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ABSTRACT: A novel approach to prepare stimulus-sensitive
nanocomposites is described, based on a dynamic helical polymer,
chiral poly(phenylacetylene) (PPA), and silver nanoparticles. To
preserve the dynamic helical behavior of PPA within the
nanocomposite, a weak and adaptive supramolecular interaction,
such as that between amide group−silver nanoparticle, is used to
link the metal nanoparticle to the polymer. To prepare the
composite, we chose PPA as a helical polymer that bears an amide
group as a monomer repeating unit, poly-(R)-1, which can
coordinate with Ag+ ions. The silver ions that form complexes
with the pendant groups are further reduced, through the use of
NaBH4, to AgNPs that are stabilized by the amide groups of PPA.
As a result, 2.8 nm silver nanoparticles are formed and aligned
along the polymer chain with a regular 3.1 nm interparticle distance corresponding to the helical pitch of the polymer. The weak
amide/AgNP interactions allow PPA to adopt either P or M helical structures on the AgNPs through supramolecular adaptive
mechanisms induced by appropriate external stimuli.

■ INTRODUCTION
Among many relevant characteristics, metallic nanoparticles
(MNPs) have also attracted the attention of the scientific
community due to their optical properties related to the
presence of localized surface plasmon resonance (LSPR)
bands,1,2 which find applications in different fields such as
theranostics,3 colorimetric sensors,4 drug delivery,5,6 and
surface Raman scattering (SERS)7−9 among others.
One of the main problems of MNPs is their high aggregation

tendency. To avoid this problem, scientists have coated the
surface of the MNPs with a large variety of molecules to
stabilize them by either steric or electrostatic effects. This
stabilization can be also achieved using polymers or macro-
molecules as coating agents. In such cases, the resulting hybrid
materials conserve the properties of the MNP, as well as those
derived from the polymeric coating, such as stability, solubility,
and biocompatibility.1,10

In the case of using DNA or proteins as coating agents to
stabilize the MNP,1 the biological function of the hybrid
material is related to the helical structure adopted by the
macromolecule. Interestingly, just a couple of nanocomposites
are reported using that use a non-natural helical coating such
as a synthetic polymer or a foldamer rather than a
biomacromolecule.11−14 In this sense, derivatization of MNPs
with synthetic dynamic helical polymers such as poly-
(acetylene)s (PAs), poly(phenylacetylene)s (PPAs), or poly-
(diphenylacetylene)s (PDPAs) should represent a clear
advantage because their helical senses (P/M) and/or chain

elongations (compression/stretching) are not fixed as in the
biomacromolecules, and can be tuned through the action of
external stimuli.15−24

During the last years, some attempts have been made to
create nanocomposites based on dynamic helical polymers and
metal nanoparticles using thiolated pendant groups.11−14

These studies showed that the dynamic behavior of the helical
polymer is dramatically affected by the presence of a thiolated
monomer, where the stimuli-response properties of the
nanocomposite are reduced up to 20%. To circumvent that
problem, a different approach to link the MNP to PPA must be
inspected.
In this case, we look for weaker supramolecular interactions

between PPAs and MNPs, such as those present in PVP−
AgNPs and PVP−AuNPs, where poly(vinylpyrrolidone)
(PVP) provides the amide groups required for the stabiliza-
tion.25−27 Thus, in this work, we decided to stabilize AgNPs
with dynamic PPA28−37 bearing amide groups in the pendants
(Scheme 1). In such a case, a self-adaptive mechanism of
helical inversion or helical enhancement is expected, where a
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part of the weak supramolecular interactions between the
amide groups and the metal nanoparticles are disrupted during
the helical structural change, sense and/or elongation. These
interactions recover immediately afterward (Scheme 1), thus
producing the same structural changes in the PPA−AgNP
chain that occur in the isolated PPA.

