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ABSTRACT: Photochromic solid materials based on the
cationic polymer poly(decylviologen) are reported. The solids
were obtained by freeze-drying colloidal suspensions of
nanocomplexes obtained by mixing aqueous solutions of the
polycation with different solutions of polyanions such as
poly(sodium 4-styrenesulfonate) or sodium alginate, at a
cationic/anionic polymeric charge ratio of 0.7. The photo-
chromic responses of the solid materials fabricated with
alginate as complementary charged polyelectrolyte of the
cationic polyviologen are faster than those of the solid
materials fabricated with poly(sodium 4-styrenesulfonate),
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achieving coloration kinetics in the order of minutes, and discoloration kinetics in the order of hours for the former.
Aromatic—aromatic interactions between the latter polyanion and the polyviologen may stabilize the dicationic form of the
viologen derivative, increasing the necessary energy to undergo photoreduction, thus decreasing the reduction kinetics.

1. INTRODUCTION

N,N’-Disubstituted-4,4'-bipyridinium derivatives, also known as
viologens, have been widely investigated due to their interesting
photophysical' ™ and electrochemical properties,*™® with
potential technological applications in rechargeable batteries,”
solar cells,®* ' and electrochromic devices."'"'* In this context,
great interest has been devoted on the totally reversible redox
process between the pale yellow dication and the deep violet
radical cation states.'” Related polymeric viologen derivatives
can be easily prepared by the Menshuktin reaction, mixing
equimolar amounts of 4,4'-bipyridine and desired dihaloal-
kanes.'”"> The resulting polymers are dicationic in their natural
state, thus also water-soluble. The solubility in water of these
polymers may constitute a drawback when they must be
immobilized in different solid devices, such as electrochromic
devices or solid catalysts.'>'>"”

The colorless dication state of viologens can be also switched
to the respective colored radical cation state by a photoinduced
reduction. This process involves the promotion of an electron
from the counterion and derives in a change on the molecular
structure of the viologen unit.'"®"” In order to obtain improved
photochromic responses, some efforts have been made to attain
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a rapid photoswitching and control the lifetime of the colored
radical cation state.”® In general, it can be found that an ideal
photochromic material must present good photoswitching in
terms of reversibility and control of the kinetics of the color
exchange between both redox states.””” The modulation of
the photochromic response regarding viologen renders these
compounds as important materials to be applied in photo-
reduction of water,"*’ as oxygen sensors,”" electrooptical
devices,” erasable photomemory,”® etc. Several variables may
affect the photoreduction process, involving the nature of the
counterion, crystallinity of the samples, and the nature of the
medium where viologens are embedded.”” The nucleophilic
character of the counterions has been established as an
important factor to modulate the photoresponse of viol-
ogens;zg’29 in addition, the electron transfer from the
counterions to the bipyridinium molecule is enhanced if ion
pairs between the viologens and naked counterions are held. In
this sense, humidity reduces the photoreduction, probably due
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to the breakdown of the ion pairs through solvation, and
therefore stabilizing the charges of both the viologen and the
counterion, decreasing the energy of the oxidized form of the
viologen.” In the solid state, the photoreduction of viologens
are considerably enhanced when embedded in a dried polar
aprotic polymeric matrix such as poly(vinylpyrrolidone) (PVP),
whereas protic matrices such as poly(vinyl alcohol) (PVA)
produce a decrease on the photoresponse.””*”*? It has been
reported that isotropic materials resulted more photosensitive
than similar anisotropic materials, mainly due to the shorter
distances between the bipyridinium residue and the counterion,
making easier the transfer of an electron upon irradiation.”’™>*

Counterions as electron donating agents include halides,”
aromatic molecules with sulfonate groups,”””” and inorganic
clusters.”>*** In the particular case of hybrid systems based on
organic viologens and inorganic clusters, the latter are used as
electron donor moieties, playing, in addition, an important role
on the modulation of the network topologies and the physical
properties of these photochromic materials.”**> As an effective
strategy to enhance the photoresponse, viologens have been
also included in host—guest or interlocked complexes, where
the macrocycle host has the electron-donating property,
including 7-electron-donating groups.”*** Among the macro-
cycles used, cyclodextrins,”” benzocrown ethers,”® and cate-
nanes”® can be found. Macrocyclic viologen derivatives may
also be synthesized that act as hosts of z-electron-donating
molecules such as dimethoxybenzene and indole, producing
modulation of the resulting color after the photochromic
reaction.”

