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ABSTRACT.

The formation of supramolecular bottle-brush polymers consisting of a non covalent backbone
assembled through directional hydrogen bonds and of poly(isobutylene) (PIB) side-chains was
investigated in cyclohexane by light scattering. Two limiting cases were observed depending on
the balance between the favorable formation of hydrogen bonds and the unfavorable stretching of
the PIB chains within the supramolecular bottle-brushes, in agreement with a theoretical model

developed by Wang et al. On one hand, a bisurea self-assembling unit able to form four cooperative



hydrogen bonds per molecule led to relatively short supramolecular bottle-brushes, the length of
which could be varied by modifying steric hindrance or by using solvent mixtures. On the other
hand, supramolecular bottle-brush polymers exhibiting persistent lengths of more than 300 nm
could be obtained by using trisureas that are able to form six hydrogen bonds per molecule. Their
easy synthesis and the fact that it is possible to control their self-assembly into long supramolecular
bottle-brush polymers make polymer-decorated bisureas and trisureas an attractive alternative to

cyclopeptides and shape-persistent rings for the creation of supramolecular nanostructures.

Introduction

Supramolecular polymers are polymer-like architectures resulting from the non covalent
directional self-assembly of small molecules.+ When the non covalent interactions are not too
strong, the self-assembly remains reversible and structures are obtained under thermodynamic
equilibrium. The strength of the interactions can be tuned in solution by changing temperature,
concentration or solvent nature, which facilitates the elaboration of self-healing® or stimuli
responsive materials~*. Moreover, self-assembly may lead to the formation of complex
architectures from much simpler molecular building blocks, thus avoiding painstaking synthetic
procedures.

In particular, covalent bottle-brush polymers are not easy to obtain by conventional synthetic
methods.* The design of bottle-brush polymers using non covalent interactions has therefore
recently been the subject of growing interest. Many reports focused on the design of bottle-brush
polymers consisting of a covalent backbone bearing side-chains connected through non covalent

interactions.*” More recently, examples of supramolecular bottle-brush polymers where the



backbone itself is formed through directional non covalent interactions have been reported.** In
these examples, the non covalent growth of the backbone is mainly promoted by the self-assembly
of shape persistent macrocycles through n-stacking»» ** or by the self-assembly of cyclic
oligopeptides through hydrogen bonding*»=. Tian et al.© studied self-assembling units consisting
of a m-conjugated part decorated by hydrogen bonding linear oligopeptides.

Wang et al.” proposed a model for the self-assembly of polymers bearing associating head groups
able to self-assemble into linear arrays, which may apply to bottle-brush polymers consisting of a
supramolecular backbone. Self-assembly is determined by the competition between the favorable
decrease of the free energy of the system due to attractive interactions between the head groups
and a non favorable increase of the free energy due to a loss of translational entropy when the
unimers gather into a micelle. In addition, for high aggregation numbers the chains need to stretch
which reduces their conformational entropy. This effect is stronger for cylindrical than for
spherical aggregates and therefore two limiting cases are observed depending on the balance
between the loss of conformational entropy due to chain stretching and the free energy gain due to
self-assembly. In one limiting case where the interaction between the associating groups is
sufficiently strong to overcome the loss of conformational entropy, large rod-like aggregates are
predicted to form. The existence of caps at the end of the cylinders reduces some of the loss of
conformational entropy because the chains are less stretched in the caps than in the middle of the
cylinders. As a consequence, when the steric hindrance increases (longer side-arms, higher grafting
density) the model predicts a decrease of the aggregation number of the bottle-brushes. This
prediction has actually been observed experimentally for cyclic oligopeptides bearing one to four
polymeric side-arms of various lengths.»>>~ In these examples, Atomic Force Microscopy (AFM)

and Transmission Electron Microscopy (TEM) have been used to characterize the dried structures



after solvent-casting on surfaces. A more recent example confirmed the results observed in the
dried state directly in solution using a combination of light and neutron scattering.» It is also worth
noting that supramolecular bottle-brushes formed by the self-assembly of cyclic oligopeptides
decorated with poly(acrylic acid) side-arms became shorter at higher pH because electrostatic
repulsion between the charged poly(sodium acrylate) chains increased.* Finally, the length of
amyloid fibrils has been reduced by attaching poly(oxyethylene) side-chains onto them through
ionic interactions.”

The second limiting case predicted by Wang et al. is observed when the interaction between the
associating groups cannot fully balance the loss of conformational entropy due to chain stretching.
In this case, only small star-like aggregates can be formed. Moreover, their aggregation number
depends only weakly on the polymer concentration. To our knowledge, this second limiting case
has not been observed experimentally.

