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PHOS3. Two monomers,
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We report herein the living polymerization of an amphiphilic helical aramid diblock copolymer made possible by

2,4-bis((2,5,8,11-tetraoxapentadecan-15-yl)oxy)-5-

aminobenzoic acid and 5-amino-2,4-difluorobenzoic acid, were used to build the hydrophilic and hydrophobic

blocks respectively. The diblock copolymer was characterized by NMR and GPC/SEC and its aggregation behavior

was investigated with atomic force microscopy (AFM), multi-angle depolarized dynamic light scattering (DDLS),

and small angle X-rays scattering (SAXS). The analysis strongly suggests the diblock copolymer self-assembles

to form elongated, tube-like structures in water.

Introduction

Aromatic amides, also known as aramids, are an important
class of polymers which possess exceptional mechanical
strength and very high thermal resistance thanks to the
presence of numerous hydrogen bonding and aromatic—
aromatic interactions.! With their rigid backbone consisting
of alternating aromatic and amide groups and shape-
persistent nature, aramids are amongst the most studied
systems for constructing folding oligomers and polymers
(foldamers) that could ultimately mimic biomacromolecules
such as proteins.234 In this effort, many groups, notably
the groups of Huc and Gong, have developed families of
aromatic oligoamides foldamers that have been clearly
established to adopt well-defined, three-dimensional
helical architectures in solution.567.89.10 Reports also
demonstrated that aramids-based foldamers are capable
of performing host-guest molecular recognition, molecules
transport and crossing cell membranes.411.12.13,14,15,16,17

Recently, our group developed a living polymerization
method for aromatic amides which contributed to the
expansion of the library of foldamers built on aramids. With
a new coupling reagent PHOS3, non-self-deactivating
aromatic amino acid monomers and oligomers can be
polymerized in a living fashion under slow monomer
addition conditions, and block copolymers can be
synthesized.'®'® With the desire to explore the new
possibilities granted by this new tool, we took interest in
designing a non-charged amphiphilic helical aramid
diblock copolymer. We were curious as to how such a
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polymer would behave in water, as, to our knowledge, no
similar foldamer was investigated before. We had
previously synthesized a water-soluble oligomer utilizing
2,4-bis((2,5,8,11-tetraoxapentadecan-15-yl)oxy)-5-

aminobenzoic acid 5 as the monomer, so we opted to
exploit it again for the hydrophilic block. As for the
hydrophobic block, our attention was drawn to 5-amino-
2,4-difluorobenzoic acid 7 as the building block. Helical
foldamers based on this monomer unit have been studied
in molecular dynamics simulations, the solid state and in
solution. 202122 Reports on difluoro-substituted aromatic
amide foldamers that form hydrogen bonds on the helical
exterior are few. This is most likely due to their insolubility
in most solvents. Monofluoro-substituted aromatic amides
forming H-bonds on the concave side of the crescent
shape have been shown to form five- and six-membered
intramolecularly H-bonded rings and to arrange into well-
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Scheme 1 (a) Scheme of the intramolecular three-center hydrogen bonding
system involving the amide bond and the ortho-OR group. (b) Scheme of the
intramolecular three-center hydrogen bonding system involving the amide bond
defined secondary structures.21.23.24.2526 Based on the
simulations completed by the Pophristic group,
dodecamers of difluoro-substituted arylamides generate
helical structures 91 %, 46 % and 88 % of the time in
chloroform, methanol and water, respectively, due to the
similar three-center hydrogen bonding system they share
with the well-investigated ortho-alkoxy substituted aramids
(Scheme 1). Although the hydrogen-bond to the fluorine
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atom is weaker than to the oxygen atom,?! the helical motif
should still take place in solution due to additional
solvophobic effects.

Several reports have determined that the number of
aromatic units (residues) per turn required to form a
substituted helix for monomers similar to 5 and 7 was 7.2.20
With that in mind, we decided to target a four-turn
amphiphilic diblock copolymer helix, meaning that the
hydrophilic and hydrophobic moieties would each be
comprised of 15 aromatic residues, for a total of 30
aromatic residues.

