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ABSTRACT: Amphiphilic aromatic polymers have been
synthesized by grafting aliphatic polyketones with 4-
(aminomethyl)benzoic acid at different molar ratios via the
Paal−Knorr reaction. The resulting polymers, showing
diketone conversion degree of 16%, 37%, 53%, and 69%,
have been complexed with the redox-active 2,3,5-triphenyl-2H-
tetrazolium chloride, a precursor molecule with which
aromatic−aromatic interactions are held. Upon addition of
ascorbic acid to the complexes, in situ reduction of the
tetrazolium salt produced 1,3,5-triphenylformazan nanopar-
ticles stabilized by the amphiphilic polymers. The stabilized
nanoparticles display highly negative zeta potential [−(35−70)
mV] and hydrodynamic diameters in the submicron range (100−400 nm). Nonaromatic polyelectrolytes or hydrophilic aromatic
copolymers showing low linear aromatic density and high linear charge density such as acrylate/maleate and sulfonate/
maleate−containing polymers were unable to stabilize formazan nanoparticles synthesized by the same method. The copolymers
studied here bear uncharged nonaromatic comonomers (unreacted diketone units) as well as charged aromatic comonomers,
which furnish amphiphilia. Thus, the linear aromatic density and the maximum linear charge density have the same value for each
copolymer, and the hydrophilic/hydrophobic balance varies with the diketone conversion degree. The amphiphilia of the
copolymers allows the stabilization of the nanoparticles, even with the copolymers showing a low linear aromatic density. The
method of nanoparticle synthesis constitutes a simple, cheap, and green method for the production of switchable totally organic,
redox-active, pH-sensitive nanoparticles that can be reversibly turned into macroprecipitates upon pH changing.

1. INTRODUCTION

Stimuli-responsive materials undergo changes in their chemical,
mechanical, or physical properties in response to external
triggers,1−4 such as thermal,5 electrical,6 light,7,8 and chemical9

stimuli. Devices can be designed by embedding molecules that
respond to such external stimuli into polymeric materials.10,11

In addition, these molecules may be confined and stabilized in
responsive nanoparticles.12−14 The in situ reduction of water-
soluble organic molecules in the presence of aromatic polymers
is a new, simple, cheap, and green method for the production of
total organic redox-active responsive nanoparticles avoiding the
use of organic solvents (see Figure 1).15 Thus, the in situ
reduction of the redox-active 2,3,5-triphenyl-2H-tetrazolium
chloride (TTC) in the presence of an aromatic polyelectrolyte
such as poly(sodium 4-styrenesulfonate) (PSS) has been
reported to produce nanoparticles of the uncharged 1,3,5-
triphenylformazan (TF) stabilized by the aromatic polyelec-
trolyte.15 These nanoparticles respond to oxidizing environ-
ments by color change. The underlying strategy of this

synthesis is that the precursor molecule undergoes short-
range aromatic−aromatic interactions with the aromatic
polyelectrolyte, releasing water from its hydration sphere, so
that the reduction reaction is held in the polymer domain.
Performing the redox reaction in the presence of styrenesul-
fonate/maleate copolymers, showing lower linear aromatic
density but higher linear charge density than PSS, did not allow
the production of such nanoparticles since the polymers were
unable to stabilize them.15 Here, we hypothesize that the excess
of charges over the aromatic groups is responsible for the lack
of stabilization ability of these polymers due to their high
hydrophilia, so that retention of the precursor molecule in the
polymer domain is minimized since the molecules remain
hydrated. Thus, for copolymers showing a low linear aromatic
density, the confinement of the low-hydrated precursor
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molecule and stabilization of the resulting particles after redox
reaction may be enhanced if the amphiphilia of the
polyelectrolyte is increased, so that amphiphilic copolymers
bearing uncharged nonaromatic comonomers as spacers
between charged aromatic comonomers in the main chain,
showing both low linear aromatic density and low linear charge
density, may also be used to produce the responsive
nanoparticles.
The chemical modification of aliphatic polyketones with