The present paper focuses on bisurea self-assembling units decorated by poly(isobutylene) (PIB)
side chains. Bisureas, consisting of two urea molecules connected by an aromatic ring, are very
promising candidates for the design of supramolecular bottle-brushes. First, their synthesis® is
much simpler than that of cyclic oligopeptides*« or shape persistent macrocycles.» Moreover, a
low molar mass bisurea substituted by two non polymeric 2-ethylhexyl side chains (U2PIBO, see
Figure 1) has been shown to self-assemble into one-dimensional structures through hydrogen
bonds.#+ U2PIB0 molecules exchange rapidly within the supramolecular assemblies according to
rheology“+ and isothermal titration calorimetry+~, thus leading to one-dimensional structures under
thermodynamic equilibrium. Moreover, U2PIB0O molecules self-assemble following a cooperative
open-association model.#» This model predicts in solution the growth of the supramolecular

assemblies with increasing concentration and the formation of very long supramolecular polymers



at higher concentrations, which was confirmed experimentally by rheology« *, static light
scattering=+ and Scanning Tunneling Microscopy . Preliminary results have recently been obtained
both in solution* and in the bulk” for U2PIB2 (Figure 1), a bisurea bearing two poly(isobutylene)
side chains. It was shown by small angle neutron scattering in toluene at 11 g/L that U2PIB2 self-
assembled into small objects exhibiting a weight average aggregation number of 8.5. However,
although the model of open association which applies for U2PIBO predicts that U2PIB2 should
eventually form very long supramolecular bottle-brushes at high concentrations, such
concentrations were not investigated. Moreover, according to the theory of Wang et al. described
above, U2PIB2 may never be able to form long structures if the hydrogen bonds between bisurea
units are not strong enough to overcome the stretching penalty of the PIB side-chains.

In order to know whether it is possible to form long supramolecular bottle-brushes using bisurea-
based molecules, the self-assembly of U2PIB2 and of two related molecules was investigated
directly in solution using light scattering. The two limiting cases predicted by Wang et al. were
actually observed depending on the strength of the hydrogen bonds or the steric hindrance of the
PIB side chains. It will be shown that U2PIB2 does not form very long supramolecular bottle-
brush polymers, because the growth is inhibited beyond a critical length. Structures exhibiting
persistent lengths of more than 300 nm were however obtained by replacing bisureas with trisureas
(see Figure 1). We believe this new family of supramolecular bottle-brush polymers to be very

promising for future applications due to its ease of preparation.
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Figure 1. Schematic representation and chemical structures of U,PIB, molecules consisting of x =
2 or 3 hydrogen bonding units (urea functions) decorated with y =0, 1 or 2 poly(isobutylene) side-
chains. Note that U2PIBO and U2PIB2 have respectively been called EHUT* and PIBUT*~ in

previous references. The urea functions are represented in antiparallel conformation as recently

suggested for bisureas”* and trisureas® respectively.

Materials and Methods

Materials. Analytical grade solvents were used in all cases. THF and ether were dried over
calcium hydride and distilled. 2,4-Toluene diisocyanate (98%, Aldrich), triethylamine (99%,
Aldrich) and silica gel (column chromatography grade, Aldrich) were used as received. 4-
nButylaniline (Aldrich) was distilled before use. The amino-functional poly(isobutylene) (PIB-
NH., Kerocom PIBA, ~60%w/w solution in hydrocarbons) was kindly supplied by BASF.

Chemical Characterization.

‘H NMR spectra were recorded on Briikker AC200 (200MHz), Briiker AC400 (400 MHz) or

Briiker AC500 (500 MHz) spectrometers at 20°C.



The SEC analyses were performed on a system equipped with a flow refractive index detector
(RID10A from Shimadzu) and a miniDAWN TREOS Light Scattering (LS) detector from Wyatt
operating at three scattering angles (49°, 90°, 131°) and at a wavelength of 658 nm. The samples
were analyzed in THF at room temperature using a flow rate of 1 mL.min' with a Prominence
HPLC system from Shimadzu. Polymers were generally injected at a concentration of ~ 7 mg.mL
' in THF after filtration through a 0.2 um pore-size membrane. Separation was performed with a
guard column (5 gm, 50 x 7.5 mm) connected to a PLgel Mixed-D column (5p¢m, 300 x 7.5mm)
and a PLgel “individual pore size” column (5 ym, 50 x 7.5 mm). The average molar masses
(number-average molar mass M, and weight-average molar mass M,) and the dispersity (P =
M./M,) were derived for all samples from the LS detector using a specific refractive index
increment dn/dc = 0.11 mL/g for U2PIB2 and U3PIB2 and dn/dc = 0.12 mL/g for U2PIB1. The
dn/dc values in THF were estimated from the integrated refractive index (RI)-signal knowing the
polymer concentration. The values were in very good agreement with those reported in the

literature for pure PIB in THF*: dn/dc ~0.11 mL/g.