■ RESULTS AND DISCUSSION
To perform these studies, two well-known PPAs were chosen
as model compounds: poly-(R)-1 that bears 4-anilide of (R)-α-
methoxy-α-phenylacetic acid and poly-(R)-2 that bears 4-
anilide of (R)-α-methoxytrifluoromethylphenylacetic acid
(Figure 1). In both cases, an amide group is present in the
monomer repeating unit. These PPAs were prepared according
to previous studies using [Rh(nbd)Cl]2 as a catalyst (nbd =
2,5-norbornadiene) (see the Supporting Information).18

These two polymers, poly-(R)-1 and poly-(R)-2, were
selected taking into account their different dynamic helical

behaviors and the distinct donor character of the amide group
at the pendant.
Thus, poly-(R)-1 is a highly dynamic helical polymer and, in

the absence of external stimuli, exists as an axially racemic
polymer, equal populations of P and M helices, which can
selectively adopt a preferred P or M helicity when divalent or
monovalent metal ions are added as external stimuli to a
solution of the polymer.18,38,39 On the other hand, poly-(R)-2
is also a dynamic helical polymer, whose elongation and helical
sense are affected by the donor and polar characters of the
solvent used to dissolve the polymer.40 Moreover, in the case
of poly-(R)-2, the presence of a strong electron-withdrawing
group, CF3, should deactivate the donor character of the
amide. From these designs, therefore, it is possible to verify the
role of the amide group in the stabilization of the nano-
composites of PPA−AgNPs.
PPA copolymers based on poly-(R)-1 that incorporate

thiolated comonomers were also prepared but their PPA−
AgNP nanocomposites did not show, as expected, the dynamic
behavior showed by the parent copolymers (see the
Supporting Information and ref 14).

Preparation of Poly-(R)-1-AgNP and Poly-(R)-2-AgNP
Nanocomposites: Dynamic and Aggregation Studies.
Poly-(R)-1-AgNP and poly-(R)-2-AgNP nanocomposites were
prepared by reduction with NaBH4 of two different solutions
containing poly-(R)-1/Ag+ and poly-(R)-2/Ag+ complexes as
described below.
As will be seen throughout this discussion, the presence of

mono- and divalent metal cations (Mn+ = Li+, Na+, Ag+, and
Ba2+) also plays a fundamental role when describing these
nanocomposites. Therefore, from now on, we will use names
for the forms “poly-(R)-1(or 2)-AgNPs/Mn+” when these
cations are present and “poly-(R)-1(or 2)-AgNPs” when they
are not.

Poly-(R)-1-AgNPs/Na+ Nanocomposite. A methanolic
solution (0.5 equiv) of AgClO4 (10 mg·mL−1) was added to
a chloroform solution of poly-(R)-1 (0.3 mg·mL−1).
CD studies showed a chiral enhancement of the axially

racemic poly-(R)-1 (CD380 = 0) toward an M helical sense

Scheme 1. Preparation of Hybrid PPA−MNPs Using Supramolecular Amide/PPA−MNP Interactions

Figure 1. Chemical structures of monomers and polymers used in this
work.
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(CD380 < 0) due to the complexation of poly-(R)-1 with Ag+ to
form the poly-(R)-1/Ag+ complex in a 1.0/0.5 mol/mol ratio
(Figure 2a,b).18 Next, 1 equiv of the reducing agent (NaBH4, 1
mg·mL−1, MeOH) was added to the solution mixture. CD
studies showed anM (CD380 < 0) to P helical inversion (CD380
> 0) (Figure 2a,b). Simultaneously, the appearance of an LSPR
band in the UV−vis spectrum around 404 nm was observed,
indicating the formation of spherical AgNPs (Figure 2c).
Moreover, Fourier transform infrared (FT-IR) and 1H NMR
studies confirmed the formation of the poly-(R)-1-AgNPs/Na+

hybrid material (see the Supporting Information). This
nanocomposite showed little stability in solution over time,
forming aggregates that were detected by the depletion of the
LSPR band (see the Supporting Information, Figure S23). To
prevent the aggregation of the poly-(R)-1-AgNPs/Na+ nano-
composite and improve its stability in the solution, 1-
dodecanethiol was used as a coprotecting agent.
Thus, 0.2 equiv of 1-dodecanethiol was added to a