In addition to synthesizing and characterizing the
amphiphilic  helical aramid diblock copolymer, an
investigation on its aggregation behavior with the help of
atomic force microscopy (AFM), multi-angle depolarized
dynamic light scattering (DDLS), and small angle X-rays
scattering (SAXS) will be presented in this study.

Results and discussion
Synthesis of the monomers and polymerization

The first monomer, 2,4-bis((2,5,8,11-tetraoxapentadecan-
15-yl)oxy)-5-aminobenzoic acid 5, was synthesized
following our own established protocol.™® To obtain 5,
methyl 2,4-dihydroxy-5-nitrobenzoate?” was first alkylated
with  15-bromo-2,5,8,11-tetraoxapentadecane 2 (see
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Scheme 2 Top: Synthetic paths for monomers 5 and 7. (a) K2COs, DMF, 15-
bromo-2,5,8,11-tetraoxapentadecane 2, 51%. (b) H2/Pd/C, MeOH, EtOAc, quant.
(c) KOH, EtOH, 60%. (d) H2/Pd/C, MeOH, EtOAc, quant. Bottom: Polymerization
conditions of diblock copolymer AB.

supporting information (Sl)), followed by the reduction of
the nitro-group. Then, hydrolysis of the methylester with an
excess of KOH in ethanol afforded amino-acid 5
(Scheme 2).

This journal is © The Royal Society of Chemistry 20xx

We opted for 5-amino-2,4-difluorobenzoic agjd, 7.as-the
hydrophobic monomer for its straightfapivard E/RIRESISOT
can be obtained with the reduction of the nitro-group of the
commercially available 2,4-difluoro-5-nitrobenzoic acid
(Scheme 2, see Sl). When we attempted to make
homopolymers of 7 with our polymerization method using
chloroform as the solvent, we saw that they precipitated in
solution when they reached around a 15-mer in size.

The polymerization was carried out following a modified
protocol.'® 7 was not soluble in chloroform unless pyridine
was added to the monomer solution, therefore, we used a
DCM:DMACc (3:2) mixture instead as the solvent. To avoid
solubility problems related to the homopolymer of 7, we
decided to start the copolymerization with monomer 5 for
the first block and monomer 7 for the second block.

First, 15 eq. of monomer 5 were added slowly (0.1 mL/h)
to the reaction mixture containing pyridine, reagent PHOS3
and 1 eq. of initiator aniline; that constituted the formation
of block A with a molecular weight of 7.7 kDa (B = 1.1,
theoretical Mn = 8.9 kDa) (Figure S1). The second block
was synthesized by slow addition (0.1 mL/h) of 15 eq. of
monomer 7 and diblock copolymer AB was obtained with a
molecular weight of 12 kDa (B = 1.16, theoretical Mn =
11 kDa) (Figure S1). The SEC elugrams show an excellent
control of the oligomer and polymer sizes with narrow
dispersity. The crude SEC trace of diblock AB in DMF
shows a slight shoulder to lower molecular weights but
higher in molecular weight than the first block A. We
speculate that this is caused by aggregation processes in
DMF rather than poor block transfer. A DOSY NMR
spectrum of the purified block copolymer AB showed no
evidence of residual homopolymer of A present in the
sample which was used for all subsequent analytical
measurements. The polymerization conditions are
summarized in Scheme 2 and detailed in the SI.

After the removal of pyridine from the crude polymer
solution with an acidic extraction, the concentrated residue
was dissolved in chloroform, and the pure polymer was
obtained through recycling GPC (chloroform). Diblock
copolymer AB was soluble in chloroform, in methanol, in
dimethyl formamide and in water.

