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ABSTRACT. Polymeric supramolecular nanorods were prepared in toluene by self-assembly of
tris(urea) stickers connected on both sides through alkyl spacers of different lengths to short
poly(styrene) (PS) arms. Several tris(urea) initiators or chain transfer agents were synthesized
straightforwardly and used to grow well-defined PS arms via Atom Transfer Radical
Polymerization (ATRP) or Reversible Addition Fragmentation chain Transfer (RAFT)
polymerization. Self-assembly was investigated by means of FTIR and light/neutron scattering. A
dramatic impact of the spacer separating the tris(urea) sticker from the PS arms on the extent of
self-assembly was observed in toluene as long as the degree of polymerization of the PS arms (x)

was kept short (x ~ 10). Indeed, supramolecular nanorods of several hundreds of nm in length for



a few nm in radius were obtained with a spacer consisting of 9 atoms, whereas 5 times shorter
nanorods were obtained for a spacer of only 5 atoms, and spherical particles were found in the
absence of any spacer, all other parameters remaining unchanged. These results reveal the
possibility to tune the length of polymer-decorated supramolecular nanorods with minimal

modification of the assembling sticker and without affecting the functionality of the rods.

INTRODUCTION

One-dimensional nanomaterials (e.g. nanorods) exhibit many interesting properties and
applications due to their large specific surface area and shape anisotropy! such as: colloidal semi-
conductor,? active materials of batteries,? (bio)sensing,* nanomedicine,’ catalysis,%’ soft adhesive
materials.® Because of the anisotropy of nanorods, their electrical,? optical,” and mechanical
properties!® in the longitudinal and transverse directions exhibit great differences. Of course, the
properties and uses of rod-like particles depend on their aspect ratio.!'! For example rod-like

nanoparticles are likely to form a liquid crystal phase only when the aspect ratio is large enough.'?

Self-assembly based on non-covalent bonds is an efficient bottom-up approach to get nanorods'*
15 and one elegant way is to use directional self-assembly of hydrogen bonding stickers.!®? In this
case, it has been demonstrated that the extent of self-assembly and therefore the length of the rods
can be tuned by a) changing the solvent,'® b) addition of a stopper?® and c¢) modifying the
sticker.?*2> Nanorods can be made functional by attaching polymer arms to such a sticker.

Moreover, polymer arms increase the number of possibilities to tune the length of the self-

17,24,26,27

assembled rods by: a) altering the chemical nature of the arms, b) introducing stimuli

27-29

sensitive parts,?’-?? ¢) changing the number of arms?® and d) modifying their length.!”-26-3



However, in all these examples, the influence of the spacer connecting the hydrogen bonding
sticker to the polymer arm on the self-assembly has been neglected to the best of our knowledge.

Catrouillet et al.?*26

observed a strong weakening of the self-assembly in cyclohexane of a
tris(urea) when it was decorated by polystyrene (PS) arms rather than polyisobutene (PIB) ones.
They suggested that this could be due to the fact that the bulky styrene units were directly attached
to the tris(urea). Here we report that separating the tris(urea) self-assembling sticker from the first
styrene unit by flexible alkyl spacers of different sizes dramatically alters the extent of self-
assembly, providing a simple way to prepare supramolecular nanorods with tunable lengths while
barely affecting the chemical structure or functionality of the supramolecules. The functional
polymers were prepared by ATRP or RAFT polymerization®!-3? and their self-assembly in toluene
was investigated by FTIR spectroscopy and light/neutron scattering. Polymer arms with two
different degrees of polymerization (DP, = x = 10 or 30 per arm) were attached to the stickers to

discriminate the effect of the length of the polymer arms from that of the spacer on the self-

assembly.

EXPERIMENTAL SECTION

Synthesis. The synthesis of polymers Ly, Sx and Ry is described in details in Supporting
Information (SI), section 1. That of Ny was previously reported in reference?® where Nio and N3g

were respectively called S14U3S14 and S34U3S34.

