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The ON/OFF switching by metal ions of the “Sergeants 

and Soldiers" chiral amplification effect on helical 

poly(phenylacetylene)s 

Julián Bergueiro,a Félix Freire,a* Edison P. Wendler,b José M. Seco,a Emilio 
Quiñoá,a Ricardo Rigueraa* 

Here we report copolymers where the “Sergeants and Soldiers effect” can be switched ON and OFF by 

the presence of a metal ion. These copolymers are made by a combination of achiral and chiral 

monomer units, where the chiral ones are unable to order the chiral amplification unless a small amount 

of mono- or divalent metal ions is added. In this way, the ions act as promoters, upgrading some of the 

chiral pendants, initially unable to induce a preferential helical sense, to a higher rank forcing the 

ordering of the rest of the chain to a specific helical sense. In theses copolymers, the classical 

"Sergeant” and “Soldier" roles are modified in such a way that the chiral units become “Sergeants” only 

by the effect of an achiral external stimulus, namely the metal ion. The structure of the metal complex 

determines its interaction in the helix with the surrounding chiral and achiral “Soldiers” and therefore 

both the intensity of the amplification and the response of a copolymer to a certain metal. For instance, 

poly(1r-co-7(1-r)) shows chiral amplification (“Sergeants and Soldiers effect”) towards the right-handed 

helix only with divalent ions, while poly(1r-co-8(1-r)) amplifies the helix to the left-sense with mono- and 

to the right-handed sense with divalent ions. This behaviour allows, using a single copolymer, to 

selectively induce any of the two helical senses. The aggregation and encapsulation properties of these 

copolymers are described too. 

 

Introduction 

The “Sergeants and Soldiers effect” in helical copolymers is a 

chiral amplification phenomenon where a small amount of a 

chiral monomer in the copolymer is capable to induce a single 

helical structure. In a pioneering work on chiral amplification, 

Green and co-workers1 prepared from achiral monomers, a 

polyisocyanate that presents a helical skeleton formed by 

identical proportions of left- and right-handed helical senses, 

separated by helix reversal points that move along the helical 

backbone. Interestingly, the introduction of a very small portion 

of a chiral monomer within the polymer chain generated a 

copolymer with one-handed helical structure. This phenomenon 

is the first example of chiral amplification in covalently bonded 

polymers and is known as the “Sergeants and Soldiers effect”, 

meaning that a small number of chiral units (“Sergeants”) order 

the most abundant achiral units (“Soldiers”) to adopt a certain 

structure.2 This chiral amplification effect has also been 

extended to other families of helical polymers such as 

poly(phenylacetylene)s (PPAs) that in contrast to those 

polyisocyanates, present a dynamic structure that allows the 

tuning of their helicity towards the right- or left-handed helical 

sense by the action of external stimuli.3   

In this work, we present PPA copolymers with a “Sergeants and 

Soldiers effect” switchable ON/OFF by the addition of metal 

ions as external stimulus. These copolymers are made by a 

combination of chiral and achiral monomers but contrary to 

Green´s case, the chiral units are unable to order the helical 

sense on the chain unless a small amount of an achiral agent, 

namely a metal ion, is added, switching ON the “Sergeants and 

Soldier effect”. 

 This chiral amplification allows the dual induction on a single 

copolymer (e.g. with the R chiral unit), of either the M or the P 

helicity by choosing a mono- or a divalent metal ion as inducer, 

something that cannot be achieved through the classical 

“Sergeants and Soldiers effect”, where two distinct 

“enantiomeric” copolymers are necessary in order to obtain the 

M and the P helical senses. 

  

Page 1 of 8 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 
Figure 1. Chiral amplification effects on helical polymers. (a) Conceptual 

representations of the “Sergeants and Soldiers effect”
1-3

. (b) Idem for the 

switching ON/OFF “Sergeants and Soldiers effect”. 