NMR analysis

A sample was taken after the complete addition of
monomer 5 and analyzed by 'H-NMR spectroscopy in
CDCIs (Figure 1a, Figure S7). This confirmed the total
consumption of 5 as the sharp signals corresponding to the
protons of the butyl-TEG sidechains between 3.10-4.20
ppm in the 'H-NMR spectrum of monomer 5 (Figure 1b,
Figure S2) all become broadened in the "H-NMR spectrum
of the crude polymer solution. This broadening is a strong
indicator of the self-aggregation of sufficiently long
aromatic oligoamids in chloroform.?2¢ The presence of
amide protons was also confirmed by new peaks in the
downfield region (7.5-9.00 ppm) (Figure S7). Next, the total
consumption of 7 was verified by taking a sample after the
complete addition of monomer 7. '"9F-NMR spectroscopy
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of the crude AB diblock copolymer solution in DMSO-ds
(Figure S9) revealed major chemical shifts of the fluorine
signals, moving from -122.86 ppm and -124.03 ppm in the
spectrum of monomer 7 (Figure S4) to -112.39 ppm
and -112.68 ppm for the block copolymer, respectively.
Once diblock copolymer AB was purified by recycling GPC,
1F-NMR spectroscopy in CDCIs (Figure 1d, Figure S11)
also showed two weak signals at -117.12 ppm
and -123.77 ppm, which were also significantly shifted
from -118.11 ppm and -119.28 ppm compared to the 1°F-
NMR spectrum of monomer 7 (Figure 4d, Figure S5). The
broadening of the fluorine peaks in CDCI;s is likely due to
the aggregation of polymer AB in this solvent, similar to the
broadening of the proton signals of the butyl-TEG
sidechains.

The shifting of the fluorine signals before and after
polymerization can only be attributed to the success of the
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Figure 1 Partial "H-NMR spectra of 5 (a) and of crude block A polymer solution
(b) in CDCls. '®F-NMR spectra of 7 in CDClIs (c) and of polymer AB in CDCl3 (d).
Shifting and broadening of signals are clear indications of polymer formation.
formation of block B onto block A and not to the formation
of an independent oligomer, as SEC analysis in DMF also
shows a clear shift in molecular weight from block A to
diblock copolymer AB. A DOSY experiment in CDCl3 also
supports the formation of the diblock copolymer (one single
diffusing species) and total consumption of monomers
(Figure S12).

Self-assembly structure study

Several Atomic Force Microscopy (AFM) images of block
copolymer AB at different concentrations in water were
recorded (see Sl); in all of them, extended, micrometer-
long fiber-like structures can be observed. At 2 mg/L and
4 mg/L, the elongated self-assemblies are jagged and
break into different directions with hard angles. Individual
or smaller aggregates can also be seen as light-colored
spots all around the long filaments. At these

This journal is © The Royal Society of Chemistry 20xx
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concentrations, polymer AB appears to be self;assembling
into individual strands; some of these Strand®starsRYElRgh
side by side, but don’t fully develop into uniform fibers. At
6 mg/L however, we observe longer, more ordered, and
neater fiber arrangements. This suggests the
concentration of polymer AB has an influence on the
formation of the fibers.

Multi-angle depolarized dynamic light scattering (DDLS)
and small angle X-ray scattering (SAXS) were used to
provide insights into the nanostructure of block copolymer
AB in water. DDLS is highly dependent on the particle's
shape anisotropy, with spherical particles barely scattering
light in the DDLS configuration.' For block copolymer AB
in water, DDLS autocorrelation curves were possible to be
obtained at different angles (see Figure 2a), which is initial
evidence of particle anisotropy. From the linear fit of the
decay rates calculated from the DDLS autocorrelation
curves as a function of g2, it is possible to extract the
translational diffusion coefficient D; from the slope and the
rotational diffusion coefficient D, from the intercept of the
linear fit.2%30 For polymer AB, a D: value of 1.233 x10°
nm2s' and a D, value of 26.3 s™' (1/6™ of the intercept
value) were obtained from the linear fit of the decay rates
at different angles (Figure 2b). The cylinder length and
diameter can be obtained from empirical mathematical
expressions such as the Broersma relations.3!' The best
possible solution of the Broersma system of equations
using the experimental values of D: and D, values resulted
in the estimation of cylinder length of 515.1 nm and
diameter of 135.5 nm. The Broersma relations are not ideal
to be used for length/diameter ratios smaller than 5 (as the
present case), and therefore the length and diameter
estimated here may possess some deviation from the real
values.