Color fading may take place in the dark through thermal back
electron transfer from the radical cation to a counter radical
anion or through oxidation of the radical cation in the presence
of molecular oxygen. Discoloration in the dark may consume
several days or even months. Sulfonate-modified viologens are
shown to last for at least one year in its reduced state in the
air.” In the particular case of host—guest complexes between
viologens and benzocrown ethers, it has been shown that the
faster kinetics of the bleaching process is consistent with the
stabilization energy of the complex between the donor host
molecule and the dication viologen, compared to the energy of
the complex with the radical cation.”® Differences in the
discoloration kinetics are reported to be a function of the
structural arrangements between viologens and their counter-
parts when they are inserted in polymer matrices.”” The matrix
in which viologens are embedded may have an active role in the
stabilization of the colored material, since may reduce oxygen
and water permeability.””** Examples of materials containing
viologen derivatives are reported showing color fading by O,
that are considered fast (from minutes to hours)*>*’ and very
fast (within § s).**

Different photochromic materials have been made using
viologens, such as organic films, crystals, and porous materials.
Photochromic porous materials have been mainly based on
metal—organic frameworks (MOFs).”**"** Porous crystalline
chemical sensors are quite interesting because of their quick,
reversible, and recyclable sensing ability. In addition to sensing
applications, porous materials containing viologens may be
used as catalysts, adsorbents, and ion exchangers. In this
context, freeze-drying, also known as lyophilization, appears as
a suitable technique to obtain micro- and/or nanoporous
matrices. Sophisticated structures are explained under the scope
of the “ice-segregation-induced self-assembly” (ISISA) frame-
work."** In the first step of this process, solutions are frozen

for a determined period of time in order to obtain water
crystals. During freezing, solute molecules that were originally
isotropically dispersed are displaced to the boundary edges
between adjacent hexagonal crystals of ice. In the second step
of the process, sublimation of ice gives rise to a microporous
material, characterized by a frame of matter, with empty spaces
that originally were occupied by the ice crystals. By accurately
controlling the experimental conditions of the freezing step, a
huge range of morphological structures, including aligned***
or nonaligned*® structures, can be obtained. The importance of
ISISA on the control of morphological properties of materials
has been evidenced using a wide range of low- and high-
molecular-weight molecules, including organic and inorganic
compounds.*****

Water-insoluble interpolymer complexes may be obtained by
mixing polyviologens with several water-soluble polyanions, so
that Coulombic interactions are held. In particular, poly-
(sodium 4-styrenesulfonate) (PSS) has shown to produce
macrometer-sized polymer complexes with poly(decylviologen)
(PV10) that have been satisfactorily included in several
technological devices.'”">** Sodium alginate (Alg) is another
interesting polyanion to be used. The structure of Alg is based
on p-p-mannuronate and a-L-guluronate, covalently linked
together in different sequences or blocks. Alg-derived
complexes are often nontoxic, biocompatible, and cheap, so
that they have been successful_lz applied for oral delivery of
drugs,"”" cell encapsulation,””>” and nutrient carriers in food
industry.’”>* Polyelectrolyte complexes such as chitosan—Alg*’
and pectin—Alg™ have been studied and applied as pH-
sensitive hydrogels and food carriers, respectively. In order to
prevent macroprecipitation of interpolymer complexes, colloi-
dal suspensions of nanoparticles may be formed by accurately
choosing the total amount and relative concentration of each
component. Nanocomplexes provide both a close contact
between reacting species and stability of the aqueous
suspensions. This last property is desirable to allow a suitable
molecular distribution during formation of ice crystals when the
suspensions are submitted to freeze-drying.

