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ABSTRACT: Polyaromatic amides (aramids) have been an important class of industrial polymers and have recently been extensively studied 
for biomimetic foldamer design. The inherent rigid structure and strong H-bonding make linear aramids notoriously insoluble in non-H-bond 
breaking solvents and they are typically synthesized via polycondensation in H-bond breaking solvents. Here we report a chlorophosphonium 
iodide reagent that can activate aromatic carboxylic acids in the presence of aromatic primary and secondary amines. The synthesized reagent 
is inert towards H-bond-breaking solvents like DMAc and NMP and allows living polymerization of aromatic amino acid monomers and oligo-
mers in H-bond-breaking solvents for the first time. A foldamer forming monomer was also polymerized in a living chain-growth fashion. AFM, 
SEM, SAXS, and CD spectroscopy analyses strongly supported the tubular helical nature of the synthesized foldamer. 

INTRODUCTION 
Linear aromatic polyamides (aramids) have attracted significant 

attention over the past decades. The inherent chain extended struc-
ture arises from the partial double bond character of the amide bond. 
The presence of hydrogen bonding and aromatic-aromatic interac-
tions further provide high mechanical strength, thermal stability, and 
shape persistence.1,2,3,4 Due to these features, such aramids are only 
soluble in H-bond accepting solvents like DMAc, NMP, DMF, and 
concentrated sulfuric acid.2,4 Since the discovery of poly(p-phe-
nylene terephthalamide) (Kevlar) by Kwolek at DuPont, aramids 
have become an industrially important class of polymers.5 Neverthe-
less, aramids also attracted significant attention from organic and bi-
ochemists due to their shape-persistent nature.6,7,8,9,10 The rigid con-
formation and the ability to form ordered solution structures make 
aramids excellent candidates for complex supramolecular architec-
ture design and this has recently been studied by our group and oth-
ers.11,12,13,14,15,16,17,18,19 

Recently, a growing interest has been in developing polymers 
(foldamers) that can adopt a well-defined 3-dimensional structure 
in solution and eventually mimic protein-like functions. In this con-
text, aromatic amide foldamers are amongst the most studied 
ones.20,21,22,23,24,25,26,27  The groups of Huc, Gong, our own, and others 
have designed a library of foldamers based on aromatic amides that 
fold into a helical shape with tunable cavity size. 6,9,28,29,30,31,32,33 Recent 
studies have also shown that the foldamers obtained from aromatic 
amides can mimic biological functions like transport and recogni-
tion.34,35,36,37,38,39,40  

Although the aromatic amide block copolymers and foldamers 
show huge potential for materials and biological applications, syn-
thesizing such polymers is challenging. The lack of compatible 
polymerization conditions limits the synthesis of narrow dispersed 
high molecular weight foldamers and aramid block copolymers. 
Moreover, the poor solubility and lower reactivity of the monomers 
make the convergent synthesis of foldamers extremely difficult. 

Polyaromatic amides are mainly synthesized by the polyconden-
sation of amines with carboxylic acids under harsh conditions.41,42 A 
typical polycondensation reaction follows step-growth kinetics 
where monomer, oligomer, and polymer chain-ends can react with 
each other, and a high extent of conversion is required to achieve 
high molecular weight polymers with dispersities approaching a 
value of 2.43 Additionally, control over molecular weight is often very 
difficult under step-growth conditions, and syntheses of block copol-
ymers is not feasible out of principle. 

As Yokozawa and our group showed, polyaromatic amides can be 
synthesized with narrow dispersity and good molecular weight con-
trol under living chain-growth polycondensation conditions.44,45,46,47 