Results and discussion 

For the study on the chiral amplification based on “Sergeants 

and Soldiers effect” trigged by an achiral stimulus, we prepared 

a series of dynamic copolymers of the PPA type composed by 

combination of a chiral unit and several achiral units at 

different ratios. As chiral monomeric component we selected 

the 4-ethynylphenylamides of (R)- and (S)-α-methoxy-α-

phenylacetic acid (MPA) (1 and 2 respectively). The MPA 

group is known to present an equally populated 

synperiplanar/antiperiplanar (sp/ap) conformational 

equilibrium [rotation around the (O=)C-C(-O) bond] and 

consequently, the corresponding highly dynamic 

homopolymers (poly-1 and poly-2) present a helical structure 

with the left- and right-handed senses in equal population (null 

CD) (Figure 2a). Interestingly, addition of a small amount of a 

monovalent or divalent metal ion to these homopolymers 

produces a complexation with the chiral units that shifts the 1:1 

sp/ap equilibrium at the pendants. The complex with 

monovalent ions adopts an ap conformation while the complex 

with divalent ions prefers the sp conformer and these changes 

in the pendants induce a predominant helical sense on the 

polymer backbone. For instance, poly-1 adopts a left-handed 

helix in the presence of monovalent metal ions, while divalent 

metal ions induce a right-handed helical sense.4 

This chiral component was combined in the copolymers with 

the achiral units 3-9 (Figure 2b), selected on the basis of their 

structural resemblance to the chiral monomers. In this way, a 

series of PPA copolymers (a total of 63) were prepared by 

copolymerization with [{Rh(nbd)Cl}2] (nbd= 2,5-

norbornadiene) as catalyst, from mixtures of the chiral 

monomer 1 [derived from (R)-MPA] with the achiral monomers 

3-9 in different chiral/achiral ratios [poly(1r-co-3(1-r)), poly(1r-

co-4(1-r)), poly(1r-co-5(1-r)), poly(1r-co-6(1-r)), poly(1r-co-7(1-r)), 

poly(1r-co-8(1-r)), poly(1r-co-9(1-r)), r= 0.9-0.1]. Nine homopolymers 

[poly(1-9)] were also prepared (Figure 2c).  

All the copolymers showed NMR (vinyl protons, δ= 5.7–5.8 

ppm) and Raman resonances (1567, 1335, 1003 cm-1) indicative 

of an all cis polyene backbone,5 and no preferred helical sense 

(null CD; 1:1 left- and right-handed helical senses). Their 

molecular weights (Mn) were estimated by GPC (THF as eluent 

with polystyrene standards as calibrants; see SI for details) to 

be between 30,000-40,000 with Mn/Mw values around 1.5-1.8. 

Their chiral/achiral monomer ratios were determined by NMR 

and found to be coincident with the feeding mixtures (see SI). 

Also, their random nature was demonstrated by the 

Kelen/Tüdös method using varying monomer feed ratios and 

termination at low conversions (see SI).3h, 6 

 
Figure 2. Structures of homopolymers, monomers and copolymer synthesis. a) 

Structures of poly-1, poly-2 and sp/ap conformations. b) Structures of monomers 

1-9. c) Synthesis, structures and notation of copolymers. 

In order to evaluate the chiral amplification abilities of these 

copolymers upon addition of metal ions, different monovalent 

and divalent metal salts were added to the 

poly(phenylacetylene)s [poly(1r-co-3-9(1-r)), r= 0.9-0.1] dissolved in 

Chiral

Achiral

"Sergeant"

"Soldier"

Amplification
of

Chirality

Chiral

Achiral

One handed
helical Structure

a)

Achiral

Amplification
of

Chirality
M2+

M2+

Chiral

Conformation I

 Chiral

Conformation II

Achiral

Chiral

Conformation I

 Chiral

Conformation II

Achiral

Chiral

Conformation I

 Chiral

Conformation I

M2+

"SERGEANT"

"Chiral SOLDIER"

"Achiral SOLDIER"

Sergeant to
chiral Soldier

Sergeant to 
achiral Soldier

b)

Amplification
of

ChiralityM+

Achiral

Chiral

Conformation I

 Chiral

Conformation II

Achiral

Chiral

Conformation II

 Chiral

Conformation II

M+

"SERGEANT"

"Chiral SOLDIER"

"Achiral SOLDIER"

M+

Right-handed

Left-handed

Sergeant to 
achiral Soldier

Sergeant to
chiral Soldier

copolymer

resin metal
scavenger

copolymer

resin metal
scavenger

NH

O ** O

NH

O ** O

1 2

NH

O

3

NH

O
10

NH

O

NH

O

4 5 6

NH

O

NH

O

NH

O

HN

O

O

7 8 9

R

[Rh(nbd)Cl]2
Et3N

THF

NH

O O

H

Poly(1 r- co- R1- r)

NH

O

O

NH

O

H

n

HN

r 1- r

1

3 - 9

O

R
Monomer 1 Achiral Monomers 3- 9

r      =  Fraction of  chiral monomer 1  in the        

         copolym er

1- r =  Fraction of  achiral monomers 3- 9  in the 

         copolym er

b)

c)