Preparation of solutions. Transparent polymer solutions for light and neutron scattering were
obtained by direct dissolution of the polymers at room temperature in toluene or toluene-ds,
respectively. For light scattering, stock solutions were first prepared at 10 g/L and filtered on 0.45

um filters. More diluted samples (0.25 — 1 g/L) were obtained by dilution of the filtered stock



solutions with toluene filtered on 0.02 pm filters and analyzed as they were. For SANS, polymer
solutions were prepared at 10 g/L and measured at this concentration. For FTIR spectroscopy,
polymer solutions were prepared by direct dissolution of the polymers at 2.8 mmol/L either in

toluene or chloroform.

Light scattering. Measurements were done with a standard ALV-CGS3 system equipped with an
ALV-5003 multi tau correlator system (ALV GmbH, Germany) with a vertically polarized helium-

neon laser with wavelength A = 633 nm as light source. The measurements were done at 20°C over
a large range of scattering vectors q varying from ca. 3 x 10*A'to 3 x 103 A, q = zan sin (g),

with 0 the angle of observation, n the refractive index of the solvent and A = 633 nm the wavelength

of the laser. Details of the treatment of the data are given in SI sections 2.1 and 2.4.

Small Angle Neutron Scattering (SANS). SANS measurements were made at the LLB (Saclay,
France) on the PA20 instrument, at sample to detector distances (1.5, 8 and 18.5 m) and
wavelengths (4 and 6 A) to cover the 2.5 107 to 0.44 A™! g-range, where the scattering vector q is
defined as usual, assuming elastic scattering (q = (4n/A)sin(6/2), where 0 is the angle between
incident and scattered beam). Data were corrected for the empty cell signal, the solute and solvent
incoherent background. A light water standard was used to correct the detector inhomogeneities
and to normalize the scattered intensities to cm™ units. The data were fitted with the DANSE

software SasView.*? Details of the treatment of the data are given in SI section 2.4.

Fourier Transformed Infrared Spectroscopy (FTIR). Infrared spectra were recorded on a
Nicolet iS10 spectrometer. Polymers were dissolved in chloroform (stabilized with methyl butene)

or toluene to obtain 2.8 mmol/L solutions. The solutions were measured in 1 mm KBr cells.



RESULTS

Synthesis. Four different series of macromolecules were synthesized consisting of a tris(urea)
sticker to which two PS arms were symmetrically connected (Scheme 1, see details of the synthesis
in SI section 1). These macromolecules differed by the nature of the spacer connecting the
tris(urea) sticker to the PS arms. Moreover, for each series, two different degrees of polymerization
(x ~ 10 or 30 per arm) were targeted to discriminate the influence of this parameter compared to
that of the spacer on the self-assembly. For Ny, Sx and Lx, containing respectively No-spacer, a
Short spacer or a Long spacer, the length of the polymer arms was controlled by ATRP. The spacer
used for Ry is very similar to that of Lx but contains a trithiocarbonate moiety, which was used to

control the polymerization of styrene by RAFT.

The chemical structure of the polymers and the degree of polymerization of the PS arms were
confirmed by 'H NMR (Table 1). As shown in Figure 1, SEC revealed that all polymers exhibited
consistent molar masses and fairly narrow dispersities, even though some differences exist
between the samples: 1) the maximum of the SEC distribution is slightly shifted to smaller molar
masses for Nio compared to Sio, L1o and Rio, whereas that of L3 is slightly shifted to larger molar
masses compared to Nzo, S30 and R3p and 2) Sx and Lx show a significant tailing towards higher
molar masses, and thus their dispersity is significantly higher (D ~ 1.4) compared to that of sample

Rx (and Ny) (D ~1.2, see Table 1).
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Scheme 1. Structure of Ly, Ry, Sx and Nx.
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Figure 1. SEC distributions obtained for a) Lio, Rio, S10 and Nio in DMF (these samples could
not be analyzed in THF because of aggregates formation) and b) for L3o, R30, S30 and N3¢ in

THF.