In 2000, the Yokozawa group developed an innovative approach that 
involves the self-deactivation of N-alkylated AB-type condensation 
monomers.48 N-alkylated para and meta poly(benzamide)s are the 
best-investigated polymers in this context.49,50 In the presence of a 
strong and bulky base, an N-alkylated aminobenzoic ester undergoes 
deprotonation and forms an amide anion which acts as a strong elec-
tron-donating group and deactivates the corresponding ester. This 
prevents self-condensation and allows a selective reaction with an in-
itiator and later with the growing polymer chain end mimicking 
chain-growth polymerization kinetics. Although Yokozawa’s 
method shows huge potential for the synthesis of narrowly dispersed 
homo and block copolymers, the use of a strong base, low tempera-
tures, and some undesired side reactions limit the technique to a 
lower degree of polymerization (20kDa).48,51 Simultaneously, the re-
quirement of a highly nucleophilic amide anion restricts electro-
philic functionalities and reaction media use. Hence, synthesizing 
foldamers and complex polymeric architectures becomes challeng-
ing under Yokozawa’s original conditions. Our group recently re-
ported a versatile living polymerization protocol for mono and oli-
gomeric primary and secondary aromatic amino acids, irrespective 
of their potential for self-deactivation.31 We have developed two 
phosphorous-based reagents, PHOS1 and PHOS2 (see Figure 1), 
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that selectively activate carboxylic acids into acid chlorides in the 
presence of primary and secondary aromatic amines (see Table 1). 

 

 

Figure 1. Structures of PHOS reagents. 

 

Table 1. Characteristics of PHOS reagents 

Rea-
gent 

Acid 
acti-

vation 

aAmine 

compat-
ibility 

bSolvent 

compati-
bility 

PHOS1 yes S cat 1 

PHOS2 yes P, S cat 1 

PHOS3 yes P, S cat 1, 
cat 2 

a S= aromatic secondary amine, P= aromatic primary amine 
b cat1 = DCM, CHCl3, DCE, THF, ACN; cat 2 = DMAc, NMP, 
DMF 

 
In analogy to Yokozawa´s method, the acid chloride acts as an 

electron-withdrawing group and deactivates the corresponding con-
jugated amine. This allows the selective propagation from the initia-
tor leading to living chain-growth polymerization. Additionally, fast 
and efficient carboxylic acid activation also allowed the living chain-
growth polymerization of non-self-deactivated monomers and oli-
gomers under slow monomer addition conditions. The slow addi-
tion of monomers dramatically reduces the active monomer concen-
tration in the solution, diminishing the unwanted bimolecular self-
condensation and allowing pseudo-chain-growth polymerization.52 
This method shows huge potential for synthesizing functional living 
aramids but finds its limitations at higher temperatures and when H-
bond breaking solvents like DMF, DMAc, and NMP are required. 

 
RESULTS and DISCUSSION  
Reagent design and compatibility study 
The living polymerization of primary aromatic amino acids is im-

mensely challenging due to the formation of strong H-bonding be-
tween the secondary amides formed in the polymer. The extended 
rigid linear structure and strong H-bonding of the secondary amides 
diminishes the polymer’s solubility and hinders the formation of 
high molecular weights and hence the living homo and block copol-
ymer synthesis. The living polymerization of helical foldamer form-
ing monomers is equally difficult due to their tendency to fold into 
helices and furthermore aggregate during polymerization. However, 
the aggregation (stacking) of helical aromatic amide foldamers can 

be avoided by using polar solvents like DMSO and DMF53,54  and po-
tentially elevated temperatures. 

 
Scheme 1. General scheme of the living polymerization of non-self-
deactivating aromatic amino acids under slow addition conditions 
(a), the structures of the monomers (b), and the initiators (c) used 
in this study. 

 

 

Primary aromatic amine-containing monomers cannot be pol-
ymerized in a chain-growth manner under Yokozawa’s conditions as 
the secondary amide formed during polymerization will undergo im-
mediate deprotonation resulting in insolubility and consumption of 
base. Nonetheless, primary aromatic amino acid monomers and oli-
gomers were polymerized in a living chain-growth manner in our re-
cently reported method. However, the poor solubility of the second-
ary amide-containing polymer in non-H-bond breaking solvents 
limits the synthesis to low molecular weights. Similarly, a protected 
foldamer was synthesized in a two-step process to avoid superstruc-
ture formation during polymerization. There, the primary amine was 
protected as an acid-labile secondary amine to obtain a random coil 
polymer during synthesis. A post-polymerization deprotection led 
to the targeted foldamer.31  

Among the two reagents (PHOS1 and PHOS2, see Figure 1) de-
veloped in our group, PHOS1 is inert towards secondary aromatic 
amines but reacts irreversibly with primary aromatic amines. 
PHOH2, on the other hand, is inert to both primary and secondary 
aromatic amines at room temperature but reacts with primary aro-
matic amines at elevated temperatures. Moreover, both PHOS1 and 
PHOS2 undergo Vilsmeier-Haack-like reactions with solvents like 
DMF, DMAc, and NMP, and hence, polymerization is inaccessible 
in such solvents. 