H

HN

O

R2

R1

n

poly- 1 R1=  Ph, R2=  OMe

poly- 2 R1=  OMe, R2=  Ph

NH

O O

NH

O

O

sp  conformer

ap  conformer

a)

Page 2 of 8Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

CHCl3, and the solutions were examined by IR and CD. A 

monomer repeating unit (mru)/metal ion ratio of 1.0/0.5 

(mol/mol) was used to obtain the highest CD response with the 

minimum amount of metal (Table 1).4  
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Thus, the IR showed in all cases the bands expected for the 

distinct coordination of the MPA part of the chiral units with 

monovalent and divalent metal ions of the copolymers (see SI).4 

For its part, the CD7 showed that the addition of the ions 

produced a predominant helical sense determined by the 

configuration of the chiral component (1 or 2) of the 

copolymers and the valence of the ion. Thus, copolymers 

poly(1r-co-3-9(1-r)) containing the (R) isomer (1) produce, by 

addition of monovalent ions, a left-handed helix, while with 

divalent ions give a right-handed helix as in homopolymer 

poly-1. The opposite results were obtained with copolymers 

poly(2r-co-3-9(1-r)) containing the (S) isomer (2) as chiral unit. 

The intensity of the helical sense induction depends on the 

amount of metal ion added and on the percentage of chiral 

component in the copolymer but is observed even in 

copolymers containing just a few chiral units, indicating the 

existence of “Sergeants and Soldiers effect”1,4 (Table 1, SI).  

Table 1, Figure 3 and additional data at SI show quantitatively 

the chiral amplifications observed in each case. For simplicity 

we will concentrate our discussion on copolymers poly(1r-co-

7(1-r)) and poly(1r-co-8(1-r)) containing the achiral units 7 and 8, 

that serve to explain and understand the results of all the series. 

Thus, copolymers containing different ratios of the chiral 

pendant 1 and the achiral component 7, showed chiral 

amplification through the “Sergeants and Soldiers effect” after 

addition of divalent ions. In the poly(1r-co-7(1-r)) series, the 

highest amplification by addition of Ba2+ was observed from 

poly(10.9-co-70.1), to poly(10.2-co-70.8). Therefore, just 20% of 

the chiral unit 1 and 80% of the achiral monomer 7 (Table 1) is 

enough to promote the right-handed helical structure (Figures 

3a and 3c). In fact this solution presents identical CD intensity 

(helicity) as the homopolymer poly-1, composed by 100% (R)-

MPA, in the same conditions. 

In quantitative terms, this amplification presents r= 0.2, where 

the r-value is the minimum molar ratio of the chiral monomer 

needed to get the maximum of the CD spectra. 

Interestingly, no “Sergeants and Soldiers effect” occurs when 

monovalent, instead of divalent ions, are added to the solutions 

of the poly(1r-co-7(1-r)) series. Addition of monovalent ions 

gives a CD signal whose intensity corresponds exactly to the 

contribution of the chiral units present in the copolymer —e.g. 

addition of Li+1 to poly(10.8-co-70.2) gives a CD spectrum whose 

intensity is 80% of the homopolymer poly-1—, indicating that 

there is a chiral amplification through the chiral units without 

participation of the achiral ones (Figures 3a and 3b).  

This effect is surprising because homopolymer poly-1 amplifies 

both the right- and left-handed helices by addition of di- and 

monovalent ions respectively. The different behaviour showed 

by the copolymers of the poly(1r-co-7(1-r)) series must be 

ascribed to the role of the achiral component (see below) in this 

process.  

In contrast, similar study of the poly(1r-co-8(1-r)) series (Table 1 

and Figures 3d-f) showed that the “Sergeants and Soldiers 

effect” was operative by addition of both mono- and divalent 

ions, shifting the helices to one helical sense or to the opposite 

(Figure 3d). For instance, a minimum 40% of the chiral MPA 

component is needed [poly(10.4-co-80.6)] with Li
+ to obtain a 

predominant helical sense (r= 0.4), while a minimum 60% of 

the chiral monomer [poly(10.6-co-80.4)] is needed with Ba
2+ (r= 

0.6). Also, it is important to mention that with Ba2+, partial 

chiral amplification of the achiral fragments was observed until 

a percentage of 40% [poly(10.4-co-80.6)] (Figures 3d-f), 

implying that the “Sergeants and Soldiers effect” still took 

place at that ratio. 

