Solvent dependent folding of an amphiphilic polyaramid
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ABSTRACT: A series of synthetic alternating and amphiphilic aromatic amide polymers were synthesized by step growth polymerization.
Alternating meta and para-linkages were introduced to force the polymer chain into a helical shape in the highly polar solvent water. The poly-
mers were analyzed by "H-NMR spectroscopy and SEC in polar aprotic solvents such as DMSO and DMF. However, the polymers also showed
good solubility in water. "H-NMR spectroscopy, small angle X-ray scattering and dynamic light scattering provided clear evidence of polymer
folding in water but not DMF. We employed parallel tempering metadynamics in the well-tempered ensemble (PTMetaD-WTE) to simulate
the free energy surfaces of an analogous model polymer in DMF and water. The simulations gave a molecular model of an unfolded structure

in DMF and a helically folded tubular structure in water.

Introduction

For many decades, helical foldamers and hollow polymeric tubes
have been extensively developed due to their potential applications
in molecular recognition and transmembrane transport. Aromatic
polyamides are the most studied structures due to their rigid and
conformationally predictable backbones and convenient synthesis.
In 1994, Hamilton and co-workers were the first to report the helical
folding of an amide-based pentamer consisting of an alternation of
anthranilic acid with 2,6-pyridinedicarboxylic acid.!? This oligomer
was fully rigidified and stabilized by six intramolecular hydrogen-
bonds and additional w-m stacking. New scaffolds with cavities of
tunable sizes emerged: Gong and al. reported the formation of heli-
cal oligomers based on S-amino-2,4-alkoxybenzoic acid.>*>¢7 Intra-
molecular three-center H-bonds formed between the amide N-H
and the alkoxy group. Additional aromatic stacking led to a locked
conformation with a hydrophilic interior cavity diameter of around
10 A. The inside of this electrostatically negative cavity was reported
to trap guest molecules such as the octylguanidinium cation. More-
over, by incorporating building blocks containing p-substituents, the
curvature of the oligomer could be modified to reach an inner diam-
eter of > 30 A. Huc and co-workers developed stable helical oligo-
mers based on 8-amino-2-quinolinecarboxylic acid.>*!%!112 They
prepared long oligomers comprising up to 34 repeat units, corre-
sponding to a 13-turn helix of 5.1 nm in length. It could also be
demonstrated that those helices could bind Cu" ions in their cavity
through amide deprotonation, thus forming a Cu" wire. By bromin-
ating their monomer, Huc and coworkers could simplify the purifi-

cation steps and reach even longer foldamers with 96 quinoline re-
peat units.!>!* The Li group demonstrated that other proton accep-
tors, including aromatic fluorides, could also be used to design oli-
goaramid foldamers.!>!¢ They synthesized heptamers based on de-
rivatives of 2-fluoroisophtalic acid and 2-fluorobenzene-1,3-dia-
mine. The intramolecular interaction between the fluorine atom and
the amide proton led to a helical conformation. This created a polar
internal cavity possessing an inner diameter of around 6.5 A capable
of binding dialkylammonium ions. Over the years, a broad diversity
and combination of building blocks able to form helical amide folda-
mers were designed.>»>¢71718121516 The gynthesis of long oligomers
consisting of many turns often involves demanding and fastidious it-
erative condensation steps, which are hardly compatible with achiev-
ing long sequences. Indeed, the steric hindrance resulting from the
folding of the oligomer during the reaction and the low reactivity of
some aromatic amines are often responsible for the low yield ob-
tained and the long reaction time needed."* Therefore, to get longer
helices in one pot, polymerization techniques were explored. Mono-
mers based on well-known H-bond driven helical foldamers were in-
vestigated.!?20:212223 Gong, Zhu, and co-workers tried to extend the
length of their three-centered H-bond oligomers by condensing the
corresponding monomeric diacid chlorides and diamines.”® Unfor-
tunately, instead of a polymer, they observed the formation of mac-
rocycles due to the exceedingly stable intramolecular H-bond pat-
tern. To obtain high molecular weight polymers, they replaced their
diamine monomer with a slightly more flexible one, getting an 18-
turn helical polymer. Guan and Li et al. used the Yamazaki-Higashi
polycondensation method for their 3-amino-2-methoxy-5-