Synthesis.

U2PIB2. The bisurea U2PIB2 was obtained by reacting an excess of PIB-NH. (Kerocom PIBA)
with 2 4-toluenediisocyanate. The synthesis was performed in solution at room temperature under
nitrogen. After purification by precipitation, the structure and purity of the product were confirmed
by '"H NMR spectroscopy and size exclusion chromatography (SEC) in THF. The degree of
polymerization, calculated from 'H NMR signals, was found to be 54 (i.e.,n=27,M, =3500 g.mol
1. SEC in THF was in good agreement with the 'H NMR results: M, = 3300 g/mol, M, = 3900

g/mol, B = 1.18. Details of the synthesis and characterization have previously been published .«



U2PIBI1. A mono-isocyanate/mono-urea, A see Figure 2, was first synthesized from a one-step
selective reaction between 4-n-butyl aniline and one isocyanate function of 2,4-toluene
diisocyanate. Details of the synthesis have previously been published (see product 2 in ref.!). A
(2.24g, 6.9 mmol) was added at 0°C and under nitrogen to a stirred solution of PIB-NH, (Kerocom
PIBA) (10 mL corresponding to ~ 4.5 mmol — the molar amount of -NH> functions is not very
accurate because the concentration of PIB-NH; in Kerocom PIBA is not precisely known. PIB-
NH> was however the limiting reagent.) in dry THF (125 mL) and triethylamine (1.8 mL, 12.9
mmol). The reaction mixture was stirred for two hours at room temperature. 30 mL silica were
added and the mixture was stirred for two hours in order to remove A molecules in excess by
reaction with silica. After removal of the silica by filtration and concentration of the solution, the
polymer was precipitated in ethyl acetate (250 mL). The solid product was separated, diluted in a
minimum of THF and precipitated again in ethyl acetate. The precipitate was filtered off and dried
under vacuum yielding 2.93 g of a white solid.

'‘H NMR (200MHz, CDC13/d.-DMSO ): 6 (ppm) = 8.11 (s, 1H, Ar-NH), 7.98 (s, 1H, Ar-NH),
7.64 (d, 1H, Ar-H), 7.30-7.22 (dd, 1H, Ar-NH, d, 2H, Ar-H), 7.12 (s, 1H, Ar-NH), 7.00-6.96 (d,
2H, Ar-H), 691 (d, 1H, Ar-H), 5.61 (s, 1H, CH.-NH), 3.13 (m, 2H, C H-NH), 2.44 (m, 2H, H.--
Ar), 201 (s, 3H, Ar-CH.,), 1.6-0.7 (m, 222H, -CH(CH,)-CH., -C(CH.).-CH.), and C(CH,).-CH.-).
The degree of polymerization, calculated from '"H NMR signals, was found to be 25 (i.e., n = 25,
M, = 1850 g.mol"). SEC in THF was in good agreement with the 'H NMR results: M, = 2000 g/mol,
M, =2450 g/mol, b =1.2.

U3PIB2. First, a diisocyanate/mono-urea, B see Figure 2, was synthesized by partial hydrolysis
of 24-toluenediisocyanate (TDI) with water as follows.= Water (21.6 mmol, 0.39 mL) in

anhydrous ether (150 mL) was added dropwise under argon and at room temperature to a stirred



solution of 2 4-toluenediisocyanate (49.8 mmol, 7.11 mL) in anhydrous ether (45 mL). The
solution was stirred overnight and a white precipitate was observed. The precipitate was filtered,
rinsed with anhydrous ether and dried under vacuum, yielding 4.4 g of B.

U3PIB2 was then obtained by reacting B (13.6 mmol, 4.38¢g) in anhydrous THF (140 mL) with
PIB-NH. (83 g in hydrocarbons) under argon for 24h. After precipitation in ethyl acetate, a white
rubbery solid was obtained (30g).

‘H NMR (200MHz, CDCL/d,-DMSO ) 6 (ppm) : 8.3 (m, Ar-NH-CO), 7.5 (Ar-H), 7.20 (m, Ar-
H), 70 (m, Ar-H), 6.8 (Ar-NH-CO), 5.56 (s, CH--NH), 2.99 (m, CH-NH), 1.97 (s, Ar-CH.), 0.5-
1.5 (m, -CH(CH,)-CH., -C(CH,).-CH.), and C(CH,)-CH.-). Integration of the 'H NMR signals was
not trustworthy for U3PIB2 which partially self-assembled even in this solvent mixture. No DP,
could therefore be determined by 'H NMR. The structure of the polymer was thus confirmed in
this case by MALDI TOF-MS.