In this paper, the obtention of totally organic, photochromic
porous materials based on PV10 as photoactive compound is
shown. The materials are obtained by freeze-drying suspensions
of nanocomplexes of PV10 as polycation and PSS or Alg as
polyanion. The resulting materials have a porous structure
similar to sugar-cotton sponges. Mechanical pressure on the
sponges provides tougher materials with a structure similar to
starch wafers. Interactions between molecules have been
analyzed by 'H NMR. The nanostructured PV10/polyanion
suspensions have been analyzed by dynamic light scattering
(DLS) and scanning transmission electron microscopy
(STEM). UV—vis spectroscopy, scanning electron microscopy
(SEM), and X-ray diffraction (XRD) techniques have been
used to characterize the materials. The photochromic proper-
ties of the resulting materials, including coloration and
discoloration kinetics, are finally studied.

2. EXPERIMENTAL SECTION

2.1. Reagents and Solvents. Commercially available
reagents and solvents were used without further purification.
Poly(sodium 4-styrenesulfonate) (PSS, My, = 70000 g/mol,
Sigma-Aldrich) and sodium alginate (Alg, EncapBioSystems
Inc.) were used as polyanions. Poly(decylviologen) (PV10) was
synthesized by previously reported methods.”” Briefly, equi-
molar amounts of 4,4'-bipyridine and 1,10-dibromodecane
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were dissolved in S wt % of dried acetonitrile, and the mixture
was stirred and heated at 80 °C for 72 h. The resulting yellow
precipitate was filtered, washed with small amounts of
acetonitrile, followed by small amounts of acetone, and then
dried at 60 °C. The length of the polymer chain was confirmed
by 'H NMR experiments and achieved 15 units. D,O (Acros)
was used for 'H NMR sample preparation. NaBH, (Merck)
was used for chemical reduction. The molecular structures of
the polymers are shown in Figure 1. Aqueous solutions were
prepared in deionized water (18.2 MQ).

Ho, Hm
Ao,
— / n

PV10

SOz

Figure 1. Molecular structures of PV10, PSS, and Alg.

2.2. Equipment. Deionized water showing 182 MQ of
resistance was obtained in a Simplicity Millipore deionizer.
UV—vis measurements of solid samples were performed in a
UV-2600 Shimadzu spectrophotometer by diffuse reflectance
experiments. 'H NMR measurements were made in JNM-
Lambda 500 (JEOL, S00 MHz) and AVANCE 600
spectrometer (Bruker, 600 MHz) spectrometers. Apparent
size and zeta potential of the colloidal suspensions were
obtained in a Malvern Zetasizer Nano ZS (Malvern) instru-
ment with backscatter detection (173°), controlled by the
Dispersion Technology Software (DTS 6.2, Malvern). STEM
images were obtained in an Inspect SO (FEI) instrument.
Lyophilized samples were prepared in a Christ, Alpha 1-2 LD
plus lyophilizer. SEM images were obtained in an S-4500 S field
emission-scanning electron microscope (HITACHI). XRD
patterns were obtained in a BRUKER D2 phaser diffractometer
with a LYNXEYE detector. A stainless steel piston of three
pieces was used for pressing the sponges. The piston consisted
of (see Figure 2): (1) a hollow cylinder of 2.5 cm of lumen and
1 cm of wall thickness, including a thread in the internal face of
one of its ends; (2) a base with external thread matching that of
the cylinder; and (3) a massive cylinder of 2.5 cm diameter,
matching the hollow cylinder lumen, and 5 cm of length, with a
nondetachable base at one end. Wafers were obtained in a
hydraulic press CARVER, model 3851-OC, with pressing limit
of 11 tons.

2.3. Procedures. Polymer Solution Preparation. Solutions
of PSS and/or PV10 have been prepared in H,0 or D,O.
Conventional and well-known procedures have been followed.
Particular experimental conditions are provided in the figure
captions. '"H NMR spectra were obtained in D,O at 298 K.