Table 1. Chiral amplification r-values obtained for poly(1r-co-R(1-r)) 
interacting with different monovalent and divalent metal ions. 

Copolymer 
mg/mL 

copolymer 
Metal 

Metal/mru 
(mol/mol) 

r-value 

poly(1r-co-3(1-r)) 0.1 Ba2+ 0.5 0.9 

poly(1r-co-3(1-r)) 0.1 Li+ 0.5 0.7 

poly(1r-co-4(1-r)) 0.1 Ba2+ 0.5 0.6 

poly(1r-co-4(1-r)) 0.1 Li+ 0.5 1.0 

poly(1r-co-5(1-r)) 0.1 Ba2+ 0.5 0.8 

poly(1r-co-5(1-r)) 0.2 Ba2+ 0.5 0.8 

poly(1r-co-5(1-r)) 0.1 Li+ 0.5 0.8 

poly(1r-co-6(1-r)) 0.1 Ba2+ 0.5 0.6 

poly(1r-co-6(1-r)) 0.2 Ba2+ 0.5 0.6 

poly(1r-co-6(1-r)) 0.1 Li+ 0.5 1.0 

poly(1r-co-7(1-r)) 0.1 Ba2+ 0.5 0.2 

poly(1r-co-7(1-r)) 0.2 Ba2+ 0.5 0.2 

poly(1r-co-7(1-r)) 0.3 Ba2+ 0.5 0.2 

poly(1r-co-7(1-r)) 0.3 Li+ 0.5 1.0 

poly(1r-co-7(1-r)) 0.3 Ag+ 1.0 0.7 

poly(1r-co-7(1-r)) 0.3 Ca2+ 1.0 0.6 

poly(1r-co-7(1-r)) 0.3 Co2+ 0.3 0.3 

poly(1r-co-7(1-r)) 0.3 Mn2+ 0.5 0.6 

poly(1r-co-7(1-r)) 0.3 Ni2+ 0.5 1.0 

poly(1r-co-8(1-r)) 0.1 Ba2+ 0.5 0.6 

poly(1r-co-8(1-r)) 0.2 Ba2+ 0.5 0.6 

poly(1r-co-8(1-r)) 0.1 Li+ 0.5 0.4 

poly(1r-co-9(1-r)) 0.1 Ba2+ 0.5 0.4 

poly(1r-co-9(1-r)) 0.2 Ba2+ 0.5 0.4 

poly(1r-co-9(1-r)) 0.1 Li+ 0.5 1.0 

 

The other copolymers in Table 1 show different degrees of 

chiral amplification and varied sensitivity to the particular 

metal ions responding to the role of the achiral component 

present in each case (see full description at SI). 

From a mechanistic point of view, the copolymers described in 

this paper show a new class of chiral amplification of the 

"Sergeants and Soldiers" type where the “Sergeants” need to be 

activated by the metal ion to trigger the amplification that 

therefore can be switched ON/OFF by that external stimulus. 

 Thus, while in the process described by Green et al.,1 the chiral 

unit (“Sergeant”)  forces  the whole copolymer to adopt a 
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predominant helical sense, in our copolymers, the chiral units 

do not act as “Sergeants” until a metal ion is added. 

The presence of the metal is essential for the chiral 

amplification to take place and once installed, it can be inhibit 

by sequestering the metal. In this way, the macroscopic racemic 

behaviour of the copolymer, its properties and CD response are 

recovered (no “memory” is detected) by addition of scavenger 

resins (see SI). This reversibility allows the copolymer to be 

reused and the amplification to be switched ON/OFF in a 

controlled way. 

By analogy with homopolymers poly-1 and poly-2, this 

addition of the metal involves complexation with the oxygen 

donor atoms in the chiral MPA units that once complexed, shift 

their 1:1 sp/ap conformation towards sp with divalent metal 

ions, or to ap with monovalent ions. The interactions of these 

complexes with the surrounding pendants are obviously 

different than in the absence of metal and constitute the driven 

force both for the change in the helical sense of the polyene 

skeleton and for the chiral amplification. 

Therefore, the interaction of the M+ or M2+ complexed MPA 

units with the neighbour chiral and achiral "Soldiers" is the key 

factor to explain the different response to mono- and divalent 

ions shown by the copolymers of Table 1, exemplified by 

poly(1r-co-7(1-r)) that responds with “Sergeants and Soldiers 

effect” only to divalent ions while poly(1r-co-8(1-r)) responds 

with that effect to both mono- and divalent ones. 