primary amines via the Paal−Knorr reaction16 allows the
synthesis of an uncountable number of copolymers with
different pendant groups, which may be selected to afford
almost any chemical functionality.17−20 The functionalization
reaction is solvent and catalyst free; it can be carried out in one
pot, and it yields water as its only byproduct. The reaction
converts 1,4-diketone groups in pyrrole groups. Thus, the
resulting copolymers show a hydrophobic backbone composed
of unreacted ketones and substituted pyrroles; by choosing
charged or polar pendant groups in the pyrrole substituents,
amphiphilic polymers with different copolymer composition
may be produced showing different hydrophobic/hydrophilic
balance.
In this paper, the synthesis of amphiphilic copolymers

showing different linear aromatic and charge density will be
shown, based on the Paal−Knorr reaction of aliphatic
polyketones with different amounts of 4-(aminomethyl)benzoic
acid (ABA). The ability of the different copolymers to undergo
aromatic−aromatic interaction with the redox-active precursor
molecule TTC will be explored by 1H NMR. In situ reduction
of the precursor molecule in the presence of the different
copolymers will be held with the aid of ascorbic acid (ASC),
and the formation of totally organic nanoparticles of TF
stabilized by the different amphiphilic polyelectrolytes will be
evaluated. In addition, due to the weak-acid nature of the
benzoic residue, the sensitivity to the pH of the formed
nanoparticles will be studied.

2. EXPERIMENTAL SECTION

2.1. Materials. Aliphatic polyketones made of ethylene,
propylene, and carbon monoxide were synthesized according to
a reported procedure,21,22 yielding a polyketone with hydro-
carbon segments composed of 50 mol % ethylene and 50 mol
% propylene (PK50, MW 3636 g/mol). Sodium alginate (ALG,
Buchi, MW 198 g/mol of monomeric units), glycerol (Sigma-
Aldrich, MW 92 g/mol), 4-(aminomethyl) benzoic acid (ABA)
(Sigma-Aldrich, MW 151.16 g/mol, 97%), 2,5-hexanedione
(Sigma-Aldrich, MW 114.14 g/mol, 98%), 2,3,5-triphenyl-2H-
tetrazolium chloride (TTC) (Merck, MW 334.80 g/mol, 95%),
1-propanol (Sigma-Aldrich), dimethyl sulfoxide-d6 (Sigma-
Aldrich), HNO3 (Caledon 16.64 M), HCl (Sigma-Aldrich),
and NaOH (Merck) were used as received. Milli-Q water was
used to prepare the different solutions.

2.2. Equipment. 1H NMR spectra were recorded using a
Varian Mercury Plus 400 MHz spectrometer. ATR FT-IR
measurements were done in a Thermo Nicolet NEXUS 670
FT-IR. Elemental analyses were done in a Euro EA elemental
analyzer. The pH was controlled with a pH-meter, Seven2Go.
Scanning transmission electron microscopy (STEM) analyses
were done in an Inspect 50 microscope (FEI). Dynamic light
scattering (DLS) measurements were done in a Nano ZS
zetasizer equipment (Malvern) with backscatter detection
(173°), controlled by the Dispersion Technology Software
(DTS 6.2, Malvern). UV−vis spectra were recorded in a Jasco
750 spectrometer. ALG films were prepared in a Wise Cube
(Wisd) incubator.

2.3. Methods. Model Compound. 2,5-Hexanedione was
used as a model system to allow for a precise assignment of 1H
NMR signals after the Paal−Knorr reaction with ABA. The
reaction between stoichiometric amounts of ABA and 2,5-
hexanedione was performed in a 100 mL round-bottom flask
equipped with a magnetic stirrer, a reflux condenser, and an oil
bath. First, 2.05 g of 2,5-hexanedione (0.018 mol) and 2.72 g of
ABA (0.018 mol) were dissolved in 1-propanol (30 mL).
Although the Paal−Knorr reaction may be performed in
general without the use of any solvent, in this work the

Figure 1. In situ formation of totally organic nanoparticles from redox-active organic molecules able to undergo aromatic−aromatic interactions with
aromatic polyelectrolytes.

