the concentration
at 60°C (O), 40°C (), 25°C (<), 20°C (V), 18°C (A), 16°C (¥¢) and 14°C (x) measured at an

angle of 90°. The lines are guides to the eyes.

The cloud point temperature of S, U.S. was determined at different concentrations and is
plotted as a function of the volume fraction (¢) in Figure 6 (¢ = C/p, with p = 930 g/L the density
of polystyrene in cyclohexane). The critical temperature, T. = 15°C, corresponds to the highest
cloud-point temperature T, as a function of ¢. The behavior of the bottle-brush polymers are
compared with that of a linear PS (M, = 2.0 10 g/mol)~ and of a 4—arms star (M, = 1.6 10° g/mol)~

with somewhat lower molar masses than the S,U.S, bottle brushes. We note that the critical

17



temperature decreases with decreasing molecular weight for linear PS.«< Both the linear (T. =
24°C) and the star (T. = 21°C) polymers phase separated at significantly higher temperatures than
the bottle brush S, U.S.. (T. =15 °C) even though their molar masses were lower. The effect cannot
be attributed to the trisurea forming the backbone of S,\U.S., bottle brushes, as a trisurea decorated

with short solvophilic 2-ethylhexyl side-chains was not soluble in cyclohexane.*

It can therefore be concluded that, in cyclohexane, a bottle-brush architecture leads to a
much larger decrease of T. with respect to a linear PS of the same molecular weight than a star
architecture. Our results confirm experimentally for the first time the theories about the effect of a
bottle brush architecture on T.. The observed reduction of T. was similar to that reported for star
PS with short arms in methyl cyclohexane, a solvent in which architecture effects are much more

significant than in cyclohexane .«
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Figure 6. Precipitation temperatures (= cloud point) T}, for (O) linear PS (M, = 200000 g/mol,
adapted from ref®), () four armed star PS (My = 155000 g/mol, adapted from ref*') and (<)
bottle-brush supramolecular PS (S14U3S14, My = 400000 g/mol, Na = 100, this work) in

cyclohexane as a function of the polymer volume fractions.

Conclusion

Trisureas, consisting of three urea units separated by rigid aromatic rings, were functionalized
by poly(styrene) side-chains following a straightforward synthesis involving the preparation of
amino-functional PS by Atom Transfer Radical Polymerization and their coupling to the trisurea

units. Two different number average degrees of polymerization of the PS arms were prepared (DP,
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= 14 for S.U.S., and DP, = 34 for S.U.S..), but the proposed synthetic route allows a variation of
the size of the PS arms in a controlled manner.

Both S.U.S., and S.U.S. self-assembled via hydrogen bonding of the trisurea units leading to
nano-sized aggregates. However, the number of aggregation of the latter was about 20 times as
high as that of the former and both polymers assembled into much smaller aggregates than a
trisurea decorated by two PIB side-chains with a similar degree of polymerization. This revealed
that the self-assembly of trisureas is strongly influenced both by the chemical nature and degree
of polymerization of the side-chains in strong contrast to what was observed for polymer-decorated
cyclic oligopeptides for which the effect was rather weak.

S.U.S. did however form truly anisotropic bottle brushes and could be used as a model to study
the impact of the architecture of PS on its critical solubility temperature (T.) in cyclohexane. For
the first time, it was shown that T. is much lower for a bottle-brush PS than for a linear PS of
similar molecular weight. The effect is much more pronounced than has been reported for star-like

PS in cyclohexane.

ASSOCIATED CONTENT

Supporting Information. 1) Synthesis of S,.U.S,. and S.U.S. including the experimental details,
the kinetic monitoring of the ATRP polymerization of S.-Br and S.-Br and the quantitative
functionalization of S-Br into S-N. and S-NH.. 2) Characterization of the self-assembly in
cyclohexane by light scattering: determination of R,, R, distributions. 3) Characterization of the
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Hydrogen bonding unit

Polymer arms m i Polymer arms
NN NN N~—
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PS PS

L>300nm L=~ 50nm

Increasing steric hindrance of the arms

Self-assembly of polymer-decorated trisureas into supramolecular bottle-brushes.
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