MALDI-TOF (dithranol, Na*): M.,...., = 1305.397 g/mol, M.,....., = 1305.143 g/mol. Note that
only the smallest chains could be detected by MALDI TOF-MS so that M.,,...., does not correspond
to the number-average molecular weight of the polymer, but to the molecular weight of one of the
most intense signals.

»C NMR (50MHz, CDCl1/d,-DMSO ) 6 (ppm) : 156.2 (Ar-NH-CO-NH-CH.), 122.8 (Ar-CH.),
153.5 (Ar-NH-CO-NH-Ph), 138.2 (Ar-NH), 138.0 (Ar-NH), 130.6 (Ar-H), 114.2 (Ar-H), 112.8
(Ar-H), 58.7 (-C(CH.).-CH.).), 57.2 (CH.-CH(CH.)-CH.), 37.1 (-C(CH.).-CH.).), 34.8 (N-CH.-CH.),
31.7 (-C(CH.))), 31.6 (-C(CH.),), 304 (-C(CH,).-CH.).), 25.7 (CH.-CH(CH.)-CH.), 22.0 (CH.-
CH(CH,)-CH.), 16.6 (Ar-CH.).

SEC in THF: M, = 3000 g/mol, M, = 3250 g/mol, b = 1.07.
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Figure 2. Reaction scheme of the three compounds studied: U2PIB2, U2PIB1 and U3PIB2.

Preparation of the solutions.

Stock polymer solutions in cyclohexane were prepared at 10 or 100 g/L by direct dissolution of
the polymer at room temperature. When solvent mixtures were used and whenever possible, the
mixture was prepared first and then used both to dissolve and to dilute the polymer in order to
avoid risks of compositional drift. The polymer dissolved spontaneously and stable solutions
where obtained within 2-24 h depending on the solvent composition, concentration and polymer.
The solutions were then filtered through 0.2 ym pore size Acrodisc filters. Dilutions were made
by adding filtered solvents (0.2 um) and stirring for a few minutes. The diluted solutions thus
prepared could be measured directly and remained stable for weeks after their 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. The measurements were

10



done at 20°C over a range of scattering wave vectors (q=47n.sin(6/2)/A, with 0 the angle of

observation and n the refractive index of the solvent) varying from 4.8 10 m' to 2.8 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 (t) distribution:

0.0 = [ 4@ exp(= /) o

In all solutions we observed only one g-dependent relaxation mode, which was caused by
cooperative diffusion of the solute. This relaxation mode could be well described by a log normal
distribution of relaxation times (t). The apparent diffusion coefficient D was calculated from the
average relaxation rate of this relaxation mode as D=(t)/q>. D is related to the apparent
hydrodynamic radius, R,, of the solute:

P
67nD

(equation 1)

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.. In that case the relaxation

time distribution can be transformed in a distribution of the hydrodynamic radii weighted by the

scattering intensity, A(R,), using equation 1.

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

equation (2).

2
— Isnlution (0) - Isolvent (0) nsolvenl R
’ [toluene (0) n o olene

toluene

(equation 2)
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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,,.. = 1.35x107> cm™! the Rayleigh ratio of toluene for a
wavelength A = 632.8 nm. For cyclohexane solutions containing small amounts of ethanol, n....
was taken equal to N

At a given concentration C, Rg is related to the apparent weight average molecular weight of the
scatterers, M,, and to the structure factor, S(q), which depends on the scattering wave vector
according to equations (3) and (4) = Note that the apparent molecular weight 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 3)

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

Ar’n’ on Y’
K = —sobvent | —_ (equation 4)
N [ ) .

a

where N, is Avogadro’s number.

For U2PIB2 and U2PIBI1, the scatterers were small, so that their apparent radius of gyration R,
verified q.R, < 1. In this case, equation (3) could be approximated to equation (5) corresponding
to the Zimm approximation.~ Plotting KC/Rg as a function of q for each concentration yielded the
apparent radius of gyration R, of the scatterers as well as their apparent molecular weight
extrapolated to zero angle, M.. Representative plots are shown for U2PIB2 and U2PIBI in

Supporting Information. The angular dependence was actually negligible within experimental

12



error for U2PIB2 so that R, could not be determined accurately. This indicated that R, < 20 nm for

U2PIB2. For U2PIB1, accurate determination of R, was possible since R, > 20 nm and q.R, < 1.