In order to find a mechanistic explanation to the role played by 

the metals and achiral “Soldiers” in the chiral amplification of 

poly(1r-co-7(1-r)) and poly(1r-co-8(1-r)), we decided to compare 

the helical structures formed by homopolymer poly-1 [100% 

(R)-MPA] and those copolymers, when the mono- and divalent 

ions are added, by a combination of experimental data and 

geometry calculations. 

Secondary Structure of Copolymers: the role of the achiral 

“Soldier” units 

Addition of mono- and divalent metal ions to poly(10.6-co-70.4) 

in CHCl3 generates CD and UV spectra practically identical to 

those of poly-1, indicating that in solution their helical sense 

and backbone are virtually the same (see Figure 3 and SI). In 

the solid state, films of poly(10.6-co-70.4) complexed with Ba2+ 

[(mru)/Ba2+ ratio of 1.0/0.5 (mol/mol) in CHCl3; copolymer 

concentration= 0.03 mg/mL], showed AFM8 images and helical 

parameters practically identical to those of poly-14 and 

indicative of a 3/1 helical structure (Figure 4a). This 

coincidence, both in solution and film, indicates that the 

presence in the copolymer of the achiral unit 7 does not block 

the ability of the chiral unit 1 to be complexed with both mono- 

and divalent ions shifting the 3/1 helix to the left- and the right-

handed helices respectively (as in poly-1),9 but interferes in 

some way with the “Sergeants and Soldiers effect”, that is 

produced with divalent ions only. 

Using the 3/1 helical structure as template and locking the 

chiral MPA units (1) of the copolymer in ap and sp 

conformations (as simplified models of the complexation with 

mono- and divalent metal ions respectively), we evaluated by 

geometry calculations how the different conformations of the 

achiral unit 7 could fit into the left- and the right-handed helices 

that should be obtained with mono- and divalent ions. 

 
Figure 4. Secondary structure of copolymers and mechanism of chiral 

amplification. a) AFM image and helical structure adopted by poly(10.6-co-70.4) 

copolymer after the addition of Ba(ClO4)2 in a (mru)/Ba
2+

 ratio of 1.0/0.5 

(mol/mol) in CHCl3. b) Helical structure adopted by poly(1r-co-7(1-r)) in the 

presence of divalent metal ions. (c) Idem in the presence of monovalent metal 

ions. d) Left- and right-handed helical structures adopted by poly(1r-co-8(1-r)) in 

the presence of mono- and divalent metal ions. 

Thus, DFT calculations10 on the achiral monomer 7 in 

combination with modelling studies11 showed that the lowest 

energy conformation of monomer 7 fits perfectly, without any 

disturbance, into the right-handed 3/1 helical structure that 

corresponds to complexation with divalent ions (sp 
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conformation of the chiral pendants). In this way, poly(1r-co-

7(1-r)) can generate a “Sergeants and Soldiers effect” by addition 

of divalent metals (Figure 4b) because the achiral units 7 can 

accommodate perfectly, without steric interference to that 

structure. 

In contrast, when the MPA units are blocked in the ap 

conformation as corresponds to complexation with monovalent 

ions, the conformation of monomer 7 that best fits into the 3/1 

left-handed helix is 23 KJ/monomer mol higher than the lowest 

energy conformation for that monomer (Figure 4c). In these 

conditions, there is an important energy penalty for the 

accommodation of the achiral units 7 on a left-handed helix 

(Figure 4c) and therefore, no amplification is observed. 

Similar studies with the poly(1r-co-8(1-r)) series served to 

explain the existence of amplification (“Sergeants and Soldiers 

effect”) both with mono- and with divalent ions. 

Thus, the CD, UV and AFM of poly(1r-co-8(1-r)) copolymers 

indicated, as before, a 3/1 helix skeleton (Figures 3e,f). DFT 

calculations10 and modeling11 showed that the two 

conformations of monomer 8 that best fit the right- and the left-

handed 3/1 helices, differ in just 2 KJ/monomer mol one from 

the other (Figure 4d). This fact explains the compatibility of 

monomer 8 with both helical senses and the positive response 

of these copolymers [e.g. poly(10.6-co-80.4)] to both mono- and 

divalent ions following the “Sergeants and Soldiers” principle. 

The slight energy gap between both conformations also justifies 

the different r-values (0.4 and 0.6) reached by the two chiral 

amplification processes (Figures 3e,f). 