Figure 2. Functionalization of aliphatic polyketones with ABA via the Paal−Knorr reaction.
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functionalization was carried using 1-propanol because the
primary amine was obtained as a powder. The reaction was
carried out at 100 °C under stirring (700 rpm) for 24 h. The
sample was then placed in a 50 °C oven for 48 h to evaporate
the solvent. 1H NMR spectra were recorded using dimethyl
sulfoxide-d6 as solvent: δ = 2.2 ppm (s, 6 H, CH3), 5.1 ppm (s,
2H, CH2), 5.8 ppm (s, 2H, CHCH), 6.96 ppm (d, 2H,
benzoic-H), 7.89 (d, 2H, benzoic-H).
Polyketone Modification. The functionalization of PK50

with ABA (see Figure 2) was carried out at different 1,4-
dicarbonyl/primary amine molar ratios (see Table 1). Around
20 g of PK50 and the appropriate amount of ABA was dissolved
in 1-propanol in a 100 mL round-bottom flask equipped with
magnetic stirrer, reflux condenser, and an oil bath. The reaction
was carried out at 100 °C under stirring (700 rpm) for 24 h.
The solvent was then evaporated in a vacuum oven at 50 °C for
48 h. The dried polymers were ground and washed three times
with deionized Milli-Q water to remove any unreacted ABA.
The remaining water was removed by freeze-drying for 48 h.
The resulting polymers were characterized by ATR FT-IR and
1H NMR using dimethyl sulfoxide-d6 as solvent. The carbonyl
conversion (x) is defined as the molar fraction of 1,4-dicarbonyl
units converted via the Paal−Knorr reaction, and, on the basis
of elemental analysis, is calculated following eq 1.19

=
+ −

x
NM

nM N M M( )
c

N c p (1)

Here N is the nitrogen content (in g) per g of polymer, MN the
atomic mass of nitrogen (14 g/mol), n the number of nitrogen
atoms present in the converted 1,4-dicarbonyl segment (1 in
this case), Mp the molecular weight of the converted 1,4-
dicarbonyl segment (241 g/mol in this case), and Mc the
molecular weight of the nonconverted 1,4-dicarbonyl segment
(126 g/mol in this case). Mp andMc were calculated taking into
account the presence of ethylene and propylene in the original
polyketone copolymer PK50 at a 1:1 ratio. In order to adjust
the stoichiometry of charged groups when using the polyketone

derivatives, we consider a polymeric molecular weight given in
g/mol of basic groups (M+, see Table 1) following eq 2:19

=
+

+M
xM yM

xz
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where y is the fraction of nonconverted 1,4-dicarbonyl groups,
provided that x + y = 1, and z is the number of atoms
susceptible to protonate in the converted repetitive unit, in this
case 1, provided that the dicarbonyl moieties are not susceptible
to protonation.

Nanoparticle Preparation. Stock aqueous solutions of
PK50ABA37, -53, and -69 (0.1 M), and TTC (0.1 M) were
carried to pH 12 using minimum amounts of NaOH (1 M). A
stock solution of ASC at 1.2 × 10−2 M was also prepared.
Definite amounts of water, TTC, and polymer stock solutions
were mixed until the desired molar concentrations were
reached. Then, a small excess of ASC over TTC (1.2-fold in
mol) was added to the mixture, together with NaOH to ensure
pH 12. Particular conditions are given in the figure captions.
STEM images were obtained by sticking a droplet (10 μL) of
the nanoparticle suspension on a copper grid (200 mesh,
covered with Formvar) for 2 min, then removing the droplet
with filter paper avoiding the paper touching the grid, then
washing twice the grid with a droplet of Milli-Q water for 1
min, and removing the droplet with filter paper. Later, the
sample was stained with a solution of 1% phosphotungstic acid
by sticking a droplet of this solution on the grid for 2 min and
removing the droplet with filter paper. Finally, the grid was
allowed to dry for at least 1 h before analysis. The
hydrodynamic diameter and zeta potential of the resulting TF
nanoparticles were analyzed by DLS at 25 °C. Results are
considered valid under the criteria of the DTS 6.2 software
(Malvern); correlograms of suspensions showing invalid results
of size may also be discussed.