Table 1. Characterization of the polymers.

Name (1?;11’;1;) DPyxwr P ?1/([;73:21; (1\1:[; iicof) Dsgc
Lio 2.6 11 3.1 5.7 1.36
Rio 3.7 16 4.4 4.8 1.13
S1o 3.1 13 3.3 4.8 1.38
Nio 2.7 14 3.5 3.3 1.17
L3o 7.0 35 8.0 11.4 1.39
R30 6.9 35 8.3 8.0 1.17
S30 6.9 33 7.5 9.2 1.32
N3o 7.0 34 7.6 9.0 1.15

2 Theoretical M, at final conversion. ® Average value per arm, measured by 'H NMR. ¢ Measured

by '"H NMR. ¢ Measured by SEC (see SI section 1.1).

FTIR investigation of the hydrogen bonding ability. FTIR experiments were first conducted in
chloroform (CHCI3) which is a moderate hydrogen bond competitor. In this solvent, both a narrow
stretching band at ~ 3430 cm™! characteristic of free NH and a broader stretching band at ~ 3300
cm’! characteristic of intermolecularly hydrogen bonded NH were observed for all eight
polymers** (Figures 2a,b). For x ~ 30 (Figure 2b), the free NH contribution is overwhelming for
N30, whereas the bonded NH contribution is much stronger for the three other polymers (L3o, R3o
and S30). These results hint at a much stronger self-assembly in the presence of a spacer. Based on
the same reasoning, a drastic enhancement of the self-assembly in the presence of the spacer can
also be observed for x ~ 10 (Figure 2a). More precisely, the bonded to free NH ratio (and therefore
the extent of self-assembly) increases in the order Njo << Si0 < Rio < Ljo. The only important

difference between x ~ 10 and x ~ 30 is that for longer arms the fraction of free NH increases



without changing the tendencies observed for x = 10. This influence of the length of the arms is

expected,!”-?6 and is due to the stronger entropic penalty of stretching for the longer arms.>?
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Figure 2. FTIR spectra of Ly, Rx, Sx and Nx at 2.8 mmol/L in chloroform (a, b) or toluene (c, d)
for x =10 (a, ¢) or 30 (b, d) (20°C).

The free NH band is however still present in chloroform even for Lio, R10 and Sio that self-assemble
the most strongly. The number of molecules constituting one aggregate (i.e. the aggregation
number, Nag) should consequently be rather low in this solvent; which is not compatible with the
formation of long nanorods. All polymers were therefore studied in a less polar solvent (toluene)
to enhance the self-assembly of bis(urea)s compared to chloroform.?* In toluene, only the broad
stretching band of intermolecularly hydrogen bonded NH is observed for Lio, Sio and Rio,

suggesting a very strong extent of aggregation at 20°C (Figure 2c¢), but also at higher temperatures



(Figure S7). On the contrary, the NH band broadens towards higher wavenumbers for N1, R3o and
N30 (and to a lesser extent for L3o and S30), indicating a significantly lower extent of aggregation
(Figures 2¢,d). The FTIR experiments in toluene qualitatively confirm the conclusions of the
experiments in chloroform and hint at a very strong assembly for Lio, Rio and Sio. All polymers
were therefore studied by light and neutron scattering in toluene to gain further insight on the

influence of the spacer on the assembly of tris(urea)s decorated by short PS arms.