Nanopatrticle Suspensions Preparation. In order to
prepare the nanoparticle suspensions, mixtures of both anionic
and cationic polymers were prepared at a final concentration of

k
E
|

Figure 2. Stainless steel piston configuration. (A) Piston parts and
sponges gently pressed between copper plates before assembling the
pieces. (B) The piston parts are mounted with the sponges and copper
plates inside before pressing under S tons.

total polymeric ionic groups (np = n* + n”) of 8 X 107> M,
considering the number of polymeric anionic groups (n~) and
cationic groups (n*), from stock solutions of 2 X 107> M of
each polymer. The mixing volumes of anionic and cationic
polyelectrolytes have been chosen in order to provide
formulations showing n"/n~ in the range between 0.1 and
2.0. Samples were analyzed by photon correlation spectroscopy
and laser Doppler anemometry measured at 173° and 298 K,
obtaining the apparent hydrodynamic diameter and the zeta
potential of the nanoprecipitates, respectively. Each measure-
ment including size and zeta potential was done in triplicate.
STEM images where obtained by sticking a droplet (10 uL) 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 is
allowed to dry for at least 1 h before analysis.

Sponge Formation. In order to obtain the solid materials
containing PV10, 2 mL of the nanoparticle suspensions
showing a n*/n~ ratio of 0.7 were frozen at —20 °C in a
plastic Nunc 24 well plate of 1.6 cm diameter and 1.6 cm depth
for 24 h and then liophylized at 0.050 mbar and —57 °C for 72
h. As control experiments, sponges composed of pristine Alg or
PSS were formed by freeze-drying 2 mL of 8 X 10> M polymer
solutions as explained above. Assays to obtain sponges from
pristine 8 X 107> M PV10 were not successful, obtaining an
agglomerated solid material that was also used as control. SEM
images of the sponges were obtained after pouring 1 mL of the
colloidal suspensions directly into a well-shaped sample holder
matching the equipment characteristics, and then freeze-drying.

Wafer Formation. Three sponges of the same composition
were stacked and placed between two circular copper plates of
24 cm diameter in a sandwich-like configuration (see Figure
2A). The set was gently pressed with the fingers, took with
tweezers, and placed on the hollow cylinder base, before
screwing. The hollow cylinder was then screwed to the base,
keeping the set of sponges inside its lumen. Then, the massive
cylinder was introduced by the open end of the hollow cylinder,
and 5 tons was applied with the aid of the press for 1 min. The
wafers were characterized by the wide-angle XRD method.
Samples were measured at 15 rpm in a rotatory holder. XRD
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Figure 3. The 500 MHz '"H NMR spectra in D,O of solutions containing (a) 1 X 107> M of PV10, (b) 1 X 107> M of PSS, (c) 1 X 107> M of PV10
and 1 X 107> M of PSS, (d) 1 X 107> M of Alg, and (e) 1 X 107> M of PV10 and 1 X 107> M of Alg.
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Figure 4. The 600 MHz "H NMR NOESY spectrum of solutions containing 1 X 107> M of PV10 and 1 X 107> M of PSS in D,0.

patterns were obtained by using radiations of Cu Ka (4 = 1.54
A), filtered with Ni at 30 kV and 10 mA, and registered at 26
angle between 5° and 80°, with intervals of 2 s each 0.01°.
Diffuse reflectance UV—vis spectroscopy was also used to
characterize the wafers using BaSO, as reference standard
white. Absorbance data were transformed according to the
Kubelka—Munk equation, which correlates the diffuse
reflectance with absorption, according to (1 — R)*/2R = K/S,
where R, K, and S are the absolute reflectance of the sampled
layer, the molar absorption coefficient, and the scattering
coeflicient, respectively.