ALG Film Preparation. A stock aqueous solution containing
2% ALG and 1% glycerol was mixed at a 1:1 volume ratio with
an aqueous solution containing TF/PK50ABAx nanoparticles

Table 1. PK50 and ABA Feed Ratios and the Corresponding x

polyketone derivative (PK50ABAx) PK50 (g) moles of dicarbonyl group ABA (g) moles of ABA N (%) x M+ (g/mol of basic groups)

PK50ABA16 19.49 0.15 4.68 0.031 1.52 0.16 903
PK50ABA37 19.52 0.15 9.37 0.062 3.10 0.37 456
PK50ABA53 19.73 0.16 14.20 0.093 3.98 0.53 353
PK50ABA69 19.10 0.15 18.33 0.12 4.54 0.69 298

Figure 3. 1H NMR (A) and ATR FT-IR (B) spectra of PK50ABAx at x values of 0.0 (a), 0.16 (b), 0.37 (c), 0.53 (d), and 0.69 (e).
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obtained after reduction, with 1.2 × 10−3 M of ASC, of a
mixture of TTC at 1.0 × 10−3 M and PK50ABAx at a
concentration of 2 × 10−3 M. Then, 3 mL portions of the
resulting suspensions were poured into plastic plates of 2.5 cm
of diameter, and left to dry in the incubator for 18 h at 37 °C
and 30 rpm. Once the transparent films were formed, they were
characterized by absorption UV−vis spectroscopy using a clean
plastic plate as background. Discoloration of the films was
assayed with nitrous vapors in a laboratory fume hood. A 20
mL portion of concentrated HNO3 was placed in a 100 mL
flask. The flask was covered with Parafilm M, and holes were
practiced with a needle. The ALG films were subsequently
detached from the plastic plates, and placed on top of the
Parafilm-covered 100 mL flask. Then, Cu0 plates of 260 mg
were carefully dripped into the HNO3 solution, and the whole
system was immediately covered with an inverted 1 L flask. The
films were exposed to the nitrous vapors for 15 min, and then
left to aerate for 30 min before analysis by UV−vis.

3. RESULTS AND DISCUSSION
3.1. Polyketone Modification. After polymer synthesis

and purification, the products were analyzed by elemental
analysis in order to calculate x. The result can be seen in Table
1. It can be seen that the conversion was not quantitative
concerning the stoichiometry of the primary amine included in
the feed, especially for the highest x intended. Thus, at molar
ratios in the feed of 80, 60, 40, and 20%, the values of x
achieved were 0.69, 0.53, 0.37, and 0.16, respectively, values
that are included in the respective code names of the polymers
(PK50ABAx). The successful functionalization of PK50 with
ABA was confirmed by ATR FT-IR and 1H NMR spectros-
copies. The broad peaks observed in NMR spectra are a result
of the polymeric nature of the molecules together with the
statistical distribution of ethylene and propylene (Figure 3A).23

The assignment of the signals can be contrasted with that of the
model compound NMR signals described in the Experimental
Section. The polymers display a pyrrole ring whose protons
appear between 5.5 and 6.0 ppm (proton 1). Methylene
protons found between the pyrrole ring and the benzoic group
(proton 2) can be found at around 5 ppm. Finally, the signals at
6.7 and 7.7 ppm are assigned to protons of the benzoic group
(protons 3 and 4). On the other hand, the ATR FT-IR spectra
of the polymers can be seen in Figure 3B. The intensity of the
IR signal of the carbonyl stretching (νCO ≈ 1700 cm−1)
decreases when the 1,4-dicarbonyl moieties are converted into
pyrrole rings via the Paal−Knorr reaction,24 corresponding to
the disappearance of two ketone carbonyls and appearance of

one carboxylate carbonyl. The intensity of the scissoring
bending vibration of the CH2 next to the carbonyl group and
the symmetrical bending vibration of the CH3 (1399−1350
cm−1) decreases with x. Simultaneously, a weak broad peak
corresponding to the hydrogen bonding between the carboxylic
groups (3700−2000 cm−1), two peaks corresponding to the
asymmetrical and symmetrical stretching of CH (2969 and
2873 cm−1, respectively), a series of weak peaks corresponding
to the CN and CC stretching of the pyrrole ring and
benzoic group (1650−1500 cm−1), and the peak corresponding
to the out-of-plane CH bending of the benzoic group (745
cm−1) increasingly appear upon increasing x.
Finally, the solubility in water of the different copolymers

was analyzed. PK50ABA16 was not soluble in water, due to the
low content of hydrophilic groups. Since the benzoic group is a
weak acid, the polymers are pH-responsive, so that
PK50ABA37, PK50ABA53, and PK50ABA69 are insoluble in
water at acidic pH, but soluble, or at least dispersible, at basic
pH, as shown in Figure 4. The transition between the two
macroscopic phases is analyzed by DLS. Although the
correlograms do not show accurate apparent particle size,
there is an evident change in them upon macroprecipitation,
that allows identification of the transition between both phases
at pH falling in the range 6−7 for PK50ABA37, 4.4−6 for
PK50ABA53, and 4−5 for PK50ABA69, as can be also seen in
Figure 4, showing a shift to lower values as the linear charge
density increases.