dispersion of poly-(R)-1-AgNPs/Na+ immediately after
addition of the reducing agent. In these conditions, the poly-
(R)-1-AgNPs/Na+/dodecanethiol nanocomposite shows an
LSPR band at ca. 412 nm, whose intensity does not vary
with time, therefore confirming the presence of a stable poly-
(R)-1-AgNPs/Na+ hybrid material (Figure 2c).
The morphology of the poly-(R)-1-AgNPs/Na+/dodecane-

thiol nanocomposite was studied by electron microscopy
studies. To this end, a solution of the poly-(R)-1-AgNPs/Na+/
dodecanethiol nanocomposite was drop-cast onto a silicon
wafer and a carbon grid for scanning (SEM) and transmission
electron microscopy (TEM) studies, respectively. The images
obtained from these studies showed the presence of small and
regularly distributed AgNP nanospheres (2.8 ± 0.6 nm), which

are randomly distributed along the helical polymer periphery
and separated ca. 3.1 nm, a value that is coincident with the
helical pitch of poly-(R)-1 (Figure 2d,e and the Supporting
Information, Figures S21 and S25).
Hence, the helical PPA acts as a template by fixing the Ag+

ions on the amide groups of the polymer. Further reduction of
these silver ions to Ag° leads to the formation of AgNPs
regularly aligned on the polymer.
An interesting effect observed during the formation of the

poly-(R)-1-AgNPs/Na+ nanocomposite that deserves to be
explained is the helical inversion from M to P produced in
poly-(R)-1 when Ag+ in the poly-(R)-1/Ag+ complex is
reduced to Ag° using NaBH4.
From previous studies, it is known that poly-(R)-1 behaves

as axially racemic in CHCl3, a mixture of P and M helices in
equal populations. The addition of perchlorate salts of
monovalent metal ions such as Li+, Na+, or Ag+ to a
chloroform solution of poly-(R)-1 leads to the formation of
a poly-(R)-1/M+ complex, where the metal ion coordinates the
carbonyl of the anilide group and establishes a cation−π
interaction with the aryl ring of the pendant. The strength of
the cation−π interactions depends on the nature of the metal
cation. For instance, only a few examples of Na+−π complexes
have been published, being known that cation−π interactions
with Na+ are weaker than with Li+.41−45

As a result, an antiperiplanar conformation of the (O−)C
C(O) bond is fixed in the pendant (Figure 2a), which
induces an excess of M helical sense in the PPA.18,38

Nevertheless, in the special case of the poly-(R)-1/Na+

complex, it was found that the addition of a donor solvent
such as MeOH disrupts the cation−π interaction and promotes
the formation of a new chelate between the Na+ ion and the

Figure 2. (a) Schematic representation of the M helix induction of poly-(R)-1 by complexation with Ag+ followed by reduction with NaBH4 to
form the desired poly-(R)-1-AgNPs/Na+ followed by further stabilization with dodecanethiol. (b) CD spectra of poly-(R)-1/Ag+, poly-(R)-1-
AgNPs/Na+, and poly-(R)-1-AgNPs/Na+/dodecanethiol. (c) UV−vis spectra for poly-(R)-1/Ag+, poly-(R)-1-AgNPs/Na+, and poly-(R)-1-AgNPs/
Na+/dodecanethiol. (d) Molecular model of poly-(R)-1-AgNPs. (e) Transmission electron microscopy (TEM) images of poly-(R)-1-AgNPs/Na+/
dodecanethiol.
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carbonyl and methoxy groups of the pendant moiety (Figure
3).41 As a consequence, a synperiplanar conformation of the
(O−)CC(O) bond is stabilized in the pendant, inducing
a P helix in the PPA.41 Therefore, an M to P helix inversion
occurs in the poly-(R)-1/Na+ complex through activation/
deactivation of the cation−π interaction.41