methylbenzoic acid monomer and obtained a partially demethylated
polymer.” By adding a chiral inducer after complete re-methylation,
they observed a signal in circular dichroism (CD) indicative of heli-
cal structures. Zeng et al. reported using POCl; as a coupling agent
for polymerizing their previously reported pyridine-based aromatic
foldamers.”> With this method, they could synthesize nanotubes of
2.8 nm in length capable of selectively transporting protons and wa-
ter.”® These helical polymers are driven by intramolecular H-bond
interactions, which make the polycondensation difficult owing to
the steric hindrance resulting from the folding.

Another driving force, the solvophobic effect, can be used as an
alternative as it induces the folding only in certain solvents, typically
water or highly polar solvents. >*?>5 However, until now, only a few
reports used this effect to cause the folding of aromatic polyamides.
Yokozawa and al. reported that the folding of poly(naphthalenecar-
boximide)s bearing a tri(ethylene glycol) side chain was enhanced
in water due to the solvation of the hydrophilic chain and the intra-
molecular self-association of the hydrophobic naphthalene rings.?¢?’
Li, Wang and co-workers developed water soluble polymers based
on benzene-naphthalene and benzene bipyridine alternating mono-
mers.?$2%3% They demonstrated that the high hydrophobicity of the
naphthalene ring combined with the H-bond capacity of amide
groups was generating a helical structure not only in water but also
in less polar solvents due to the intramolecular H-bonding across
layers. The initial helical conformation could be inverted into an-
other helical state when using bipyridine as an alternating monomer
and combining it with Ni* ions.

Herein, we report the synthesis and water-induced folding of an
aromatic polyamide prepared from alternating a hydrophobic mon-
omer bearing an ethylhexyl side chain and hydrophilic monomers
carrying a basic tertiary amine as a side group. This polymer pos-
sesses an inner cavity of 2.5 nm and requires 10 monomer units for
one turn.

Results and Discussion

Synthesis. The synthesis of monomers and polymers is shown in
Scheme 1. The synthesis of hydrophilic monomers 2a and 2b started
with the one-pot mild acylation of 3,5-dinitrobenzoic acid using
Ghosez’s reagent followed by a reaction with 2-dimethylamino-eth-
anol or N,N-dimethylethylendiamin to give 1a, respectively 1b in
good yields (Scheme 1). Reduction of the nitro groups with Pd/C
and hydrogen led to the final hydrophilic monomers 2a and 2b.

The synthesis of the hydrophobic monomer began with a reduc-
tive amination of dimethyl aminoterephthalate with racemic 2-
ethylhexanal, followed by a substitution reaction with methyl iodide
to give compound 4. Finally, hydrolysis of 4 with KOH gave the final
product § in 92 % overall yield.

The Yamazaki-Higashi polycondensation method was used to
avoid the formation of HCI during the polymerization.3*? This re-
action involves the formation of a complex between pyridine and tri-
phenyl phosphite, leading to an acyloxy N-phosphonium salt of pyr-
idine. The successive aminolysis results in the construction of the
polymer. The polymerization is based on condensing a linear hydro-
phobic diacid monomer (§) with a meta-substituted hydrophilic di-
amine (2a, 2b). In neutral (pH=7) water, the hydrophilic dimethyl-
amino groups (pKa ca. 9.2, dimethylmonoethanolamine was used as
areference®) are expected to be fully protonated and would, there-
fore, interact well with the solvent.

On the other hand, the hydrophobic chains would minimize the
contact with water by forming a helical structure, thus creating an