3.2. Aromatic−Aromatic Interactions between
PK50ABAx and TTC. The three water-soluble amphiphilic
aromatic polyketones obtained at different x (PK50ABA37, -53,
and -69), and thus showing a respective increase on the linear
aromatic density, were mixed with 10-fold less concentrated
TTC, and the mixtures were analyzed by 1H NMR to
corroborate the occurrence of short-range aromatic−aromatic
interactions in D2O. The 1D spectra are shown in Figure 5.
Peaks corresponding to TTC protons were assigned according
to a previous work,25 as can be seen in Figure 5A. In the
presence of the aromatic polyketones, TTC signals undergo
peak broadening, related with a decrease in molecular mobility,
and upfield shifting, as a consequence of a different chemical
environment produced by the proximity of other aromatic rings
that produce magnetic fields associated with their aromatic
electron currents.25−28 As x increases, and thus the linear
aromatic density, the shifting of the signals also increases; for
instance, the signal corresponding to TTC proton 1 shifts from
8.4 to 8.04, 7.97, and 7.93 ppm in the presence of PK50ABA37,
-53, and -69, respectively. In the case of the aromatic proton

Figure 4. Optical images of 10−3 M of PK50ABAx at acid (1) and basic (2) pH, and correlograms obtained upon titration of the corresponding basic
solutions with HCl, for x values of 0.37 (A), 0.53 (B), and 0.69 (C).
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signals of the polymers, upfield shifting in the range 0.01−0.04
ppm is also found (Figure 5B−D).
Definite evidence of the occurrence of short-range aromatic−

aromatic interactions between TTC and the copolymers, which
implies the release of water from the hydration shell of the
aromatic rings, thus undergoing intimate contact, may be
provided by 2D NOESY experiments. The results can be seen
in Figure 6. Cross-peaks appear between signals of TTC and
the copolymers, independent of their x, indicating magnet-
ization transfer across the space, a condition for which the
molecules should keep a mutual distance lower than 5 Å.
3.3. TF Nanoparticles Stabilized by the PK50ABAx.

Reduction of 10−3 M of TTC with ASC in the presence of 10−2

M of PSS allows the formation of total organic nanoparticles of
TF stabilized by the aromatic polymer, but in the presence of
10−2 M of the corresponding alternating copolymer with
maleate the nanoparticles could not be stabilized.15 In order to
establish comparisons, we perform here reduction reactions at

the same conditions and concentration of the precursor
molecule and the amphiphilic aromatic copolymers PK50ABAx,
i.e., at 10−2 M of the copolymer aromatic groups, and 10-fold
less concentrated TTC. As in the case when the concentration
is 10−3 M, at the concentration of 10−2 M the pristine polymers
formed clear solutions. However, it can be seen in Figure 7 that
the reduction of TTC produced the formation of suspended TF
particles stabilized by all three copolymers, independent of the
value of x, witnessed by the opalescent appearance of the
suspensions, and corroborated by STEM and DLS analyses
whose results are shown, respectively, in Figures 8 and 9. This
confirms our hypothesis, so that the amphiphilia of the
polyelectrolyte enhances the stabilization of the particles, so
that amphiphilic polymers showing low linear aromatic density
and low linear charge density may also be used to produce
responsive nanoparticles.

Figure 5. 1H NMR spectra in D2O of TTC 10−3 M (A), PK50ABAx
10−2 M (a), and their corresponding mixtures (b), at x values of 0.37
(B), 0.53 (C), and 0.69 (D).