Wafer Reduction. Chemical reduction of the wafers was
performed by adding one drop of an aqueous solution of
NaBH, (1 X 107> M), which was mechanically spread on the
wafers, and immediately extracting the excess of liquid with a
piece of filter paper. Photochromic responses of the wafers
were analyzed by diffuse reflectance UV—vis spectroscopy.
Cycles of sun irradiation and discoloration were performed,
exposing the samples to direct sunlight during fixed periods of
time, and letting them spontaneously decolorize in the dark
before submitting to sun irradiation again. Discoloration
kinetics were measured immediately after sun irradiation for

13211 DOI: 10.1021/acs.jpcb.5b05963
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2 h. Several spectra were acquired in time keeping the samples
in the dark inside the UV—vis spectrometer until complete
discoloration was observed.

3. RESULTS AND DISCUSSION

3.1. PV10/Polyanion Interactions. PSS and Alg present
structural differences that may influence the physicochemical
properties of the colloidal suspensions and of the resulting
sponges. Both polymers show certain rigidity. PSS is a vinyl
polymer bearing charged aromatic rings as pendant groups,
whereas Alg is a polysaccharide bearing a carboxylate and
several hydroxides per monomer unit but does not possess
aromatic rings. Since PV10 bears positively charged aromatic
rings, aromatic—aromatic interactions between the polyviol-
ogen and PSS may be produced in water. Analysis of the
observed chemical shifts in NMR experiments appears as a
suitable technique to explore the occurrence of aromatic—
aromatic interactions. The signals corresponding to aromatic
protons of any molecule are commonly affected by the
magnetic fields produced by the stacked aromatic rings of
other molecules, thus producing upfield shifting of the signals.
"H NMR experiments involving PV10/PSS complexes in D,0
show upfield shifting of the PV10 signals in the presence of PSS
as polyanion, as can be seen in Figure 3. The ratio polyanion/
polycation has been chosen to be 10/1 in order to minimize
precipitation (even nanoprecipitation) that should produce
losing the signals because of the slow motion of the molecules.
The signals assigned to H, and H,;, protons in the bipyridinium
moieties (see Figure 1 for assignments) appear at 9.01 and 8.45
ppm for the pristine PV10, and an upfiled shifting of 0.08 and
0.36 ppm is observed in the presence of 10-fold PSS, achieving
chemical shifts of 8.92 and 8.09 ppm, respectively. The
methylene groups of PV10 are also upfield shifted 0.50
(methylenes bound to the aromatic rings) and 0.33 ppm
(aliphatic intra-chain methylenes), achieving values of 1.99 and
127 ppm in the absence of PSS and 1.49 and 0.94 ppm,
respectively, in the presence of the aromatic counterion. On the
contrary, the observed chemical shifts for pristine PV10 are not
affected by complexation of the viologen polycation with Alg.
The NMR spectrum for the complex PV10/Alg (Figure 3e)
shows that the chemical shifts of all aromatic and aliphatic
protons are conserved. These observations are in complete
agreement with the presence, in addition to long-range
electrostatic interactions, of short-range aromatic—aromatic
interactions being held in the case of PV10/PSS interpolymer
complex, and not in the case of the PV10/Alg complex.

Definite evidence of the occurrence of aromatic—aromatic
interactions is given by NOESY experiments. As can be seen in
Figure 4, cross-peaks of negative intensity between protons of
PV10 and PSS in NOESY experiments appear, indicating that
the intermolecular distance falls below S A. No intermolecular
NOE effect has been detected in the case of the interaction
between PV10 and Alg.

Recently, we have hi%hlighted the importance of aromatic—
aromatic interactions®*>’ on the behavior of polyelectrolytes
containing charged aromatic rings in the presence of aromatic
counterions.”® ®* These interactions have shown to be of
potential use for tuning molecular properties of the counterions
and to immobilize them on the polymer domain. In the
particular case of PSS, in addition to the long-range Coulombic
interactions, these short-range aromatic—aromatic interactions
have shown to stabilize several systems containing xanthene
dyes,””** % tetrazolium salts,”" and several drugs.”” Properties

such as luminescent, acid—base, and redox have been tuned by
these interactions. For instance, the interaction between PSS
and 2,3,5-triphenyl-2H-tetrazolium chloride (TTC) results in
the stabilization of the cationic, redox-active TTC, decreasing
its reduction potential, as seen by cyclic voltammetry
experiments.61