The SAXS scattering curve (Figure 2c) for our diblock
copolymer exhibited a decay proportional to g! at lower g
values (g < 0.5 nm") and also a bump at higher q values
(@ > 3nm™). The observed curve shape is typical of
elongated structures such as cylinders, with the reported
g' power-law decay corresponding to the one-dimensional
nature of such structures.32 The sample’s scattering data
could not be fitted with a homogenous cylinder model due
to large variations in the electronic density of its cross-
section, which are reflected in the strong bump seen at
high g values. A core-shell cylinder model3® was therefore
employed to accommodate such changes in the cross-
sectional electronic density, with an estimated core radius
of 0.4 nm and a shell thickness of 0.4 nm, resulting in a
total diameter of 1.6 nm (Figure 2d). While a cylinder length
of 47 nm was also obtained from the fit, the estimation of
the length is not precise due to insufficient g-range at lower
g from the experimental setup, and the real length could be
larger than the fitted value.

The core-shell cylinder model fits incredibly well with block
copolymer AB being a hollow, tubular helix in solution, as
the inner diameter (0.8 nm) shown by SAXS measurement
is consistent with the inner cavity diameter found in crystal

J. Name., 2013, 00, 1-3 | 3
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structures of previous helices with identical backbone (0.9
— 1nm).210 Simulations by the Pophristic group of
dodecamers of dimethoxy- and difluoro-substituted
arylamides present pore diameters of 1.39 nm and
1.43 nm respectively,2® which are both larger than what is
observed experimentally. The length of the 4-turn polymer,
however, should only be ~1.5 nm, if we consider its helical
pitch to be ~0.35 nm."® A cylinder length of 47 nm, or
probably longer, is very indicative of the stacking of
individual, helical block copolymers AB on themselves to
create a long, tube-like structure in water.

DDLS and SAXS provide evidence that the formation of
elongated self-assemblies by diblock copolymer AB not
only occurs in the dried state, as observed in AFM, but also
in solution. The diameter of the structures estimated by
DDLS (135.5 nm) is considerable, similar to the
assemblies observed by AFM. On the other hand, SAXS
data suggested much smaller structures, with an estimated
diameter of 1.6 nm. Given the smaller dimensions probed
by the SAXS technique, we believe that the rod-like
structures observed by SAXS may correspond to the
individual polymer molecules, which would assume an

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.
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elongated shape in water and act as subgfibers, Qur
hypothesis is that these sub-fibers wouldodggregatelinto
much larger one-dimensional structures (fibers) with
diameters over 100 nm. The upturn observed in the SAXS
curve at ¢ < 0.1 nm™ could also be a sign of the
aggregation of the polymers. It is these large hierarchical
fiber-like structures that are likely observed by both DDLS
and AFM.

To probe the impact of the hydrophobic moiety on the
aggregation behavior of diblock copolymer AB, we
polymerized 15-mer P1 (Mn, theo = 8.9 kDa, Mn, bwmE-
epc = 7.6 kDa, B = 1.20) (Figure S2) and 30-mer P2 (M,
theo = 18 kDa, Mn, pmrcpc = 17 kDa, B = 1.34) (Figure S3)
homopolymers using 5 (see Sl) as reference polymers.
The scattering of P1 and P2 hydrophilic homopolymers
was analyzed in water with SAXS (Figure S29 and S30).
For both polymer solutions, an upturn at low g indicates the
presence of aggregated particles which was not observed
for the diblock copolymer solution. This is in agreement
with DLS results (measured at an angle of 90 °) indicating
the presence of large structures with an estimated
diameter of 380 nm (PDI = 0.4) and 322 nm (PDI = 0.75)
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Figure 2 (a) DDLS autocorrelation curves obtained at different angles for diblock copolymer AB in water at 25°C. Solid lines correspond to 2" order cumulant fits of
the experimental data. (b) Decay rates as a function of g2 for polymer AB in water, calculated from the cumulant fits of the DDLS autocorrelation curves at different
angles. Dashed line corresponds to linear fit of the data, from which slope and intercept are used to estimate D; and D, respectively. (c) SAXS Scattering curve of
block copolymer AB in water along with fitted core-shell cylinder model. Dashed blue line is a visual guide for a ¢! decay slope, typical of elongated structures. (d)