Figure 6. 600 MHz NOESY spectra in D2O of 10−3 M of TTC in the
presence of 10−2 M of PK50ABA37 (A), PK50ABA53 (B), and
PK50ABA69 (C).
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STEM results show (Figure 8), after deposition of the
suspensions in copper grids, nanoparticles of size of the same
order of magnitude of that shown by DLS in Figure 9,
indicating that the nanoparticles are probably solid nano-
precipitates.
Monodisperse distributions of TF nanoparticles stabilized by

the polymers are found not only at these conditions, but also at
increasing concentrations of the precursor molecule TTC, at
least in the range of TTC/polymer of 0.1−1.0, as can be seen in
Figure 9. The size of the particles ranged between 110 and 400
nm, being higher at lower TTC/polymer ratio. The PDI values
ranged between 0.06 and 0.21, showing a narrow distribution of
particle size, as can be also inferred after analysis of the STEM
images shown in Figure 8. The zeta potential stayed at absolute

Figure 7. Optical images of samples containing 10−2 M of PK50ABA37 (A), PK50ABA53 (B), and PK50ABA69 (C), in the presence of 10−3 M of
TTC (1) and in the presence of TF (2) after reduction of 10−3 M of TTC with ASC. (D) TF precipitates after reduction of 10−3 M of TTC with
ASC.

Figure 8. STEM images of deposits on copper grids of suspensions of stabilized TF nanoparticles obtained after reduction of 10−3 M of TTC with
ASC in the presence of 10−2 M of PK50ABA37 (A), PK50ABA53 (B), and PK50ABA69 (C).

Figure 9. Apparent size (filled symbols) and zeta potential (empty
symbols) of TF nanoparticle samples containing 10−2 M of
PK50ABA37 (▲, △), PK50ABA53 (■, □), and PK50ABA69 (⧫,
◇), obtained after reduction of variable amounts of TTC with ASC.

Figure 10. Optical images after reduction of 5 × 10−4 M of TTC with ASC in the presence of 10−3 M of PK50ABA37 (A), PK50ABA53 (B), and
PK50ABA69 (C) at acid (1) and basic (2) pH, and apparent size (⧫) and zeta potential (■) of the resulting TF/polymer suspensions upon titration
as a function of pH. TF in water after reduction of 5 × 10−4 M of TTC with ASC (D).
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values high enough to ensure stability of the particles in time, at
least for 7 days.
When the concentration of the precursor TTC takes values

of 5 × 10−4 M or less, the reduction product TF becomes
soluble (or at least dispersible), as can be seen in Figure 10D.
Titration of the corresponding nanoparticles stabilized at basic
pH by the different polymers at a concentration of 10−3 M,
comparable to titrations shown in Figure 4, showed that the
precipitation of the polymers at acidic pH involves
coprecipitation of the TF molecules (see Figure 10A−C),
since the supernatant does not show the characteristic red color
of TF. At pH over the transition pH between the suspended
and the precipitate phases, nanoparticles of apparent size
ranging between 170 and 300 nm were found, showing PDI
values ranging between 0.18 and 0.44, and the corresponding
negative zeta potential achieved absolute values higher than 35
mV, which allows the nanoparticles to be stable for at least 7
days.
The phase transition shown in Figure 10 witnesses that the

formulations, which involve both PK50ABAx and TF are pH-
sensitive. Interestingly, once the material precipitated at low
pH, increasing the pH to values higher than the transition pH
allows the stabilized TF nanoparticles to be reconstituted. This
can be done at least for 6 cycles. Our experimental results show
that, taking into account the three systems and 6 cycles, the
apparent size of the reconstituted nanoparticles ranged between
156 and 246 nm, with PDI ranging between 0.12 and 0.41, and
zeta potential ranging between −26 and −40 mV.
3.4. Final Remarks. Aromatic−aromatic interactions are

common in nature and synthetic systems29−32 and play a
pivotal role in the stability of the DNA double helical
structure,33,34 molecular recognition,35 and protein structure
and functionality.36,37 Aromatic−aromatic interactions in water
are reinforced by the hydrophobic effect, with both an enthalpic
and an entropic contribution to the free energy by water
released from the hydration spheres of the aromatic solutes.38