Light and neutron scattering investigation of the self-assembly in toluene. The self-assembly
of the polymers was studied by static (SLS) and dynamic (DLS) light scattering (LS) in toluene
combined with small angle neutron scattering (SANS) in toluene-ds. The solutions were prepared
by direct dissolution of the polymers in toluene at room temperature. No significant evolution of
the LS data at 20°C was observed after heating the solutions for one hour at 50°C (see SI section
2.3. for details) contrary to what was previously reported for PIB-decorated tris(urea)s,>* implying
that steady-state is reached rapidly at room temperature. LS studies were conducted at 1 g/L for
Lio, Si0, Rio, L3o and S3o, which scattered light the most strongly, and at 10 g/L for the other
polymers to afford a sufficiently strong scattering intensity. It was checked that in all cases
interactions between the scatterers could be neglected (see SI section 2.2. for details) so that the
form factor was directly measured. SANS experiments were conducted at ~10 g/L in all cases to
allow reasonable measurement times. SLS and SANS data could be combined into a single set of
data for each sample (see Figure 3 and SI section 2.4. for details). For most polymers, only one
population of scatterers was identified based on DLS, SLS and SANS experiments. Only S3o and

S10 showed a more complex behavior (see details below and in SI section 2.4.).
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Figure 3. Evolution of the normalized scattered intensity Mapp = I/KC versus the scattering
vector (q) for solutions in toluene (SLS) or toluene-ds (SANS), measured at 1 g/L (full symbols)
or 10 g/L (hollow symbols), for Ly (black diamonds), Ry (red circles), Sx (blue triangles), N
(green squares). a) x = 10, b) x = 30. The lines correspond to fits according to models and
parameters summarized in Tables 2 and 3. Sio contained a small amount of large aggregates

which were either taken into account (solid line) or not (dashed line) in fitting the experimental
data (see text).

The influence of the degree of polymerization (x) on the self-assembly of the polymers for a given
spacer (and sticker) was first studied in order to know to which extent the small differences of

molar mass and dispersities of the PS arms between the four series should be taken into account.
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For all eight macromolecules, the normalized scattered intensity (I/KC) reached a plateau at the
lowest g-values investigated, which corresponds to the weight-average molecular weight (M) of
the assemblies. For x ~ 30, My, was always low no matter the spacer, with an aggregation number
(Nagg = Mw/My unimer) lower than 15 for the four polymers (Table 2). Consistently, the scatterers
were small according to their hydrodynamic radius determined by DLS (see Table 2) and to the
fact that the scattered intensity was g-independent up to q ~ 2.102 A" (see Figure 3b). The
combined SLS and SANS data could be fitted well with a model of small monodisperse spherical
particles (see SI section 2.4.c.). For x ~ 10, all polymers except Nio exhibited large Nag; and Ry
(Tables 2 and 3, Figure 3a). Accordingly, the scattered intensity was already q-dependent at q ~
2.10 A", confirming their large size. The drastic increase of the extent of self-assembly observed
by the scattering experiments for Lx, Rx and Sx when x was decreased from ~ 30 to ~ 10 is
consistent with the conclusions drawn from the FTIR experiments and is in agreement with

previous theoretical®®> and experimental6-? studies.

Table 2. Characteristics of the spheres formed by Nio, L3o, R30, S30 and N3 in toluene.

R Mo ® Cfitd
Polymer (nm) (kg/mol) Nage® (nm)
Nio 4 36 10 3.5
Lo 8 110 14 6.0
R3o 5 48 5 4.5
S30 6 61 7 4.8
N3o 4 30 4 3.8

@ From DLS. ® My, of the self-assembled particles deduced from the value of the plateau at low q
in Figure 3. ¢ Nagg = My/My unimer Was calculated using My unimer = MnnmrXBskc. ¢ The radius (r)
of the spheres was estimated by fitting the data with a model of monodisperse homogeneous

spheres (see SI section 2.4.c.).
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Table 3. Characteristics of the rods formed by Lio, Rio and Sio in toluene.