Core-shell cylinder visualization of aggregated block copolymer AB.
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for the 15- and 30-mer homopolymer, respectively. The
SAXS scattering pattern at the intermediate power law
region presents similar decay as the AB diblock copolymer,
while the strong bump at higher q values is absent for the
homopolymers. The scattering of the homopolymers was
therefore best fitted with a homogenous cylinder model
and an additional Porod model was implemented. The
fitted diameter of the cylindrical assemblies converged
around 2.2 nm for both 15- and 30-mer, while the estimated
length increased from 3.5 nm to 6.8 nm, which is expected
with the monomer units' increase in the homopolymers.
The fittings of the SAXS data for AB block copolymer and
the homopolymers strongly indicate their ability to form
cylindrical structures of different length in water. The
presence of the hydrophobic segments in the AB polymer
seems to be critical in the formation of supramolecular
elongated fibers as supported by the DDLS and AFM
measurements. The homopolymers tend to form smaller
cylindrical structures compared to the block copolymer, as
indicated with SAXS, that can further aggregate into more
random structures.

We hypothesize that the density of TEG-side chains in the
homopolymers P1 and P2 is extremely high, leading to
partial coverage of the cross-sectional aromatic pi-faces of
the helical ends. This renders the overall shape of the fully
TEG-substituted homopolymers P1 and P2 more like solid
cylinders. We believe that exposed pi-faces are not
favored in water and lead to helical end-to-end stacking. In
the case of the diblock copolymer, the fluorine containing
block B allows for some steric relaxation of the TEG-chains
in block A. Therefore, the TEG chains are not sterically
forced to cover the pi-faces of the TEG containing A block
and can possibly not reach the pi-face of the end of the B-
block. Overall, the diblock copolymer is similar to the shape
of a hollow cylinder.

The exposed cross-sectional pi-faces of the helical diblock
copolymer, are, therefore, more likely to be exposed to the
solvent water and hence form extended linear stacks in
aqueous solution in contrast to the more densely covered
TEG-substituted homopolymers.

Conclusions

In conclusion to this study, an amphiphilic helical aramid
diblock copolymer was successfully synthesized for the
first time. SEC analysis of block A polymer and of diblock
copolymer AB proves again the livingness of the
polymerization method using reagent PHOS3, seeing the
measured Mn are consistent with the target Mn and the
dispersity D is very narrow. Despite its very insoluble
nature, the second block, composed of difluoro-substituted
aromatic amides, was effectively dissolved in water thanks
to the very water-soluble butyl-TEG-substituted aromatic
amide block. Analysis of block copolymer AB in the solid-
state by AFM revealed the formation of long, multi-
stranded fibrils after the evaporation of water. A DDLS
study also showed that block copolymer AB aggregates in

This journal is © The Royal Society of Chemistry 20xx
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solution to form very large and elongated structures,
comparable to those observed in AFMDFinally; SAXS data
corroborated the helical nature of block copolymer AB in
water as well as the formation of tube-like, self-assembled
sub-structures. The investigation showed that block
copolymer AB develops into very robust hollow
architectures in both the solid-state and solution compared
to hydrophilic homopolymers of the same size. This
neutrally charged block copolymer could have interesting
application in membrane transport thanks to its solubility in
both aqueous and organic media.
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