In addition, long-range electrostatic interactions do also
contribute to the complexation between polyelectrolytes
bearing charged aromatic groups and complementary charged
aromatic low-molecular-weight molecules by aromatic−aro-
matic interactions.15,25,27,28,39−41 Once both species approach
each other, and water molecules from the respective hydration
spheres are released, site-specific short-range interactions, such
as π-stacking, cation−π interaction, hydrogen bonding, or
short-range electrostatic interactions, contribute to the strong
binding with a preferential geometry. If ion pairs are formed
between the complementary charged aromatic moieties, these
ion pairs may be stabilized in hydrophobic environments
furnished by their self-aggregation, as clearly shown for the
interaction between the aromatic polyelectrolyte PSS and
xanthene dyes.28,41−45

In this context, copolymerization of charged aromatic
monomers with charged nonaromatic ones gives rise to highly
charged polymers bearing tunable linear aromatic density. The
behavior of these copolymers is intermediate between aromatic
polyelectrolytes and nonaromatic ones. Indeed, the non-
aromatic charged segments furnish hydrophilia and rigidity to
the polymer chain, so that the stabilization of ion pairs formed
between the aromatic comonomers and aromatic counterions
in hydrophobic environments is jeopardized. This has been
observed for copolymers of PSS and maleic acid showing
different linear charge and aromatic density upon interaction
with several molecules,15,26,40,44,45 including TTC.26,40 As a

consequence of this, TF nanoparticles synthesized by the same
method used here could only be stabilized by the polymers PSS
and poly(sodium 4-styrenesulfonate-co-maleic acid) at a
comonomer composition 3:1 [P(SS3-co-MA1)], but not in the
presence of the corresponding copolymer at a comonomer
composition 1:1 [P(SS1-alt-MA1)], or the comparable non-
aromatic polyelectrolyte poly(acrylic acid-alt-maleic acid)
[P(AA1-alt-MA1)].

15

In this work we can see, however, that increasing the
hydrophobia of the polyelectrolytes, it is possible to produce
TF nanoparticles stabilized by the copolymers showing a low
linear aromatic density. The PK50ABAx copolymers show
nonaromatic comonomers which are uncharged. In addition,
since the charged aromatic moieties are relatively far from the
backbone, and linked to aromatic pyrrole groups in the
backbone through a methylene spacer, a hydrophobic environ-
ment is easily furnished to ion pairs formed with the aromatic
precursor molecule, which further will stabilize the TF resulting
nanoparticles upon reduction with ASC.
Applications of these nanoparticles may stand on the redox

properties of the TTC/TF couple, accompanied by color
change, as have been used at a molecular level for the detection
of bacteria,46 to quantify reducing carbonyl groups in
cellulose,47 to determine mammalian cell growth,48 and to
sense metal ions.49 The stabilized TF nanoparticles may be
easily incorporated in devices and matrices from aqueous
suspensions, as for example in hydrogels.15 Another proof of
concept is shown here. The TF/PK50ABAx nanoparticles were
included in ALG films containing glycerol. As can be seen in
Figure 11A, acceptable homogeneity is afforded upon

suspension of the stabilized TF nanoparticles in ALG solutions
and subsequent solvent evaporation. The red color of the films
could be checked by absorption UV−vis measurements finding
a wide band at around 500 nm, as can be seen in Figure 11B.
After exposure of the films to nitrous vapors, oxidation of TF
occurs, and the red color of the films disappears, noticed both
at naked eye and by the disappearance of the band centered at
around 500 nm. This property may promote these colorimetric
responsive materials to be used as flow sensors and protection
materials where there is risk of the presence of oxidizing vapors,
such as in fractured or corroded pipelines, leaking joints, flow
chambers, fume hoods, etc. In addition, the TF/PK50ABAx
nanoparticles are sensitive to the pH, so that macroprecipitates
are formed under a definite pH between 4 and 6, which slightly
varies with the value of x. This property could be also used to
produce pH-responsive materials and devices. The functional-

Figure 11. (A) Optical images of ALG films containing TF
nanoparticles stabilized with PK50ABA37 (a1, a2), PK50ABA53 (b1,
b2), and PK50ABA69 (c1, c2), before (a1, b1, c1) and after (a2, b2,
c2) discoloration with nitrous vapors. (B) Corresponding UV−vis
spectra.
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ization of polyketones with primary amines by the Paal−Knorr
reaction can be considered a clean technology since no solvent
is needed and it affords water as the only byproduct of the
reaction. The synthesis of the PK50ABAx/TTC complexes, and
the reduction reaction to afford the TF nanoparticles, occurs in
water, without the need of any organic solvent. This technology
contributes, thus, to the fabrication of responsive materials
under the precepts of the green chemistry.