2 .RZ
ke ! 1 {1 1T (equation 5)

R, M,S(q) M 3

For U3PIB2, the scatterers were very large (q.R, > 1 over the whole g-range investigated) so that
the Zimm approximation (equation 5) was no more applicable. In this case, the g-dependency of
Re/KC gives an information about the shape of the scatterers.” For the lowest concentrations
investigated for U3PIB2, Re/KC was proportional to q' over the whole g-range, indicating that this
molecule self-assembled into rod-like objects with a persistent length larger than 300 nm.*« For
these low concentrations, the molecular weight per unit of length, M., could be determined from
the log-log plot of Re/KC as a function of q according to equation (6).

R, -1 :
— =M, .. equation 6)
KC lin q ( q

Differential Refractometry. Measurements were performed on an OptiLab rEX from Wyatt
Technology Corporation (A=632nm). The refractive index increment was measured in
cyclohexane at various concentrations of U2PIB2 ranging from 1 to 5 g/L. In cyclohexane, dn/dC
=0.10 mL.g!, which is in agreement with the value found in the literature for PIB in this solvent.*
Consequently, the same values were used for the refractive index increment of U2PIB1 and
U3PIB2 whose structure is close to that of U2PIB2.

Isothermal Titration Calorimetry (ITC). Heats of dissociation were measured using a MicroCal

VP-ITC titration microcalorimeter. The sample cell (1.435 mL) was filled with pure solvent. A

13



relatively concentrated U2PIB2 solution in the same solvent was placed in a 295 pL continuously
stirred (310 rpm) syringe. Aliquots of the solution were automatically injected into the sample cell,

until the syringe was empty .

Results

Self-assembly of U2PIB2 in cyclohexane. First, the self-assembly of U2PIB2 was studied at
20 °C by static and dynamic light scattering in cyclohexane, a non polar solvent where hydrogen
bonds are favored. In this solvent, only one diffusive mode of relaxation was observed by dynamic
light scattering (DLS) down to 2 g/L.. A broad concentration range (2-100 g/L) was studied in order
to investigate the influence of the concentration on the self-assembly of U2PIB2. The scattering
intensity was too low for accurate measurement below 2 g/L, but isothermal titration
microcalorimetry (ITC) in cyclohexane revealed that the self-assembly of U2PIB2 started at 0.04
g/L or even below (See Supporting Information).

Figure 3 shows the concentration dependence of M, and R, obtained from light scattering
measurements as explained in the Materials and Methods section. M, and R, are apparent values
which correspond to the molar mass, M., and the hydrodynamic radius, R,, of the solute only when
interactions between the scatterers can be neglected, that is in the dilute regime. A variation of M,
and R, with increasing concentration may be due to a change of M, and R, and/or to interactions
between the scatterers.

For all concentrations investigated, the scattering intensity did not depend on the scattering wave
vector, indicating that the aggregates were small (R, < 20 nm). M, was almost constant between 2
and 10 g/L and then decreased strongly with further increase of the concentration. The decrease is

caused by repulsive, excluded volume, interactions between the scatterers. Therefore the values of
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M., above 10 g/L. do not represent the true molar mass of the solute and are not further discussed
here.

In the concentration range from 2 to 10 g/l M, represents the true molar mass of the aggregates
which does not depend significantly on the concentration: M, = 42 000 g/mol. U2PIB2 unimers
(M, =3900 g/mol) thus self-assembled in cyclohexane into small objects of which the aggregation
number remained constant (N,,, = M.(aggregates)/M,(U2PIB2) = 11) at least in the concentration
range 2-10 g/L. This aggregation number is in good agreement with the value of 8.5 determined
previously by small angle neutron scattering (SANS)= at 11 g/L in toluene, a solvent whose polarity
is slightly higher than that of cyclohexane, see Figure 3.

DLS confirmed that the self-assembled structures did not grow significantly between 2 and 10
g/L as the hydrodynamic radius was constant within experimental error and equal to R, = Snm
(Figure 4). The distribution of hydrodynamic radii derived from the fit, as explained in the
materials and methods section, showed that the aggregates were polydisperse, see Figure S4 in the
Supporting Information. Note that R, did not decrease as strongly as M. with increasing
concentration above 10 g/L. This can be explained by the fact that, contrary to the apparent
molecular weight, the apparent hydrodynamic radius is influenced both by the excluded volume
interactions and by an increase of the friction coefficient with increasing concentration.” The latter
leads to an increase of R, and compensates the decrease caused by excluded volume interactions

for the present system.
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Figure 3. Evolution of the apparent molar mass M, of U2PIB2 as a function of the polymer
concentration obtained by light scattering (O) at 20°C or (A) at 60 °C in cyclohexane and (LJ) at
20 °C in the presence of 0.25% of ethanol. The diamond (<>) corresponds to previous data obtained
by Small Angle Neutron Scattering in toluene-d, at room temperature.© The lines are guides to the

eyes.
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Figure 4. Evolution of the apparent hydrodynamic radius, R,, with concentration of U2PIB2 (O)

at 20°C or (A) at 60°C in cyclohexane and ([1) at 20°C in the presence of 0.25% of ethanol.