inner hydrophobic cavity (Scheme 2) owing to the hydrophobic ef-
fect. Monomer § was, therefore, combined with either monomer 2a
or 2b to form polymers 6a and 6b (GPCpwmr: Mn= 14200 Da, b =
1.46), respectively. Two different reaction times during the
polymerization of 2a with $ allowed us to obtain two different poly-
mers, 6a-1 (GPCpmr: Mn=13900 Da, D =2.3) and 6a-2 (GPCpuws:
Mn=19000 Da, D =3.2). Despite many re-precipitations in acetone,
triphenyl phosphite byproducts were still present in the polymer as
shown by NMR analysis. Recycling GPC in DMF, however, allowed
us to purify the samples and remove all traces of phosphite impuri-
ties. The '"H NMR spectrum in DMSO-ds allowed us to observe the
aromatic region of polymer 6a-2 free of byproducts (see Supporting
Information S4) confirming the expected structure.
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Scheme 1 Synthesis of hydrophilic (2a, 2b) and hydrophobic (5)
monomers and polymers (6a, 6b). a) 1-Chlor-N,N,2-trimethyl-1-
propenylamin (Ghosez’ reagent), dichloromethane, rt, 12h b)Pd/C,
Ha, 50 bar, ethylacetate, S0°C, 4d c) rac-2-ethylhexyanal, sodium tri-
acetoxyborohydride, acetic acid, dichloromethane, rt. 12h d) so-
dium hydride, methyl idodide, dimethylformamide, rt.12h e) potas-
sium hydroxide, methanol:water=2:1, 24h f) triphenylphosphite,
lithium chloride, pyridine, N-methylpyrrolidon, 110°C, 14d. The
values 7 are rounded number average degrees of polymerization.

Conformational analysis. All polymers were soluble in DMF
and DMSO as well as in water if diluted from highly concentrated
DMF or DMSO (ca. 30 mg in 0.6 mL) solutions. The very high sol-
ubility of the polymers in almost pure water (95 %) may result from
their helical folding, whereby the hydrophobic ethylhexyl chains are
placed inside a helical cavity, shielded from the external aqueous en-
vironment (Scheme 2).

NMR analyses were performed for polymers 6a-2 and 6b in deu-
terated DMF, DMSO, and water (solubilized by diluting a concen-
trated DMF solution, see Supporting Information Figures S1 to S9).
The aromatic region could not be fully analyzed in all three cases due
to triphenyl phosphite byproducts resulting from the polymerization
method (see above). However, in the case of water, sharp triphenyl
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phosphite peaks appeared to overlap one broad single signal. The
same broadening of the peaks occurred in the aliphatic region from
0 to 2.5 ppm where the signals of the ethylhexyl side chain of mono-
mer § would have been expected. In DMSO-ds and DMF-d, the sig-
nals of the hydrophobic chain are present and well resolved. In DO,
however, those signals form only one broad peak, almost merging
with the baseline. This effect is typically observed for forming aggre-
gates with orientation dependent interactions where motional con-
straints lead to changes in NMR linewidths and chemical shifts re-
sulting in peak broadening or in extreme cases complete NMR si-
lence. We believe this is yet another indication of a probable helical
folding of the polymer in water (see Supporting Information S5-S6
and S8-59).

6a-1X =0, Mn = 13900 Da
6a-2 X =0, Mn=19'000 Da
6b X = NH, Mn = 14'200 Da
Scheme 2 Proposed model of the helical structure adopted by the
polymers in water. The hydrophilic chains (in blue) are protonated
and situated outside a helix where they can interact with the sur-
rounding solvent (water). On the other hand, the hydrophobic
chains (in red) orient inside the cavity, forming a hydrophobic mi-
croenvironment. Intramolecular hydrogen bonds are proposed
based on ab initio calculations (see supporting information) which
are shown with dotted lines.

The polymers prepared are expected to form a 50:50 mixture of
left and right-handed helices. To induce a twist-sense bias, the poly-
mers 6a-2 and 6b, previously dissolved in a small amount of DMF,
were diluted with L-(+)-lactic acid (>= 88 %) and analyzed by CD
spectroscopy. We hypothesized that lactic acid could be sufficiently
polar to induce a helical folding similar to that of water. Unfortu-
nately, no CD signal could be observed. If the polymers adopted a
helical shape, the lactic acid could not induce a preferential helical
bias. Assuming a large helical diameter as shown in Scheme 2, it is
possible that the length scales of chirality of the assumed helix and
the stereogenic center of lactic acid are simply too different to induce
a strong enough bias for one of the two helicities.