To overcome the limitation, we have designed a new reagent, 
PHOS3, which is inert towards primary aromatic amines at elevated 
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temperatures and compatible with H-bond breaking solvents. We 
have reported earlier that by lowering the electrophilicity and in-
creasing the steric bulk of the PHOS reagents, a more selective car-
boxylic acid activation can be achieved. However, a consecutive re-
duction of electrophilicity and increasing steric bulk can dramati-
cally reduce the carboxylic acid activation rate and lead to the accu-
mulation of inactivated monomers, which could act as an initiator 
and hamper living polymerization. Hence, we only focused on the 
increasing steric bulk at the reagent center. By increasing the steric 
bulk at the catalytic phosphorous site, we can obtain a selective car-
boxylic acid group activation over the reactions with bulkier aro-
matic amines and secondary amide group as in H-bond breaking sol-
vents like NMP and DMAc. We hypothesized that we could obtain 
a more selective reagent by replacing the tri(o-methoxy)phosphine 
with tri(o-tolyl)phosphine. By placing the methyl group closer to the 
phosphorus atom we hoped to increase the steric demand of the 
phosphonium center. 

To test the feasibility of our hypothesis, PHOS3 was synthesized 
by slow addition of a tri(o-tolyl)phosphine solution (1 M) in chlo-
roform to an ICl solution (1 M) in DCM at 50 °C (see SI, p.7). 31P 
NMR and HRMS spectroscopy confirmed only one major ionic spe-
cies present in the solution (δ=63.8 ppm; see SI, p.8). Furthermore, 
to confirm the active structure of PHOS3, and to determine the 
mechanistic pathway of activation, a model reaction was performed 
with hexanol and followed by 1H NMR spectroscopy. Astonishingly, 
alkoxy-attached PHOS3 was observed in 1H NMR spectroscopy 
along with the formation of hexyl iodide as the major product (see 
SI, p.13). This indicates that the substitution reaction takes place via 
an intermediate pentavalent alkoxy adduct formation where the io-
dide counter ion is the only nucleophile present in the solution for 
the nucleophilic substitution. The slower substitution rate may have 
contributed to the formation of minor hexyl chloride due to the in-
creasing concentration of chloride ions over the reaction.  

Next, the potential of carboxylic acid activation of PHOS3 was in-
vestigated by reacting it with benzoic acid and following the reaction 
by 31P NMR spectroscopy (see SI, p.7). As expected, PHOS3 cleanly 
activates the aromatic carboxylic acid in the presence of pyridine as 
a base (see SI, p.7). Then, another control 31P NMR experiment was 
performed to determine the inertness of PHOS3 towards aromatic 
primary amines at elevated temperatures. Interestingly, when 2eq of 
PHOS3 were treated with 1eq of aniline in chloroform-d at 50 °C, 
no change in 31P spectra was observed even at an extended period 
(8h), confirming the inertness of PHOS3 towards aromatic primary 
amines (see SI, p.8). Subsequently, as the H-bond breaking solvents 
are of prime interest for aramid synthesis, the DMF, DMAc, and 
NMP compatibility of PHOS3 were studied by 31P NMR spectros-
copy. In a model 31P NMR reaction, 0.2 mmol of PHOS3 was dis-
solved in 1 mL of a chloroform-d and dry DMAc mixture (1:1) and 
was followed for 13h at rt (see SI, p.9). Interestingly, no significant 
decomposition of PHOS3 was observed over the extended course of 
the reaction, thereby confirming the inertness towards DMAc. In 
sharp contrast, PHOS1 and PHOS2 rapidly decomposed to the cor-
responding oxide when treated with DMAc under similar conditions 
(see SI, p.10). Next, the compatibility of PHOS3 with NMP and 
DMF was investigated under similar conditions. Interestingly, the 
excellent compatibility of PHOS3 towards NMP was confirmed by 
31P NMR spectroscopy; however, slow decomposition of PHOS3 
was observed when treated with DMF (see SI, p.12). Due to the sig-
nificantly smaller size of DMF compared to NMP and DMAc; 
PHOS3 reacts with DMF and undergoes decomposition. 