This information suggests that the helix inversion that
occurs when poly-(R)-1/Ag+ is transformed into poly-(R)-1-
AgNPs/Na+ may be related to the presence of Na+ ions
introduced with the NaBH4 reducing agent, poly-(R)-1-
AgNPs/Na+, and not to the AgNPs themselves. Hence, several
experiments were carried out to confirm this hypothesis.
Use of Metal Scavenger Resins. The poly-(R)-1-AgNPs/

Na+/dodecanethiol nanocomposite was dispersed in chloro-
form (0.3 mg·mL−1), positive CD, P helix. The addition of a
metal scavenger resin (Quadrapure IDA) produces an axially
racemic helix, similar to that observed for poly-(R)-1 when
dissolved in chloroform in the absence of metal ions (Figure
3b). UV−vis studies of the poly-(R)-1-AgNPs/Na+/dodeca-
nethiol nanocomposite after treatment with the metal
scavenger resin show the LSPR band of spherical AgNPs,
indicating that the nanocomposite remains unaltered before
and after the addition of the scavenger (Figure 3c).
This experiment indicates that the P helical sense induced in

the poly-(R)-1-AgNPs/Na+/dodecanethiol nanocomposite is
due to the presence of Na+ ions from NaBH4, which form
complexes with the hybrid material, poly-(R)-1-AgNPs/Na+/
dodecanethiol. The addition of a metal scavenger resin
removes the Na+ ions from the dispersed nanocomposite,
poly-(R)-1-AgNPs/dodecanethiol hybrid material, which re-

covers its highly dynamic behavior (equal mixture of P and M
helices) (Figure 3a).

LiBH4 as a Reducing Agent. From previous studies, it is
known that the poly-(R)-1/Na+ complex can selectively adopt
an M or P helical sense by activation/deactivation of cation−π
interactions. In the case of the poly-(R)-1/Li+ complex,
disruption of the cation−π interaction is not possible, and as a
result, only an M helix can be induced in that complex (see the
Supporting Information, Figure S27).41

Thus, when LiBH4 is used as a reducing agent to produce
the poly-(R)-1-AgNPs/Li+/dodecanethiol nanocomposite, an
M helix is induced in poly-(R)-1, opposite to the resulting P
helix when NaBH4 is used as reducer, poly-(R)-1-AgNPs/Na

+/
dodecanethiol nanocomposite, (see the Supporting Informa-
tion, Figure S27). The subsequent addition of a metal
scavenger resin to trap Li+ ions produces, as expected, the
formation of a macroscopically racemic poly-(R)-1-AgNPs
nanocomposite. This fact clearly indicates that the P and M
helical senses induced in the poly-(R)-1-AgNPs/Li+/dodeca-
nethiol hybrid material are due to the Na+ and Li+ ions present
in NaBH4 and LiBH4 and not due to the presence of AgNPs.

Dynamic Behavior of Poly-(R)-1-AgNPs/Dodecanethiol.
The dynamic behavior of axially racemic poly-(R)-1-AgNPs/
dodecanethiol was studied by adding 0.2 equiv of AgClO4 and
Ba(ClO4)2 as sources of monovalent and divalent metal ions,
[AgClO4 and Ba(ClO4)2] = 10 mg·mL−1, MeOH. In both
cases, large chiral enhancements were observed toward M,
poly-(R)-1-AgNPs/Ag+/dodecanethiol, and P, poly-(R)-1-
AgNPs/Ba2+/dodecanethiol, helices, similar to those obtained
for poly-(R)-1/Ag+ and poly-(R)-1/Ba2+, respectively (Figure
4b and the Supporting Information, Figures S32 and S33).

Figure 3. (a) Schematic illustration of the role of Na+ in the formation of poly-(R)-1-AgNPs/Na+ nanocomposites. (b) CD studies of poly-(R)-1-
AgNPs/Na+ prepared using NaBH4 before and after treatment with a metal scavenger resin and (c) UV−vis studies of a poly-(R)-1-AgNPs/Na+
prepared using NaBH4 before and after treatment with a metal scavenger resin.
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These results indicate that a supramolecular interaction
between the metal nanoparticle and the polymer does not
affect the dynamic helical behavior of the polymer. They also
reveal that poly-(R)-1-AgNPs/dodecanethiol follows a self-
adaptive mechanism, in which AgNPs lodge at different
locations in PPA in response to the helical structural changes
that the polymer undergoes.
Aggregation Control of Poly-(R)-1-AgNPs/Mn+/Dodeca-