 

 
Figure 5. Copolymer nanospheres and encapsulating properties. a) DLS trace. b) 

TEM image of copolymer-Ba
2+

 metal complex nanospheres. c) SEM images of the 

nanospheres. d) Vial showing the nanospheres encapsulating iron oxide 

magnetic nanoparticles placed close to a magnet. e) Confocal images of the 

nanospheres encapsulating rhodamine B. 

 

Methods 

The amount of polymers and copolymers used for CD 

measurements were 0.1 mg/mL. CD measurements were done 

in a Jasco-720. The CD intensity was reported based on the G 

value (symmetric factor), which takes into account the different 

concentration effects when different solutions are compared.  

AFM measurements were performed in a MultiMode V 

Scanning Probe Microscope (Veeco Instruments) in air at RT 

with standard silicon cantilevers and super-sharp cantilevers in 

tapping mode using 12 μm and 1 μm scanners. Nanoscope 

processing software and WSxM 4.0 Beta 1.0 [4] (Nanotec 

Electronica, S.L.) were used for image analysis. The samples 

were prepared from stock solutions of poly(10.6-co-70.4) (1 

mg/mL) in CHCl3 that were diluted until 0.03 mg/mL. A 

solution of 10 mg/mL of Ba(ClO4)2 in THF was prepared and 

0.2 equiv of Ba2+ were added to a 0.03 mg/mL solution of 

poly(10.6-co-70.4) in CHCl3. One drop of this mixture (10 μL) 

was placed on freshly cleaved HOPG (Telstar Instrumat, ZYH 

grade) and was spin coated at 900 and/or 1800 rpm at rt. 

DLS measurements were performed on a Malvern Nano ZS 

(Malvern Instruments, U.K.), operating at 633 nm with a 173º 

scattering angle. Samples were measured at a final 

concentration of 0.1 mg/mL diluted with THF. These studies 

indicate that the HPMCs (helical polymer-metal complexes) 

form aggregates with a defined structure. 

SEM measurements were performed on a LEO-435VP electron 

microscope equipped with an energy dispersive X-ray (EDX) 

spectrometer. A drop of a solution of different copolymers with 

different equivalents of a selected perchlorate (0.1 mg/mL) was 

settled on a silicon wafer chip (Ted Pella, Inc), and allowed to 

dry at rt for 12 h. 

TEM measurements were carried out on Philips CM-12 

electron microscope. In this case a drop of the copolymer 

solution (0.1 mg/mL) was placed onto a carbon grid (Ted Pella, 

Inc). 

Conclusions 

We present here a family of copolymers where the chiral 

amplification based on the “Sergeants and Soldiers effect” can 

be switched ON/OFF by the presence/absence of metal ions. In 

these copolymers, the chiral component (1 or 2) does not 

trigger by itself the chiral amplification —it does not act as a 

“Sergeant”— until a small amount of a metal ion is added. The 

structure of the metal complex determines its interaction in the 

helix with the surrounding “Soldiers” and therefore the 

intensity of the amplification and the response of a copolymer 

to a certain metal. 

This response is especially interesting in poly(1r-co-7(1-r)) that 

shows amplification by “Sergeants and Soldiers effect” with 

divalent ions to the right sense but not with monovalent ones, 

and in poly(1r-co-8(1-r)), that amplifies the helix to the left-

handed sense with mono- and to the right-handed sense with 

divalent ions by “Sergeants and Soldiers effect”. This allows 

inducing selectively on a single copolymer, and through chiral 

amplification, any of the two helical senses (M or P) just by 

selecting the type of ion. 

The structural and functional analogy of these copolymers with 

the parent homopolymers poly-1 and poly-2 is not limited to the 

existence of chiral amplification based on the presence of a 

“dormant Sergeant” selectively ON/OFF activated by addition 

of metal ion. It also attains to the aggregation and encapsulation 
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properties reported for the homopolymers as a result of the 

cross-linking role played by the metal cations that does not 

affect the “Sergeants and Soldiers effect” here reported.4b 

In fact, addition of increasing amounts of a Ba2+ salt to CHCl3 

solutions of the copolymers produce stable nanospheres (see 

Figures 5a-c), similar to those obtained from Ba2+/poly-1, 

whose size and helical sense can be tuned to shrink or to grow 

by manipulation of the metal/polymer ratio as with the 

homopolymer.4b These helically controlled nanospheres can 

also be employed to encapsulate materials such as iron oxide 

magnetic nanoparticles, quantum dots and organic molecules 

(e.g. fluorescent dyes) (Figures 5d,e).  

Overall, our results indicate that the most interesting properties 

of the helical PPAs can be reproduced by copolymers with low 

content of chiral monomer. 
 