Nonetheless, the efficient carboxylic acid activation and tolerance 
towards aromatic primary amines and solvents like DMAc and NMP 
by PHOS3 offer a promising scope of living aramid synthesis in H-
bond breaking solvents.  

 
Polymerizations of non-self-deactivating monomers 
Thereafter, the efficacy of PHOS3 towards a control polymeriza-

tion was tested with N-alkylated meta-amino benzoic acid under 
slow addition conditions. We, therefore, added a DMAc solution of 
3-((2-ethylhexyl)amino)-benzoic acid (M1) via a syringe pump to a 
solution of initiator 4-bromo-N-methylaniline (I1) and PHOS3 in 
DMAc and chloroform mixture at rt (chloroform was used to en-
hance the solubility of PHOS3 in DMAc, see Scheme 1). Excitingly, 
the SEC analysis of crude polymer shows excellent control over mo-
lecular weight with narrow dispersity, whereas 1H NMR spectros-
copy analysis confirmed complete monomer consumption immedi-
ately after the completion of slow addition (see SI, p.14, p.23). In-
spired by the controlled polymerization of secondary aromatic 
amino acids with PHOS3, we next focused on primary aromatic 
amino acids, as their living polymerization is more challenging. We 
used a primary amine-containing dimeric amino acid monomer 4-
(4-amino-N-(2-ethylhexyl)benzamido)benzoic acid (M2) due to its 
non-self-deactivating nature and known helical superstructure of the 
resulting polymer.31,55 Therefore, M2 would allow testing the feasi-
bility of the living polymerization of a superstructure forming and 
non-self-deactivating monomer with PHOS3 in DMAc. In the first 
polymerization, a solution of M2 in DMAc was added slowly via a 
syringe pump to a solution of aniline (initiator, I2), PHOS3, and 
pyridine (see Scheme 1). After complete monomer addition, the 
crude polymer mixture was analyzed by SEC and 1H NMR spectros-
copy. The number average molecular weight obtained by the SEC 
(DMF) was a close fit to the targeted monomer-to-initiator ratio 
(see Table 2). Furthermore, 1H NMR analysis confirmed the com-
plete conversion of the monomer. A perfect linear fit of the number 
average molecular weight to the monomer to initiator ratio was also 
found when monomer M2 was polymerized with different initiator 
ratios and narrow dispersities, indicating the living nature of the 
polymerization (see Figure 2A, Table 2). It is worth mentioning that 
the DP of the polymer synthesized with PHOS3 in DMAc was twice 
as high as our previously reported polymerization of M2 with 
PHOS2 in DCM.  

 
Block copolymerizations of chiral monomer 
An important feature of living polymerization is its ability to form 

block copolymers. To confirm the living nature of the polymeriza-
tion in DMAc with PHOS3, two diblock copolymers were synthe-
sized via sequential slow addition of monomers. A chiral dimeric 
monomer M3 was considered a first block followed by a racemic sec-
ond block with monomer M2. The first block copolymer (PB1) was 
synthesized by slowly adding 8eq of M3 followed by 22eq of M2, to 
a solution of I2, PHOS3, and pyridine. SEC analyses of both first 
and diblock show a distinct shift of molecular mass distribution, con-
firming a successful block copolymer formation (see Figure 2C). 

Likewise, the second block copolymer (PB2) was obtained from 
sequential polymerization of 15eq M3 followed by 15eq M2, and the 
block copolymer nature of the copolymer was confirmed by SEC 
analyses (see Figure 2D). The NMR analyses of both PB1 and PB2 
also confirmed the block copolymer nature of the copolymer.  
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Figure 2. Characteristics of the synthesized polymers. (A and B) Linear 
plot of the number average molecular weight (SEC) (black squares) ver-
sus the monomer: initiator ratio for M2:I2 with PHOS3 in DMAc(A); 
M4:I2 with PHOS3 in chloroform (B). (C and D) Normalized SEC 
elugram of block copolymer (PB1 and PB2) synthesized from M3 and 
M2 with varying monomer feed ratio M3:M2= 8:22 (C); M3:M2 = 
15:15 (D). CD spectra of the block copolymer (PB1 and PB2) synthe-
sized from M2 and M3 with varying monomer feed ratio M3:M2= 8:22 
(E); M3:M2 = 15:15 (F). 