Polymers 6a-2 and 6b were then analyzed by UV-vis spectroscopy
keeping a constant concentration (0.258 mg/ml, respectively 0.254
mg/ml) in different water-DMF solvent ratios (vol-vol) (98-2, 85-
15, 75-25, 70-30, 60-40, 50-50, 40-60, 25-75, 15-85, 0-100). While
structurally similar, the UV/vis spectra of the two polymers looked

somewhat different. Polymer 6a-2 shows an absorption band at
around 381 nm in pure DMF (see Figure 1 and Supporting Infor-
mation $10-S11). Upon adding water up to 60 %, this band under-
goes a red-shift to about 392 nm. Further increase of the water con-
tent up to 98 % gave identical spectra with a hypochromic shift from
70 % to 98 % water, typical for aromatic stacking.”*****3* For poly-
mer 6b, only a shoulder is present in this region (see Supporting In-
formation S13). For 6a-2, the spectra were identical from 60 % to 98
% water content. Moreover, both polymers possess different fluores-
cence spectra in water and DMF upon irradiation at 366 nm (see
Supporting Information S12 and S$14). Those analyses showed that
the polymers changed conformation at 60 % water. The two poly-
mers only differ in how the hydrophilic side chains are connected to
the helical scaffold (ester vs. amide). However, the presence of an
additional N-H hydrogen bond donor on the outside of the helix
might lead to differently folded structures in the case of the amide
(6b) compared to the ester (6a-2).
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Figure 1 UV-vis spectra of polymer 6a-2 in different water-DMF ratios
at a constant concentration of 0.258 mg/mL. Identical maximum ab-
sorption at around 392 nm was observable from 60% to 100% water. An
hypochromic shift of the absorption maximum for 70% to 100% water
solutions suggests the formation of stronger aromatic stacking upon in-
creasing the amount of water.

Itis conceivable that amide groups on the outside of the helix form
hydrogen bonds between different turns of the helical fold. This
could affect the helical pitch and number of monomers per turn.
Similar effects have been observed for the self-assembly of macrocy-

cles* and guanine-cytosine rod-like dinucleobase monomers.3¢

Small-angle X-ray scattering (SAXS) on a synchrotron source was
used to investigate the folding of the polymers further. The SAXS
curves of the 19k Da polymer (6a-2) at 2.5 mg/mL in the water-
DMF mixtures (0-100, 25-75, 50-50, 75-25, 95-5, Figure S15), show
the transformation of unfolded polymer aggregates into systems
with structural features on the nanoscale, as indicated by the broad
correlation peak in the I(q) at intermediate q values with a maximum
around 0.5 nm upon increasing the water content.

Kratky plots (I(q)q’ vs. q) were used to further analyze this fold-
ing behavior of the polymers upon increasing the water content. In
the Kratky plot, a folded polymer shows a broad peak at low q values,
whereas, for unfolded polymers, the 1(q)q* curve increases with q.
The Kratky plots for 6a-2 show the transformation from unfolded
polymers in DMF to (partly) folded polymers above water-DMF 50-
50, with a broad peak in the I(q)q* function below g-values of 2 nm®
' (see Figure S15).
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Figure 2 Kratky plot of the SAXS data 6a-2 at different concentrations in A) water-DMF 95-5, and B) DMF. The curves were scaled by the
dilution factor. Partially folded polymers are observed at all concentrations in water-DMF and unfolded polymers at all DMF concentrations.

The corresponding SAXS data are presented in Figure S16.

The Kratky plots of the SAXS curves of 6a-2 at various concentra-
tions between 1.5 and 2.5 mg/mL in water-DMF (95-5) and DMF
are shown in Figure 2, with the corresponding SAXS data in Figure
S16. From Kratky analysis, the polymer is partly folded at all con-
centrations in water-DMF (95-5), and mostly unfolded in DMF at
all concentrations. This demonstrates that the conformation of pol-
ymer 6a-2 is independent of the studied polymer concentration. The
SAXS curves in Figure S16 show upturns at low g-values for all con-
centrations, and a transition into the overall Guinier region could
not be resolved with the maximum dimension from the SAXS set-up
of g = 100 nm. Dynamic light scattering was applied to study fur-

ther the shape and overall dimensions of the polymer self-assem-
blies.