Acknowledgements 

We thank the Servicio de Nanotecnología y Análisis de 
Superficies (CACTI, Universidad de Vigo) for recording AFM 
experiments, and Servicio de Microscopía Electrónica 
(CACTUS, Universidad de Santiago de Compostela) and 
Centro de Supercomputación de Galicia (CESGA). This work 
was supported from grants from Ministerio de Ciencia e 
Innovación [CTQ2009-08632/BQU, CTQ2012-33436, 
CTQ2012-31381], and Xunta de Galicia 
(PGIDIT09CSA029209PR, CN2011/037, EM2013/0032). 
Also, F. F. thanks Ministerio de Ciencia e Innovación for a 
Ramón y Cajal contract and E. P. W. thanks FAPESP (Grant 
2011/17228-6) for scholarship funding. 
 
Notes and references 
a Department of Organic Chemistry and Center for Research in Biological 
Chemistry and Molecular Materials (CIQUS), University of Santiago de 
Compostela, E-15782 Santiago de Compostela, Spain. E-mail: 
felix.freire@usc.es, ricardo.riguera@usc.es. 
b Present address: Bioforte Farmacêutica Ltda, Av. Prof. Lineu Prestes, 

2242 (IPEN-CIETEC), Cidade Universitária, São Paulo SP, Brazil 

† Electronic Supplementary Information (ESI) available: Structures, 

synthesis and spectral data of monomers, homopolymers and copolymers; 

monomer reactivity ratios; CD/UV studies and chiral amplification 

mechanism; aggregation, encapsulation, AFM and thermal studies (97 

pages). See DOI: 10.1039/b000000x/ 

 

1 (a) M. M. Green, M. P. Reidy, R. D. Johnson, G. Darling, D. J. 

O'Leary, and G. Willson, J. Am. Chem. Soc. 1989, 111, 6452. (b) M. 

M. Green, N. C. Peterson, T. Sato, A. Teramoto, R. Cook, and S. 

Lifson, Science 1995, 268, 1860. (c) M. M. Green, J. W. Park, T. 

Sato, A. Teramoto, S. Lifson, R. L. Selinger and J. V. Selinger, 

Angew. Chem. Int. Ed. 1999, 38, 3138. 
2 (a) G. Maxein and R. Zentel, Macromolecules 1995, 28, 8438. (b) E. 

Yashima, S. Huang, T. Matsushima and Y. Okamoto, 

Macromolecules 1995, 28, 4184. (c) H. Gu, Y. Nakamura, T. Sato, A. 

Teramoto, M. M. Green, S. K. Jha, C. Andreola and M. P. Reidy, 

Macromolecules 1998, 31, 6362. (d) F. Takei, K. Onitsuka and S. 

Takahashi, Polym. J. 2000, 32, 524. (e) R. Nomura, Y. Fukushima, 

H. Nakako and T. Masuda, J. Am. Chem. Soc. 2000, 122, 8830. (f) S. 

Toyoda and M. Fujiki, Macromolecules 2001, 34, 640. (g) S. Mayer 

and R. Zentel, Prog. Polym. Sci. 2001, 26, 1973. (h) F. Tanaka, 

Macromolecules 2004, 37, 605. (i) K. Mikami, H. Daikuhara, Y. 

Inagaki, A. Yokoyama and T. Yokozawa, Macromolecules 2011, 44, 

3185. (j) S. Ohsawa, S-. I. Sakurai, K. Nagai, M. Banno, K. Maeda, J. 

Kumaki and E. Yashima, J. Am. Chem. Soc. 2011, 133, 108. (k) X. 

Liu, C. Song, X. Luo, W. Yang and J. Deng, Chin. J. Polym. Sci. 

2013, 31, 179. 

3 (a) E. Yashima and K. Maeda, Macromolecules 2008, 41, 3. (b) J. G. 

Rudick and V. Percec, Acc. Chem. Res. 2008, 41, 1641. (c) E. 

Yashima, K. Maeda and Y. Furusho, Acc. Chem. Res. 2008, 41, 1166. 

(d) B. M. Rosen, C. J. Wilson, D. A. Wilson, M. Peterca, M. R. Iman 

and V. Percec, Chem. Rev. 2009, 109, 6275. (e) E. Yashima, K. 

Maeda, H. Iida, Y. Furusho and K. Nagai, Chem. Rev. 2009, 109, 

6102. (f) I. Louzao, J. M. Seco, E. Quiñoá and R. Riguera, Angew. 