Table 2.  Number average molecular weights (Mn) and polydisper-
sity indexes (Ð = Mw/Mn) of the polymers synthesized with mon-
omer M1 and M2 

Poly-
mera 

M/I Mn-
theo 

[kDa]b 

Mn-SEC 
[kDa]c 

Ðc 

 

P1 16 3.7 3.6 1.1 

P2 10 3.5 4.4 1.09 

P3 20 7 9 1.13 

P4 30 10.5 14.2 1.19 

P5 40 14 17.5 1.34 

a For P1, M1 and I1 were employed, P2-P5 were synthesized from 
 M2 and I2. 

b Theoretical Molecular weight. 
c Experimental Molecular weight determined by SEC in DMF. 

 

Furthermore, circular dichroism (CD) spectroscopy analysis of 
both block copolymers confirmed the helical nature of the block co-
polymer (see Figure 2E, 2F).55 The higher CD spectra intensity of 
PB2 compared to PB1 also confirmed the targeted higher incorpo-
ration of the chiral monomer in PB2.  

 
Polymerizations of foldamer forming monomer 
Next, the synthesis of an aromatic tubular helix with PHOS3 was 

investigated. Therefore, we synthesized the monomer 5-amino-2,4-
bis((2-ethylhexyl)oxy)benzoic acid (M4) and polymerized it under 
slow addition conditions at elevated temperatures (55°C) in chloro-
form (see Scheme 1).23,26 The higher temperature was considered to 
avoid aggregation during polymerization, whereas chloroform was 
chosen as the solvent due to the high solubility of ethylhexyl side 
chain substituted foldamers. Interestingly, the polymer P6 obtained 
from the very first polymerization attempts of M4 with aniline (I2) 
(10:1) and PHOS3 shows narrow dispersity and excellent molecu-
lar weight control (Table 3). Therefore, a set of polymerizations of 
M4 was performed with varying initiator (I2) ratios (20, 30, and 
40:1) at 55°C in chloroform. The obtained polymers (P7, P8, P9) 
show excellent molecular control with narrow disperities. A perfect 
linear relationship can be drawn between the monomer to initiator 
ratio and number-average molecular weights (see Figure 2B, Table 
3). This supports the living nature of the polymerization. Further-
more, a clear distinction of proton signals belonging to the end 
groups and the monomer repeating units in 1H NMR spectroscopy 
allowed the determination of the number average molecular weight 
of the purified polymers (see Table 3). Furthermore, an isotopically 
resolved MALDI-ToF mass spectrum of P6 was recorded which 
confirmed the proposed structure (see SI, Fig. S66). 

Next, the scope of the polymerization of the tubular helix forming 
aromatic amino acid monomer (M4) was also investigated in 
DMAc. Thus, M4 was polymerized with aniline (M/I = 30) and 
PHOS3 in DMAc at rt under slow addition condition. Interestingly, 
SEC analysis of the obtained polymer (P10) shows an excellent con-
trol over molecular weight and appeared to be a good fit with the 
molar mass of the polymer (P8) obtained in chloroform at a similar 
monomer to initiator ratio. This confirmed the polymerization effi-
cacy of M4 with PHOS3 in DMAc (see Table 3). Next, we investi-
gated the polymerization of M4 with a functional initiator N-Boc-p-
phenylenediamine (I3) and PHOS3. SEC analysis of the crude pol-
ymer (P11) and 1H NMR analysis of the purified polymer con-
firmed the excellent control over molecular weight and the presence 
of desired end group (see SI, Fig. S41 and S56).  