The formation of rod-like nanoscale polymer aggregates in water
was observed with (depolarized) dynamic light scattering
((D)DLS). The autocorrelation functions of the polymer 6a-2 from
DLS and DDLS are shown in Figure $17. Reproducible autocorre-
lation functions could only be obtained for the 95-5 water-DMF, and
the DMF samples. In DDLS, scattering only arises from optically an-
isotropic particles, such as rod-like polymer helices (see Methods
section in the Supporting Info). The plots of the decay rate of the
correlation function at different scattering angles from DLS and
DDLS are presented in Figure 3. From the linear fits to the experi-
mental T versus q* data, the translational (DLS) and rotational
(DDLS) diffusion coefficients were determined. Using hydrody-
namic theories of a cylinder, the length of around 328 nm and diam-
eter of approximately 4 nm were calculated as estimates for the pol-
ymer helix; see Supporting Information for further details.

Drop cast solutions of 6a-2 (4mg/L, SuL) onto freshly cleaved
mica were also investigated by atomic force microscopy (AFM).
There, fiber-like structures could be visualized with lengths above
100 nm. While the individual helices cannot account for this obser-
vation, it is conceivable that these structures represent higher aggre-
gates composed of the end-to-end aggregation of individual helices
which would be in good agreement with the data obtained for a cy-
lindrical model in our DDLS experiments (see above).
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Figure 3 Decay rates versus g2 plot from DLS (in VV mode) and DDLS
(in VH mode), including linear regression (red lines). The DDLS signal
demonstrates optically anisotropic, elongated polymer self-assemblies
in water-DMF 95-S. The slope (translational diffusion coefficient) is
7.45 £0.21 x 10-12 m2/s from DLS, similar to the 7.13 + 0.96 x 10-12
m2/s, obtained from DDLS. The intercept in DDLS corresponds to the
rotational diffusion coefficient (2835.3 £352.5 1/s). The corresponding
correlation functions are shown in Figure S17.

With clear evidence for solvent-driven folding of our polymers,
molecular dynamics simulations were performed to obtain molecu-
lar insights into the observed folding in pure DMF and water. Force
field parameters for the monomer units were taken from the second
generation General Amber Force Field 2 (GAFF2)*” *; atomic
charges were computed consistently to the protocol employed for
the chosen force field. The structure of each monomer unit was op-
timized through density functional theory (DFT) calculation in



vacuo at B3LYP/6-31G(d,p) level of theory*®***® and the electro-
static potential was subsequently computed starting from the opti-
mized geometries at HF/6-31G* level of theory in vacuo. All calcula-
tions were carried out with Gaussian09*!' (see supporting infor-
mation for further details).

Of particular interest was whether the predicted helical folding of
the polymers could be followed by simulation. To carry out the sim-
ulations, we focused on a polymer chain carrying the hydrophilic
side chains linked via esters, such as in 6a. The model chain was com-
posed of 15 repeat units (thus 30 phenyl rings) identical to those of
6a. For simulations in the solvent DMF, uncharged tertiary amines
were modelled, for simulations in water protonated tertiary amines
were modelled (with the chain thus carrying a net positive charge
equal to + 15).

After preliminary simulations of the model polymers in both
DMEF and water (see supporting information) we employed parallel
tempering metadynamics in the well-tempered ensemble (PTMe-
taD-WTE),*2,*3 since it combines the advantages of a multi-replica
method with metadynamics-based techniques. On the one side, this
approach allows obtaining the system’s free energy under investiga-
tion as a function of a few relevant degrees of freedom (also referred
to as collective variables (CV)) by applying a time-dependent bias
potential. On the other side, using a multi-replica method can com-
pensate for the limited number of CV that can be directly biased with
metadynamics-based schemes thanks to the high-temperature repli-
cas, enhancing the exploration of the conformational space. The
well-tempered ensemble allows reducing the needed number of rep-
licas, optimizing the computational effort.

We have chosen two collective variables for the system under in-
vestigation: 7 — m stacking between the aromatic rings in the polymer
(6a) backbone and the number of hydrophobic contacts between
the aliphatic fragments (N-ethylhexyl side chains) of the hydropho-
bic core of the helix. The first one can discriminate the attainment of
unfolded and folded polymer conformations, as well as the presence
of an ordered stacking, while the second one is representative of the
packing of the ethylhexyl chains in the core.