Chem. Int. Ed. 2010, 49, 1430. (g) G. M. Miyake, H. Iida, H-. Y. Hu, 

Z. Tang, E. Y. –X. Chen and E. Yashima, J. Polym. Sci. A Polym. 

Chem. 2011, 49, 5192. (h) K. Maeda, M. Muto, T. Sato and E. 

Yashima, Macromolecules 2011, 44, 8343. (i) S. Ohsawa, S. –I. 

Sakurai, K. Nagai, K. Maeda, J. Kumaki and E. Yashima, Polym. J. 

2011, 44, 42. (j) Z. Tang, H. Iida, H. –Y. Hu and E. Yashima, ACS 

Macro Lett. 2012, 1, 261. (k) K. Maeda, S. Wakasone, K. 

Shimomura, T. Ikai and S. Kanoh, Chem. Commun. 2012, 48, 3342. 

(l) P. Rattanatraicharoen, K. Shintaku, K. Yamabuki, T. Oishi and K. 

Onimura, Polymer, 2012, 53, 2567. (m) Y. Naito, Z. Tang, H. Iida, T. 

Miyabe and E. Yashima, Chem. Lett. 2012, 41, 809. (n) S. Leiras, F. 

Freire, J. M. Seco, E. Quiñoá and R. Riguera, Chem. Sci. 2013, 4, 

2735. 

4 (a) F. Freire, J. M. Seco, E. Quiñoá and R. Riguera, Angew. Chem. 

Int. Ed. 2011, 50, 11692. (b) F. Freire, J. M. Seco, E. Quiñoá and R. 

Riguera, J. Am. Chem. Soc. 2012, 134, 19374. 

5 (a) B. S. Li, K. K. L. Cheuk, L. Ling, J. X. X. Chen, C. Bai and B. Z. 

Tang, Macromolecules 2003, 36, 77. (b) K. K. L. Cheuk, J. W. Y. 

Lam, L. M. Lai, Y. Dong and B. Z. Tang, Macromolecules 2003, 36, 

9752. (c) M. G. Mayershofer and O. Nuyken, J. Polym. Sci. A Polym. 

Chem. 2005, 43, 5723. (d) K. K. L. Cheuk, B. S. Li, J. W. Y. Lam, Y. 

Xie and B. Z. Tang, Macromolecules 2008, 41, 5997. 

6 T. Kelen and F. Tüdös, J. Macromol. Sci. Part A - Chemistry 1975, 9, 

1.  

7 No time-dependent changes in the CD of the copolymers were 

observed at the concentrations used in the studies. Only when much 

larger concentrations of metal were used, the CD response 

diminished due to aggregation phenomena. Also, no noticeable 

changes were observed at different temperatures ranging from 10 to 

40 ºC. In relation to the influence of the solvent media, the sense of 

chiral amplification induced by barium and lithium is independent of 

the solvent used (see ref. 4a). 

8 (a) S. –I. Sakurai, K. Okoshi, J. Kumaki and E. Yashima, Angew. 

Chem. Int. Ed. 2006, 45, 1245. (b) S. –I. Sakurai, S. Ohsawa, K. 

Nagai, K. Okoshi, J. Kumaki and E. Yashima, Angew. Chem. Int. Ed. 

2007, 46, 7605. 

9 DSC traces indicate that backbones of the copolymers and their 

complexes with barium adopt in all cases a cis-cisoidal configuration. 

Full description of thermal studies (DSC and TGA) at SI. For related 

studies, see: S. Leiras, F. Freire, J. M. Seco, E. Quiñoá and R. 

Riguera, Chem. Sci. 2013, 4, 2735. 

10 DFT Calculations were performed with Gaussian 09: M. J. Frisch, G. 

W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 

Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, 

Page 7 of 8 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. 

Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, 

R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. 

Kitao, H. Nakai, T. Vreven, Jr. J. A. Montgomery, J. E. Peralta, F. 

Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. 

Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, 

J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. 

Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. 

Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. 

Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. 

G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. 

Dapprich, A. D. Daniels, Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. 

Cioslowski, D. J. Fox, Gaussian, Inc., Wallingford CT, 2009. 

11 MMFF94 calculations were performed with Spartan 10. 

 

 

 
 
 

TOC 
 
 
 

 
 
 
Chiral amplification can be switched ON/OFF to both helical senses by the presence/absence of metal ions in copolymers of 
poly(phenylacetylene)s 
 
 

 

 

 

Page 8 of 8Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t