3.2. PV10/Polyanion Nanoparticles. By adequately
choosing the total concentration of the solution components
and their relative amounts, nanoprecipitates composed of PV10
and the polyanions PSS or Alg were easily obtained. Conditions
for the obtention of colloidal nanoparticle suspensions,
avoiding macroprecipitation, were searched by fixing the
theoretical total amount of polymeric charges at 8 X 107> M
and varying the relative amount of theoretical positive (n*) and
negative charges (n™). The results of apparent size and zeta
potential are shown in Figure S for all the formulations tested.
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Figure S. Apparent size (hydrodynamic diameter, nm, M) and zeta
potential (mV, red triangle) of the colloidal suspensions as a function
of the relative concentration of the polyelectrolytes (A) PV10/PSS and
(B) PV10/Alg. Shaded area indicates appearance of macroprecipitates
at nt/n~ — 1.0.

When the ratio n*/n” equals 1 and considering the
equivalence on the amount of complementary charges used,
macroprecipitates are observed by the naked eye. When the
ratio n*/n” is equal to or lower than 0.8 or higher than 1.2,
colloidal suspensions of nanoparticles showing apparent
hydrodynamic diameters of around 150 nm are obtained. For
each composition, the nanoparticle suspensions show low
polydispersity indexes (PDI), in the range of 0.162—0.090. The
zeta potential of the particles takes negative values when the
ratio n*/n” is lower than 0.8, achieving values lower than —50
mV for PV10/PSS complexes and lower than —30 mV for
PV10/Alg complexes. On the contrary, positive values, higher
than +30 mV in both cases, were found when the ratio n*/n" is
higher than 1.2. The values of zeta potential are high enough in
absolute value to ensure stability of the suspensions, since
repulsions between nanoparticles minimize particle aggregation.

Further studies have been made on formulations containing
PV10/PSS and PV10/Alg at an n*/n~ ratio of 0.7. This
composition has been chosen due to the fact that the excess of
the polyanion ensures complete complexation of the photo-
chromic PV10. In addition, the suspensions showed nanometric
size and low PDI and negative zeta potential whose absolute
value is high enough to ensure stability in time. This has been
corroborated by checking the size and the zeta potential of the
suspensions for 1 week, as can be seen in Figure 6. It can be
seen that there is little variation both in the size and the zeta
potential of the nanoparticles during this period of time for
both formulations.

STEM images obtained after deposition of the colloidal
suspensions on Cu grids are shown in Figure 7. The
corresponding complexes appeared as particles showing
diameters close to those obtained in aqueous suspension.
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Figure 7. STEM images corresponding to (A) PV10/PSS and (B)
PV10/Alg. Marked particles show diameters of 219 and 148 nm for
(A) and (B), respectively.

However, some differences can be observed comparing both
geometry and polydispersion of the particles. The particles
obtained from the PV10/PSS complex are more spherical and
are less polydisperse than those obtained from the PV10/Alg
complex, showing diameters close to 200 nm. Upon aromatic—
aromatic interactions, ion pairs may be formed resulting in
hydrophobic domains that tend to aggregate. The decamethy-
lene units of PV10 afford higher hydrophobia and the necessary
flexibility for PV10 to fold, so that the inner part of the particle
may become more fluid, and the surface tension generated at
the interface with water forces the particle to adopt a spherical
shape. On the contrary, the more hydrophilic Alg produces
particles showing a rougher surface, witnessing less surface
tension and a higher tendency to spread and agglomerate in a
polydisperse way upon solvent evaporation.