R.® LDPLSh Mo © [fte  hite M, ©

Polymer (nm) (nm)  (kg/mol) Nage (nm) (nm) (kg.mol'.nm") " '
Lio 31 230 1100 330 230 2.6 4.6 0.6
Rio 17 90 470 110 85 2.8 5.4 0.6
Si0® 22 140 290 80 50 2.6 5.2 0.7

@ Hydrodynamic radius obtained from DLS. ® Length of the rods obtained from DLS (see SI
section 2.1). For Sio, Ry (and therefore LPS) was overestimated because of the presence of
spurious aggregates mentioned in the text. © Molar mass of the self-assembled particles deduced
from the height of the plateau at low q in Figure 3. ¢ Nagg = Mw/My unimer Was calculated using
My unimer = Mo nvrxBsec. © The length (L), radius (') and mass per unit length (My) of the rods
were estimated by fitting the data with a model of monodisperse homogeneous rods (see SI
section 2.4.b). f The number ncs of molecules in the cross-section of the rods was deduced from
ML as follows: nes = Mpxe/My, unimer assuming a distance e = 0.46 nm between each hydrogen-
bonded tris(urea). & The values given for Sio correspond to the population of rods only (dashed

line on Figures 3a and 4), see text.

The self-assembly of the polymers with x ~ 10 was investigated in more detail. According to the
value of the plateau of I/KC = f(q) at low q, the extent of aggregation followed the order L1o > Rio
~ S10>> Nio (see Figure 3 and Tables 2 and 3). This plateau for Sio is actually close to that of Rjo,
but this is due to the presence of a small amount of large aggregates (see explanations below and
in SI section 2.4.b.). Nio, which is weakly aggregated in toluene, forms small particles the
scattering of which is well described by a model of monodisperse spheres. On the contrary,
solutions of Lio, Sio and R exhibit a q"!-dependency of the scattered intensity in part of the g-
range investigated by light and neutron scattering, which is characteristic of the formation of
cylindrical particles (Figure 3a). Figure 4 reveals even more clearly the g-region where the

scattered intensity is q!-dependent. From this figure, it appears that the length of the rods
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(corresponding to the minimum value of q where I exhibits a q"'-dependency) follows the order:
Lio > Rio ~ Si0, which is consistent with the evolution of the aggregation number of these three

polymers.

To deduce more quantitative information from the scattering experiments, the SLS and SANS data
were fitted with a model of monodisperse homogeneous rods*? (see SI section 2.4.b, Figures 3 and
4 and Table 3). The experimental data could be fitted well with this model for Lio and Rio. On the
contrary, the low q region of Sio could not be fitted fully with a model of homogeneous rods
(dashed blue line in Figures 3a and 4), even if a large polydispersity in length was included (data
not shown). For this polymer, correct fitting was achieved by considering that the solution
contained a small proportion of large aggregates in addition to monodisperse homogeneous rods
(solid blue line on Figures 3a and 4). The Ry, of the assemblies was moreover determined from the
DLS data and used to calculate the length of the rods (LP'S) for Lio, Rio and Sio (see Table 3 and
SI section 2.1). The values of LPS are in very good agreement with those derived from the fit of
the SLS/SANS (L) for Lio and Rio, confirming the validity of the treatment. On the contrary, for
Sio LPS was much larger than Lt which was attributed to the presence of the large aggregates
already mentioned resulting in an overestimation of Ri. The results summarized in Table 3
confirmed the qualitative observations discussed above that the extent of aggregation and length
of the nanorods decrease in the order Lio > Rio > S10 >> Nio. The radius of the rods was similar
for Lio, Rio and Sio, which is expected since this parameter is mainly controlled by the DP, of the

arms and their stretching.
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Figure 4. Normalized scattered intensity multiplied by q (Ixq/mKC) versus scattering vector (q)

for solutions in toluene (SLS) or toluene-ds (SANS) measured at 1g/L (hollow symbols) or 10g/L
(full symbols) for Lio (black diamonds), Rio (red circles) and Sio (blue triangles). Sio contained a
small amount of large aggregates which were either taken into account (solid line) or not (dashed

line) in fitting the experimental data.