In essence, high 7 — « stacking values (Figures 4 and S, x-axis) in-
dicate the formation of an ordered stack and high hydrophobic con-
tact values (Figures 4 and S, y-axis) correspond to an effective pack-
ing of the side chains in a hydrophobic core.

The simulated free energy surfaces (FES) and representative pol-
ymer structures are shown in Figures 4 and S. The FES for the poly-
mer in DMF (Figure 4) shows a single relevant energy minimum for
low values of both & — & stacking and hydrophobic contacts, which
indicates alack of ordered stacking and the absence of a hydrophobic
core. This clearly shows the preference for an unfolded, fully ex-
tended conformation of the polymer chain (Figure 4, I), in agree-
ment with unbiased simulations (Supporting Information) and ex-
perimental outcomes. The attainment of a stacked conformation be-
comes more unfavorable as the stacking order increases, while an ef-
fective packing of hydrophobic side chains is essentially absent (Fig-
ure 4, Il and II1).

A different picture is obtained by the conformational sampling of
the charged polymer in water. Although the resulting FES still shows
a single energy minimum, it is in the region of conformational space
representative of ordered stacking and a packed hydrophobic core,
according to the chosen collective variables. The sampled confor-
mations show a helical-like arrangement (Figure S, I) where the hy-
drophobic segments are in the center of the helix while the charged
moieties are exposed to the solvent.

Figure S 1, furthermore, shows quite nicely how aromatic stacking
can be considered an additional driving force for amphiphilic poly-
mers of this type. The roughly ten (stacked) phenyl groups required
for one helical turn can readily be counted/visualized in this Figure.

Moreover, the hydrophilic segments are oriented to maximize the
distance between charges. A fully extended conformation of the pol-
ymer was not observed in the PTMetaD-WTE simulation. The sam-
pled structures characterized by low values of the collective variables
(concerning the energy minimum) represent disordered but folded
chains (Figure S, II).

The FES related to the uncharged polymer in water environment
(Figure S.29) shows similar features, i.e. the formation of a helical-
type structure characterized by ordered 7 — w stacking and the pres-
ence of a packed hydrophobic core. In this scenario, model out-
comes suggest that polymer folding is driven by hydrophobic effects,
while the presence of charged moieties is expected to improve solu-
bility and stability in water solutions.
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We further extended our analysis by performing 100 ns unbiased
MD simulation of a minimum energy conformation in water (see
supporting information), using the charged polymer as reference
(structure I in Figure 2). The folded arrangement remained stable
during the simulation, which allowed us to measure the helix diame-
ter: a single turn is composed of 10 phenyl groups, with an average
diameter d = 2.02 £ 0.18 nm. This is in very good agreement with
the 2-dimensional drawing in Scheme 2 and in excellent agreement
with the experimental data obtained from DDLS.

The simulation results, therefore, strongly support the experimental
observations that the amphiphilic polymer 6a-2 adopts a folded
structure at high water ratios (as shown by SAXS, see above). Ac-
counting for a hydration layer surrounding the charged helical cylin-
ders, the observed diameter in DDLS (4 nm) is also in excellent
agreement with the dimensions calculated from our MD simula-
tions.
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Conclusion

In conclusion, we have designed and prepared synthetic alternating
amphiphilic polymers via step-growth polymerization. These poly-
mers were designed in such a way that upon exposure to highly polar
solvents such as water a helical shape should be adopted by the pol-
ymer chains. 'H-NMR data and SAXS analysis gave strong indica-
tions towards a folded shape in an aqueous environment. AFM anal-
ysis of the prepared polymers drop cast from aqueous solutions
showed fibre-like structures that further supported the assumed hel-
ical folding. Parallel tempering metadynamics simulations gave clear
molecular insight into the folded state of the polymers in the two dif-
ferent solvents, DMF and water. We believe that these simulations

can be used as very powerful predictive tools to guide the design and
synthesis of synthetic foldamers in the future.
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