4. CONCLUSIONS
The production of redox-active, pH-sensitive, totally organic
stimuli-responsive nanoparticles via a simple, cheap, and green
method was accomplished utilizing the aromatic redox-active
precursor molecule TTC and the amphiphilic aromatic pH-
sensitive copolymers PK50ABAx. Water-soluble PK50ABAx
materials showing values of x of 69, 53, and 37 were
successfully synthesized by the chemical modification of the
aliphatic polyketone PK50 with 80%, 60%, and 40% molar ratio
in the feed of ABA, respectively, via the Paal−Knorr reaction.
Complexation of TTC with the amphiphilic copolymers
involves aromatic−aromatic interactions, as seen by 1D and
2D NOESY 1H NMR spectroscopy. In situ reduction of TTC
with ASC in basic media produced TF nanoparticles stabilized
by the amphiphilic aromatic polymers showing hydrodynamic
diameters in the range 100−400 nm, with low size
polydispersity and zeta potential in the range −35 to −70
mV. The nanoparticles can be reversibly turned into macro-
precipitates upon changing pH. The hypothesis that the
amphiphilia of the polyelectrolytes enhances the stabilization
of TF nanoparticles synthesized by the method shown here, so
that amphiphilic copolymers showing low linear aromatic
density and low linear charge density may produce responsive
nanoparticles, in contrast to hydrophilic copolymers showing
low linear aromatic density and high linear charge density, has
been corroborated. Applications of these nanoparticles may
stand on the redox properties of the TTC/TF couple,
accompanied by color change, as well as on their sensitivity
to the pH.
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(9) Gunnlaugsson, T.; Mac Dońaill, D. A.; Parker, D. Lanthanide
Macrocyclic Quinolyl Conjugates as Luminescent Molecular-Level
Devices. J. Am. Chem. Soc. 2001, 123, 12866−12876.
(10) Pino-Pinto, J. P.; Oyarzun-Ampuero, F.; Orellana, S. L.; Flores,
M. E.; Nishide, H.; Moreno-Villoslada, I. Aerogels Containing
5,10,15,20-Tetrakis-(4-sulfonatophenyl)-porphyrin with Controlled
State of Aggregation. Dyes Pigm. 2017, 139, 193−200.
(11) Sanhueza, L.; Castro, J.; Urzua, E.; Barrientos, L.; Oyarzun-
Ampuero, F.; Pesenti, H.; Shibue, T.; Sugimura, N.; Tomita, W.;
Nishide, H.; et al. Photochromic Solid Materials Based on Poly-
(decylviologen) Complexed with Alginate and Poly(sodium 4-
styrenesulfonate). J. Phys. Chem. B 2015, 119, 13208−13217.
(12) An, X.; Zhu, A.; Luo, H.; Ke, H.; Chen, H.; Zhao, Y. Rational
Design of Multi-Stimuli-Responsive Nanoparticles for Precise Cancer
Therapy. ACS Nano 2016, 10, 5947−5958.
(13) Motornov, M.; Roiter, Y.; Tokarev, I.; Minko, S. Stimuli-
Responsive Nanoparticles, Nanogels and Capsules for Integrated
Multifunctional Intelligent Systems. Prog. Polym. Sci. 2010, 35, 174−
211.
(14) Babin, J.; Lepage, M.; Zhao, Y. Decoration” of Shell Cross-
Linked Reverse Polymer Micelles Using ATRP: A New Route to
Stimuli-Responsive Nanoparticles. Macromolecules 2008, 41, 1246−
1253.
(15) Flores, M. E.; Garceś-Jerez, P.; Fernańdez, D.; Aros-Perez, G.;
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Muñoz, C.; Rivas, B. L. Interactions of 2,3,5-Triphenyl-2H-tetrazolium
Chloride with Poly(sodium 4-styrenesulfonate) Studied by Diafiltra-
tion and UV−vis Spectroscopy. J. Membr. Sci. 2004, 244, 205−213.
(40) Moreno-Villoslada, I.; Soto, M.; Gonzaĺez, F.; Montero-Silva, F.;
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