Finally, for the three polymers leading to cylindrical particles (Lio, Rio and Si¢), the molecular
weight per unit length of the rods (Mr) could be determined from the q!-dependent region (see SI
section 2.4.b. for details and Table 3). Taking into account that the distance between two
successive hydrogen-bonded ureas is 0.46 nm,*® the values of My indicate that approximately one
molecule is present in the cross-section of the self-assembled rods for these three systems. This is
consistent with a model of self-assembly where the tris(urea)s stack one atop the other in the

direction of the rod3” (Figure 5).
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Self-Assemblyin Toluene

Figure 5. Schematic representation of the influence of the spacer on the self-assembly of PS-

functionalized tris(urea)s assembling by 1D stacking through cooperative hydrogen bonding.

The results gathered from FTIR, SLS and SANS experiments in toluene for x ~ 10 confirm that
the extent of aggregation strongly increases by separating the tris(urea) self-assembling sticker
from the PS arms with a spacer, leading to long and rigid nanorods for Lio, Ri0 and S10, whereas
Nio forms weakly aggregated spherical particles. This is in agreement with the fact that moving
away the styrene units from the tris(urea) reduces steric hindrance and favors hydrogen bonding.
As discussed below, this result can only be explained by a change of the spacer and not by a

difference of molar mass or molar mass distribution of the PS arms.

Furthermore, significant differences were observed according to the type of spacer: the length of
the rods varies in the order L1o > R1o > Si10. L1o and S1o possess PS arms of very similar molar mass
distributions (Figure 1, Table 1), which allows comparing the effect of the spacer independently
from the molar mass of the arms. The fact that the length of the rods formed by Lo is much larger
than that of Sy is in agreement with the idea that reducing steric hindrance close to the tris(urea)
sticker favors self-assembly. With this in mind, it could be expected that Rio, containing an even
longer spacer than Lio, would form the longest assemblies. However, even though Rio does form

slightly longer structures than Sio, it does not self-assemble as strongly as Lio. Rio has a different

15



molar mass distribution compared to Lio, but this cannot account for the observed results. Indeed,
the major difference between both polymers is the presence of a significant amount of longer PS
arms for Lio, which should favor the formation of shorter structures for Lio contrary to what is
observed. We propose that the trithiocarbonate moiety in Rio imposes a conformation to the spacer
that is more sterically demanding than a simple alkyl chain, resulting in an overall weaker, i.e.

shorter, assembly.

CONCLUSION

Four spacers of different lengths were used to link a tris(urea) sticker to PS arms. When the PS
arms had a degree of polymerization x ~ 30, their entropic penalty of stretching strongly limited
self-assembly in toluene. As a consequence, although the spacer did have a small influence on the
extent of self-assembly (L3o > S30 ~ R30 > N3¢), weakly aggregated spherical particles were formed,
no matter the spacer. On the contrary, for shorter arms (x ~ 10), the extent of aggregation strongly
increased by separating the tris(urea) sticker from the PS arms with a spacer, leading to long and
rigid nanorods for Lio, Rio and Sio contrary to Nio. This indicates that moving away the styrene
units from the tris(urea) reduces steric hindrance and favors hydrogen bonding. Efficient control
of the length of the rods could be achieved by varying the nature of the spacer: Lio (with a 9 atom
spacer) forms 5 times longer rods than Sio (with a 5 atom spacer). These results reveal the
possibility to tune the length of supramolecular nanorods decorated by polymer chains with
minimal modification of the building block, i.e. without affecting the radius or the functionality of
the rods. The trends demonstrated in the case of polystyrene arms certainly apply qualitatively to
other polymers with the caveat that the influence of the spacer is expected to be exacerbated by

the bulkiness of the monomer. With this approach, the role of the length of the rods on their

16



functional properties (stabilization of emulsions, optical properties, rheological properties...) can

be investigated independently of any other parameter.
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