After that, two further polymerizations of M4 were performed 
with aniline and PHOS3 by adjusting the monomer to the initiator 
ratio to 80 and 120. Although both polymers (P12, and P13) ap-
peared to form a clear solution in DMF, SEC analyses of both poly-
mers were unsuccessful. We believe the obtained high molecular 
weight helical polymers could not be eluted in SEC due to the for-
mation of aggregates. This was confirmed later by small angle X-ray 
scattering (SAXS) and dynamic light scattering (DLS). A recent re-
port by the Zhong et al. showed for the first time that well-defined 
oligomeric helices of this type can form double helical structures.56 
Such double helical structure formations might be responsible for 
the observed aggregation of oligomeric and polymeric helices (vide 
supra). 

Nonetheless, the number average molecular weight of the ob-
tained polymer P12 and P13 was determined by 1H NMR 
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spectroscopy by exploiting the significant difference between the 
end group and backbone 1H-NMR signals and appeared to be a good 
match with the target values (Table 3 and SI Fig. S42-S45). We as-
sume that the polymers P12 and P13 adopt a similar helical geome-
try as those previously reported by the Gong group. There, single 
crystal x-ray structures could be obtained for well-defined oligo-
meric helices which showed that 6.6 monomer units formed one hel-
ical turn with a pitch of 3.4 Å.26 This would correspond to a helix 
length of ca. 4.1 nm for P12 and 6.2 nm for P13. 

 
Table 3. Number average molecular weights (Mn) and polydisper-
sity indexes (Ð = Mw/Mn) of the polymers synthesized with mono-
mer M4 

Poly-
mer 

M/I Mn-theo 

[kDa]a 

Mn-SEC 

[kDa]b 

Mn-
NMR 

[kDa]c 

Ðb 

 

P6 10 3.7 3 4.1 1.08 

P7 20 7.5 6.4 10.1 1.09 

P8 30 11.2 9.7 16.1 1.18 

P9 40 15 13.9 21 1.24 

P10 30 11.2 10.3 13.5 1.34 

P11 10 3.7 3.1 5.3 1.09 

P12 80 30 - 37.5 - 

P13 120 45 - 49.8 - 

a Theoretical Molecular weight. 

b Molecular weight and dispersity determined by SEC in DMF. 

c Molecular weight determined by 1H NMR spectroscopy. 

 
Next, to confirm the superstructure formation of the obtained 

polymer from monomer M4, polymer P13 was analyzed by atomic 
force microscopy (AFM). Several micrometer-long sheet-like super-
structures and a nano-scale rod-like structure were detected in AFM 
(see Figure 3, SI). We assume that due to the presence of hydropho-
bic ethylhexyl side chains, the individual rod-like tubular helices ag-
gregate to form a higher-order sheet-like structure. Scanning elec-
tron microscopy (SEM) of P13 also revealed a similar sheet-like 
higher-order structure (see Figure 3, SI). 

Furthermore, the solution structure of P13 was also analyzed by 
small angle X-ray scattering (SAXS) in THF and DMF (Figure 4). 
The SAXS data in THF show a local stiffness region, following a q-1 
decay of the scattering data between around 1 and 3 nm-1 . This re-
gion was absent for P13 in DMF. It indicates structural motives with 
1-2 nanometer dimensions, most likely from the cross-section scat-
tering of the helix in THF, most likely due to the linear self-assembly 
of this polymer.  This nanoscale structure was absent in DMF. Fur-
thermore, larger supramolecular structures were observed in THF 
and DMF. The dimensions of these structures exceed the resolution 
limit of our SAXS set-up with !"

#!"#
~100	𝑛𝑚. These supramolecu-

lar structures may be polymer fibrils with the low-q power-law scat-
tering following q-2.3 in THF and q-1.8 in DMF, representing theta sol-
vent and good solvent conditions, respectively. A solvent like DMF 
is well known to effectively interrupt the inter-chain aggregation of 
aromatic oligoamide foldamers such as macrocycles and helices.53,54 

We believe that, similarly, in the case of P13 in DMF the supramo-
lecular aggregation of the helices is at least partially disrupted. 