Isothermal titration microcalorimetry (ITC) of U2PIB2 in cyclohexane (see Supporting
Information) revealed that U2PIB2 dissociated at lower concentrations proving that the aggregated
structures were formed at thermodynamic equilibrium. This observation excludes the possibility
that the molecular weight of U2PIB2 assemblies remained constant between 2 and 10 g/L. because
they were kinetically frozen. We conclude that U2PIB2 forms structures under thermodynamic

equilibrium which self-assemble according to a limited association scenario.
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An open-association model was previously proposed to account for the self-assembly of U2PIB2
in solution.* This model fitted nicely with the ITC data obtained for U2PIB2 in chloroform* and
toluene (see Supporting Information). It moreover seemed relevant considering the fact that
U2PIB2 consists of the same hydrogen bonding part as U2PIBO (Figure 1) that self-assembles via
an open-association model as mentioned in the introduction. However, in view of the present light
scattering experiments, it was attempted to fit the ITC results also according to a limited
association scenario (see Supporting Information). Provided that a cooperative model* was chosen,
for which dimerization is not as favorable as subsequent oligomerization, both a limited and an
open association models could fit the ITC data. It can thus be concluded that ITC and LS results
are consistent with a limited association scenario. Unfortunately, this also means that ITC cannot
be used to distinguish an open from a limited association scenario. ITC should therefore be used
with great care when attempting to predict the evolution of the molecular weight of supramolecular
assemblies as a function of the concentration unless the open nature of the association can be
proven with another technique.

These results indicate that U2PIB2 follows the low-aggregation limiting case described in the
model proposed by Wang et al. that was discussed in the introduction. The strength of the hydrogen
bonds is, for this system, not sufficient to overcome the stretching penalty required to form very
long bottle-brushes. In the following, the steric hindrance and the strength of the hydrogen bonds

were altered in order to tune the length of the self-assembled structures.

Effect of the steric hindrance and of the strength of the hydrogen bonds.

Effect of the temperature. Solutions of U2PIB2 in cyclohexane, previously studied at 20°C, were

analyzed again at 60°C in order to decrease the strength of the hydrogen bonds. The effect of the
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temperature was very weak: only a 10% decrease of the molecular weight and the hydrodynamic
radius were observed assuming that the temperature dependence of dn/dC is negligible (Figures 3
and 4). A similar insensitivity to the temperature was also reported by Chapman et al.» for cyclic
oligopeptides decorated with poly(n-butyl acrylate) side-chains.

Effect of the solvent. In order to vary gradually the hydrogen bond competing ability of the
solvent, 0-2 wt% ethanol was added to cyclohexane (Figures 5, 6). With 2 wt% ethanol, the
supramolecular structures formed by U2PIB2 were fully disrupted as the measured molecular
weight was 4000 g/mol, corresponding to that of U2PIB2 unimers determined by SEC (M, = 3900
g/mol). Since ethanol is a non solvent of poly(isobutylene) but a strong hydrogen bond competitor,
this confirmed that the self-assembly of U2PIB2 in cyclohexane was driven by hydrogen bonding.
More subtle variation of the ethanol content in the cyclohexane/ethanol mixtures resulted in a
continuous decrease of the molecular weight (Figure 5) and of the hydrodynamic radius (Figure 6)
with increasing ethanol content. Moreover, there was no significant effect of the U2PIB2
concentration on the molecular weight, at least within the range 2-8 g/L, for all ethanol contents.
This tendency was confirmed by studying more systematically the effect of the polymer
concentration for 0.25/99.75 %wt ethanol/cyclohexane mixtures (Figures 3 and 4), indicating that
the true molecular weight is equal to the apparent one and that it hardly varies with the
concentration within this concentration range. Again, this behavior is consistent with the low-

aggregation limiting case described in the model proposed by Wang et al.
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Figure 5. Evolution of the apparent molecular weight, M,, of U2PIB2 supramolecular assemblies
in ethanol/cyclohexane mixtures as a function of the ethanol content and for U2PIB2

concentrations of (<) 2 g/L, (J) 4 g/L and (A) 8 g/L. (-) Guide to the eyes. Insert: same data

represented as a function of the ethanol/U2PIB2 molar ratio.
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Figure 6. Evolution of the apparent hydrodynamic radius, R,, of U2PIB2 supramolecular
assemblies in ethanol/cyclohexane mixtures as a function of the ethanol content and for U2PIB2

concentrations of (<) 2 g/L, () 4 g/LL and (A) 8 g/L. (-) Guide to the eyes.