nethiol Complexes. The ability of poly-(R)-1/Mn+/dodeca-
nethiol complexes to form nanostructures such as nano-
spheres18,38 was tested in the nanocomposite/Mn+ complex,
poly-(R)-1-AgNPs/Mn+, Mn+ = Ag+, Ba2+ (Figure 4a). Thus,
the poly-(R)-1-AgNPs/dodecanethiol nanocomposite was
dispersed in chloroform (0.3 mg·mL−1) and 0.2 equiv of
AgClO4 was added to form the poly-(R)-1-AgNPs/Ag+/
dodecanethiol complex in a 1.0/0.2 mol/mol ratio. DLS and
SEM show the formation of stable and low polydispersed
nanospheres (size: 163 ± 36 nm) (Figure 4c,d), which are
made of helical structures with an M helical sense excess
(CD380 < 0). Interestingly, it is possible to distinguish the
AgNP nanoparticles embedded in the nanospheres from the
SEM images (Figure 4d).
Similar experiments were carried for poly-(R)-1-AgNPs/

Ba2+/dodecanethiol in a 1.0/0.2 mol/mol ratio that led to the
formation of low polydispersed nanospheres (size: 61 ± 21
nm) with opposite macroscopic chirality (P helices, CD380 > 0)
(see Figure 4c,d and the Supporting Information, Figures S32
and S33).
Poly-(R)-2-AgNPs/Dodecanethiol Nanocomposite. Poly-

(R)-2-AgNPs/dodecanethiol was prepared using poly-(R)-2
as a template and resorting to the same methodology
developed to prepare the poly-(R)-1-AgNPs/dodecanethiol
nanocomposite. This polymer adopted an M helix (CD380 < 0)

once was dissolved in chloroform (Figure 5a−c).40 Ulterior
addition of a methanolic solution of 0.5 equiv of AgClO4 (10
mg·mL−1) generated the poly-(R)-2/Ag+ complex by coordi-
nation of the Ag+ ions to the carbonyl group of the pendant,
although no helical changes were observed in poly-(R)-2
(CD380 < 0) (Figure 5a−c). Next, the formation of the poly-
(R)-2-AgNP/dodecanethiol nanocomposite was achieved by
adding NaBH4 as a reducing agent (see the Supporting
Information for a full structural characterization). TEM studies
of the poly-(R)-2-AgNP/dodecanethiol nanocomposite in-
dicated the role of the amide group in the stabilization of
AgNPs. In this case, the presence of a strong electron-
withdrawing group (−CF3) in poly-(R)-2 diminishes the
donor capacity of the amide function. This fact has a great
effect on the stabilization of AgNPs, which leads to the
formation of irregular, polydispersed, and randomly distributed
AgNPs within the poly-(R)-2-AgNP/dodecanethiol nano-
composite (Figure 5d).

■ CONCLUSIONS
A novel approach to obtain PPA−AgNP nanocomposites
without altering the dynamic behavior of the parent polymer is
described.
Weak amide−AgNP supramolecular interactions are used to

prepare chiral dynamic nanocomposites. To perform these
studies, poly-(R)-1, bearing 4-anilide of (R)-α-methoxy-α-
phenylacetic acid was chosen as a protecting agent. First, a
poly-(R)-1/Ag+ complex is formed in a 1.0/0.5 mol/mol ratio,
which is further reduced to the poly-(R)-1/AgNPs/Na+/
dodecanethiol nanocomposite using NaBH4 as a reducing
agent. TEM studies of the nanocomposite show that the
AgNPs are regularly distributed along the polymer chain. Poly-
(R)-1 acts as a template by placing the AgNPs at fixed