 

 
Figure 3. SEM and AFM analyses of the helical polymer P13 with 
PHOS3.(A and B) SEM image of drop casted P13 polymer (A) and 
zoom in of one spot (B). SEM (C) and AFM (D) of drop casted P13 at 
the same position. (E) Sheet-like structure of drop casted P13 was ob-
served in AFM. (F) High-resolution AFM image of P13 indicates the 
presence of unassembled/secondary building blocks for sheet-like su-
perstructure formation. 

 

Depolarized dynamic light scattering depends solely on particle 
anisotropy, with spherical particles yielding little to no depolarized 
scattering intensity.57 A comparison of the intensity (count rate) of 
polarized (VV) against depolarized (VH) scattering can be used to 
gain insights into the degree of anisotropy of a sample (Figure 5). 
For the assemblies of P13 in either THF or chloroform, the drop in 
intensity from VV to VH is around 1 order of magnitude, whereas 
for a spherical control (100 nm latex beads), the drop is much more 
pronounced, ca. 3 orders of magnitude.  

 

A B 

C D 

E F 
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Figure 4. SAXS analyses of polymer P13 in THF (red curve) and DMF 
(black curve). The calculated power-law curves are presented as dashed 
lines in the corresponding SAXS regions. A local structured region can 
be observed for P13 in THF between 1 and 3 nm-1, which may arise from 
the scattering of the cross-section of the helix together with local stiff-
ness.  

 
Figure 5. (De)polarized Dynamic Light Scattering analysis of polymer 
P13. Ratio between angular scattering intensities in depolarized (VH) 
and polarized (VV) mode for P13 in THF and chloroform as well as 
comparison with spherical particles (latex beads).  The drop in intensity 
from VV to VH is much more intense for spherical control particles as 
compared to P13, which is a result of optical anisotropy of the polymer 
assemblies. 

This difference could be explained by the optical anisotropy of 
P13 assemblies, which is an indication that P13 likely forms elon-
gated supramolecular structures in both chloroform and THF. The 
hydrodynamic radii (Rh) obtained for P13 from the VV autocorre-
lation curves (Figure S67) are within the 68-80 nm range for both 
THF and chloroform, evidence of the nanoscale of the supramolec-
ular assemblies, although real dimensions of elongated structures 
can considerably differ from their Rh.  

The helical structure of the polymer P13 was supported through 
chiral induction with L-arginine via the domino effect.58 The racemic 
foldamers have previously been chirally enriched via chiral molecule 
recognition.59,60,61 The foldamer obtained from monomers like M4 
are well known to recognize guanine.62 Hence, P13 was treated with 

L-arginine in DMF at 80 °C, followed by dilution with chloroform. 
Then, the solution was equilibrated for 12 hours at rt, and the CD 
spectrum was recorded. Interestingly, an intense CD signal was ob-
served and further supported the helical nature of the polymer P13 
(see SI, Fig. S59). 

 

Conclusions 
In conclusion, we have developed a new phosphorous-based rea-

gent (PHOS3) that selectively activates carboxylic acids in H-bond-
breaking solvents like DMAc and NMP. Moreover, the newly de-
signed reagent shows inertness toward aromatic primary and sec-
ondary aromatic amines even at elevated temperatures. The fast ac-
tivation of carboxylic acid by PHOS3 allows the living polymeriza-
tion of non-self-deactivating aromatic amino acid monomer and oli-
gomer under slow addition polymerization conditions. Therefore, it 
provided a new platform to synthesize living poly aromatic amides 
in H-bond-breaking solvents for the first time. Furthermore, narrow 
dispersed chiral helical diblock copolymers were also synthesized in 
DMAc with PHOS3. Aromatic helical foldamers are known to 
mimic biological functions; therefore, they are heavily investigated. 
Here, we have synthesized one of such tubular helices forming mon-
omer and polymerized it with PHOS3 in a living chain-growth man-
ner under slow addition condition. The improved chemoselectivity 
and the thermal stability of PHOS3 also allow the synthesis of the 
highest molecular weight tubular helices so far in a living manner in 
one step. The AFM, SEM, and SAXS analyses of these polymers sup-
port the helical nature of the polymer along with sheet-like tertiary 
structure formations. Overall, this demonstrates the huge potential 
of the newly developed PHOS3 reagent and the polymerization 
method for aromatic foldamer and aramid-based supramolecular ar-
chitectures design. 
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