Notice that ethanol does not act as a strong chain stopper. Indeed, if ethanol were a strong chain
stopper, a low ethanol/U2PIB2 molar ratio would significantly reduce the size of the assemblies
and this ratio would be expected to rule the apparent molecular weight, independently of the

polymer concentration, which is not the case (Insert figure 5)." =« Addition of ethanol simply
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enhances the hydrogen bond competing ability of the solvent mixture, which results in a gradual

decrease of the molecular weight of the supramolecular assemblies.#»

Effect of the grafting density (number of arms per bisurea unit). A bisurea bearing only one PIB
arm, U2PIB1, (Figure 1) was synthesized and its self-assembly in cyclohexane was studied by
light scattering. U2PIB1 also self-assembled in cyclohexane (Figure 7). The apparent molecular
weight could not be measured with sufficient accuracy below 0.5 g/L. M, was almost constant
between 0.5 and 5 g/L, but as for U2PIB2, excluded volume interactions caused the apparent
molecular weight to decrease at higher concentrations. Here, M, started to deviate strongly from
M., at a lower concentration than in the case of U2PIB2 because U2PIB1 forms larger assemblies
which interact significantly at lower concentrations. In the case of U2PIB1 solutions, the scattered
light intensity depended significantly on the scattering wave vector in the accessible range, from
which a radius of gyration R, = 30 nm could be deduced that was independent of the polymer
concentration for C <5 g/L (see Supporting Information). A very slight increase of M, and R, with
the concentration indicating limited growth of the assemblies between 0.5 and 5 g/L. cannot be
excluded. However, this increase is much weaker than the growth predicted for an open association
scenario: M,ocC* with a0 = 0.5 In first approximation, it may be concluded that M, = 230 000
g/mol remains constant between 0.5 and 5 g/L for U2PIB1 assemblies, corresponding to an
aggregation number N, = 100. As might be expected, the hydrodynamic radius was also larger for
U2PIBI1 than for U2PIB2: R, ~ 11.5 nm. Also for this system the distribution of hydrodynamic
radii derived from the fit showed that the aggregates were polydisperse, see Figure S4 in the

Supporting Information.
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Figure 7. Evolution of the apparent molar mass M, (<) and of the apparent hydrodynamic radius
R. (A) of U2PIBI in cyclohexane as a function of the polymer concentration obtained by light

scattering at 20°C. The solid line is a guide to the eye.

Effect of stronger hydrogen bonding units. It was previously reported that bisureas self-assemble
orders of magnitude more strongly than monoureas.»* It is therefore expected that the association
of trisureas is much stronger than that of bisureas. In order to investigate the effect of the
association strength, U3PIB2 (Figure 1), consisting of three urea functions in the associating unit
and bearing two PIB chains, was synthesized and characterized. It is to be noted that U3PIBO,

consisting of the same associating unit connected to two non polymeric 2-ethylhexyl side-chains
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was also synthesized but could not be studied because of its insolubility in common non polar

solvents.

R,/KC (g/mol)

106 +

Figure 8. Evolution of R¢/KC of U3PIB2 in cyclohexane as a function of the scattering wave
vector q and for different polymer concentrations: (A) 0.08 g/L, (V) 0.14 g/L, (O) 0.68 g/L, (L)

1.34 g/L and (<) 3.41 g/L. The solid line has slope -1.

A q' dependence of Re/KC was observed over the whole g-range (0.003 nm' to 0.03 nm") for
U3PIB2 solutions at 0.08 and 0.14 g/L. This indicated that U3PIB2 self-assembled into very large
structures (q.R, > 1, see Materials and Methods) exhibiting a cylindrical morphology with a

persistence length larger than 300 nm (Figure 8). At higher U3PIB2 concentrations, a plateau
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appeared at the lowest q values due to the overlapping of the cylinders. This plateau appeared at
higher q and corresponded to lower M, with increasing concentration, indicating that the system
became more homogeneous. From the data obtained at the lowest concentrations, the molecular
weight per unit of length, M,,, could be deduced (see Materials and Methods). Assuming a distance
between hydrogen bonded urea-units of 0.46 nm,” the molecular weight between two hydrogen
bonding units was calculated to be 2300 g/mol. This value is somewhat lower than the molecular
weight of one U3PIB2 unimer (M, = 3250 g/mol). Nevertheless, we may conclude that U3PIB2
formed monodimensional structures consisting of one molecule in the cross-section as do U2PIB2
in toluene* or U2PIBO in chloroform,* and that these structures were extremely long compared to

those formed by U2PIB2.