Figure 4. (a) Chiral enhancement of poly-(R)-1-AgNPs nanocomposites by addition of 0.2 equiv of Ag+ and Ba2+. (b) CD studies of poly-(R)-1-
AgNPs/Ag+/dodecanethiol and poly-(R)-1-AgNPs/Ba2+/dodecanethiol complexes. (c) Dynamic light scattering (DLS) studies of poly-(R)-1-
AgNPs/Ag+/dodecanethiol and poly-(R)-1-AgNPs/Ba2+/dodecanethiol complexes. (d) SEM images of poly-(R)-1-AgNPs/Ag+/dodecanethiol and
poly-(R)-1-AgNPs/Ba2+/dodecanethiol nanospheres.
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distances of 3.1 nm, which corresponds to the helical pitch of
poly-(R)-1. Stimuli-responsive studies show that the poly-(R)-
1/AgNPs/dodecanethiol nanocomposite responds to mono-
valent and divalent metal ions just like the parent polymer,
poly-(R)-1, does. Hence, a P helix is induced by monovalent
metal ions, while an M helix is fixed when divalent metal ions
are added to a dispersion of the hybrid material. Moreover,
during these studies, the ability of the poly-(R)-1/AgNPs/
Mn+/dodecanethiol nanocomposite to form other nanostruc-
tures such as nanospheres was also demonstrated.

■ EXPERIMENTAL SECTION
Chemicals. Commercially available chemicals were used as

delivered. Solvents were purchased of reagent grade and distilled if
necessary. Anhydrous solvents were either purchased as ultradry
solvents from Acros Organics or received from a solvent purification
system. For the coupling and polymerization reactions, dry
tetrahydrofuran (THF) was obtained from an MBRAUN SPS 800
solvent purification system. Water was purified by a Millipore water
purification system. Coupling reagents (2-(7-aza-1H-benzotriazole-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate) (HATU), 1-
hydroxy-7-azabenzotriazole (HOAT), 4- ethynylbenzoic acid, and 4-
ethynylaniline were purchased from AnaSpec Inc. (R)-α-Methox-
yphenylacetic acid, (R)-α-methoxy-α-trifluorophenylacetic acid, oxalyl
choride, rhodium norbornadiene chloride dimer {[Rh(nbd)Cl]2},

diisopropyltriethylamine (DIEA), triethylamine (TEA, 99%), dodec-
anethiol, sodium borohydride (NaBH4), silver perchlorate (AgClO4),
and barium perchlorate [Ba(ClO4)2] were purchased from Sigma-
Aldrich.

Instrumentation and Characterization. NMR experiments
were carried out in a Varian Inova 300 (300 MHz resonance 1H).
Size exclusion chromatography studies were performed on an Alliance
2695 HPLC (Waters) liquid chromatography system equipped with a
UV 2489 detector (Waters). The samples were eluted by three
Phenogel columns connected to each other with stationary phases of
103, 104, and 105 Å and packed with a solid support of a cross-linked
styrene and p-divinylbenzene copolymer. CD and UV measurements
were performed in a Jasco-720 spectropolarimeter and a Jasco-730
spectrophotometer, respectively, at a nanocomposite concentration of
0.3 mg·mL−1. FT-IR measurements were carried out on a Bruker IFS-
66v. DLS studies were performed on a Nano-ZS 90 (Malvern)
equipped with a He−Ne laser (l = 633 nm) under a scattering angle
of 173°. The samples were maintained at the designed temperature
for 5 min before testing. DLS measurements were carried out in all
cases at 0.3 mg·mL−1. SEM samples were performed on a LEO-435VP
electron microscope. SEM measurements were performed on a LEO-
435VP electron microscope equipped with an energy-dispersive X-ray
(EDX) spectrometer. TEM measurements were performed on a JEOL
JEM 2010 and 200 kV as a voltage. To study the nanocomposite or
the nanospheres, the same protocol was used. A dispersion of the
nanocomposite or the nanospheres at a concentration of 0.3 mg·mL−1

was drop-casted onto a silicon wafer chip and allowed to dry at rt for
12 h for SEM studies, while in the case of TEM studies, the dispersed
materials were drop-casted onto a carbon chip and allowed to dry at rt
for 12.h.
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