Discussion

On one hand, U2PIB1 and U2PIB2 form rather small supramolecular structures (in terms of M,,
R, and R,) which hardly grow with increasing polymer concentration. These polymers self-
assemble according to the low-aggregation number limit described by Wang et al., as mentioned
in the introduction. In this case, the strength of the hydrogen bonding is not sufficient to
compensate for the conformational entropic penalty of stretching of the side chains. It is
nevertheless possible to tune the aggregation of these systems to some extent. Decreasing the
strength of the hydrogen bonds by adding a small amount of ethanol to U2PIB2 solutions in
cyclohexane indeed leads to even lower aggregation numbers than in pure cyclohexane. On the
contrary, decreasing the degree of grafting by removing one PIB arm per repeating unit from

U2PIB2 to U2PIBI1 leads to longer bottle-brush polymers.
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On the other hand, the q' dependence of Re/KC for U3PIB2 indicates that these molecules self-
assemble into very long supramolecular bottle-brushes according to the high aggregation number
limiting case predicted by Wang et al.’s model. The strength of the hydrogen bonds formed in
cyclohexane between U3PIB2 molecules could not be evaluated by ITC or Fourier Transformed
Infra-Red spectroscopy because the amount of non associated NH groups was negligible.
However, it is clear from the light scattering results that their strength must be sufficient to
overcome the conformational entropic penalty of stretching of the PIB side-arms so that very long
and rigid supramolecular bottle-brushes are formed.

The two limiting cases predicted by Wang et al. could therefore be observed by modifying the
chemical structure of the hydrogen bonding unit in these systems. Note also that Wang et al’s
model explains why U2PIBO with short 2-ethyl hexyl side chains forms very long rod-like
aggregates«*= contrary to U2PIB2: there is virtually no conformational entropic penalty for the
association of U2PIBO into long cylinders. Accordingly, U2PIBO self-assembles following an
open association scenario, whereas U2PIB2 forms structures whose aggregation number hardly
depends on the concentration and is limited to a small value, as predicted by Wang et al. for each

limiting case.

The self-assembled structures can be modeled in first approximation as consisting of a cylinder
of height h and diameter d end-capped at both ends with spherical caps of diameter d (Figure 9).”
The pertinence of this model is supported by previous small angle neutron scattering (SANS)
experiments in toluene,* which showed that U2PIB2 forms very small supramolecular bottle-brush
polymers consisting of an array of self-assembled bisurea units with dangling PIB side chains. The

length h of the array formed by the self-assembled bisureas can be calculated from the aggregation
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number N,, determined by SLS and the distance between two hydrogen bonded bisureas, e = 0.46

nm, determined from crystallographic measurements™: 4 = (N, —1)xe. We found h =4.5 nm for

U2PIB2 and h =45 nm for U2PIB1, which are weight-average values as N,,,. In principle, the value
of the hydrodynamic radius R, determined by dynamic light scattering allows deducing d since the
relationship between R,, d and h is known for the kind of morphologies represented on Figure 9.7
However, the aggregates formed by U2PIB2 and U2PIB1 are polydisperse as mentioned above.
As a consequence, h, which is a weight-average, and R,, which is a z-average, cannot be compared
quantitatively. Calculating reliable values of d was thus not possible in our case since it would

have required precise knowledge of the size distribution of the aggregates which was not available.

—_———
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Figure 9. Proposed structure of the supramolecular bottle-brush polymers formed by U2PIB2 and

U2PIBI1. Note that U2PIB1 actually bears only one PIB arm per bisurea unit.
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Conclusion

This paper focused on the self-assembly of bisurea and trisurea molecules, consisting
respectively of two or three urea units separated by rigid aromatic rings and functionalized by PIB
side-chains, into supramolecular bottle-brushes with a non covalent backbone. The results are in
very good qualitative agreement with the two limiting cases predicted by a theory developed by
Wang et al.” indicating that self-assembly depended on the competition between steric hindrance
and the strength of the hydrogen bonds.

For U2PIB2 and U2PIB1, the hydrogen bonds between bisureas are not sufficiently strong to
compensate the conformational entropic penalty of the PIB side-arms and only rather short
structures are formed. Decreasing the number of PIB arms per bisurea from U2PIB2 to U2PIB1
nevertheless increased the aggregation number of the resulting structures by one order of
magnitude.

Trisureas seem on the contrary to be very promising building blocks for the preparation of bottle-
brush polymers with a supramolecular backbone. Their synthesis is straightforward and they self-
assemble sufficiently strongly to allow the formation of very long supramolecular bottle-brushes

with a persistence length larger than 300 nm.

ASSOCIATED CONTENT

Supporting Information. a) Isothermal Titration Calorimetry of U2PIB2 in cyclohexane,
toluene and chloroform and fits of the data according to a limited or an open association scenario.
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