3.3. Sponge Formation. Sponges with the appearance of
sugar-cotton structures were formed by freeze-drying the
nanoparticle suspensions of PV10 and PSS or Alg produced
considering an n*/n” ratio of 0.7. The results can be seen in
Figure 8. The sponges had dimensions slightly different from

Figure 8. Lyophilized samples obtained in well-plates containing: (A)
PV10/PSS, (B) PV10/Alg, (C) PSS, (D) Alg, and (E) PV10. The

samples showed around 1.5 cm diameter.

those of the volume occupied in the cylindrical container of the
well-plates when freezing, contracted in the x/y-plane, and
expanded in the direction of the z-axis. Control sponges of
pristine PSS, Alg, and PV10 were successfully obtained in the
case of the polyanions, but not in the case of the polycation.
Presumably, the low molecular weight of PV10 and its high

amphiphilicity and flexibility, related to the decamethylene
groups, influence these results. In this respect, complexation
with the polyanions furnishes a means of immobilization of the
polycation in highly porous materials.

The obtained sponges presented a porous structure made of
a combination of micrometric morphologies, such as micro-
fibers and microsheets, showing a high surface area, as can be
seen in Figure 9, where SEM images are shown. The solid

Figure 9. SEM images of sponges composed of (A) PV10/PSS and
(B) PV10/Alg.

structures seem homogeneous as deduced by the absence of
defined textures or agglomerates on their surface. The
nanometric size of the formed particles and their low PDI
may help to achieve highly homogeneous microfibers and
microsheets. Apparently, no significant differences can be seen
using PSS or Alg as polyanion. The micrometric complex
morphology of the arrangements in these structures in both
cases evidences the segregation suffered by the polymeric
components by ice during freezing through the ISISA process.

3.4. Wafer Formation and Photochromism. Three
cylindrical sponges of PV10/PSS, or alternatively of PV10/
Alg, of total mass of around 4.5 mg were stacked and pressed in
order to obtain circular wafers, similar to starch wafers. As
control experiments, wafers made of PSS, or alternatively of
Alg, from well-formed sponges were generated by the same
method. In addition, the same method was used to obtain
wafers of PV10 using the agglomerated mass resulting after
freeze-drying. The obtained wafers showed a diameter of
around 15 mm, as can be seen in Figure 10.

The wafers were analyzed by XRD. As can be noted in Figure
11, all diffraction patterns present an amorphous halo profile,
which is consistent with both the polymeric and micro-
structured nature of the pressed materials. Nevertheless, it is

A1 B c1

eV

Figure 10. Wafers before (X1) and after (X2) exposing to sun
irradiation for 6 h. (An) PV10/Alg. (Bn) pristine PV10. (Cn) PV10/
PSS.
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Figure 11. XRD patterns of wafers composed of (A) PV10/PSS, (B)
PV10, (C) PSS, (D) PV10/Alg, and (E) Alg.

possible to observe in all cases characteristic peaks. PV10 wafers
present a broad peak at values of 20 of around 25°. The
calculated distance for the crystalline reflection planes is 3.52 A.
This is a typical distance for 7— stacking, so that the peak may
correspond to self-stacking of the aromatic rings on the solid
material, as has been seen in other systems such as in
nanofibers of dodecylmethylviologen and coronenes.”” The
diffraction patterns of PV10/PSS and PV10/Alg wafers show
the absence of the peak at values of 26 of around 25°, indicating
a change on the configuration of the polycation by complex-
ation with the polyanions, where self-stacking is minimized.
PSS wafers present diffraction peaks at 22.7°, 23.6°, 25.6°
32.0° 33.0°, and 37.9°. Concerning the diffraction peaks
obtained for PV10/PSS wafers, the crystalline structure of PSS
is almost conserved, showing a slight shift of the original peaks
at 33.0° and 37.9° to 34.5° and 38.6°, respectively, indicating a
decrease on the d-spacing from 2.71 and 2.37 A to 2.60 and
2.33 A, respectively, probably due to contraction and
conformational changes of the molecular chains, since electro-
static repulsions are decreased in the presence of the
polycation. In addition, other small peaks appear at 36.3°
41.4°, and 43.6°, corresponding to d-spacing of 2.47, 2.18, and
2.08 A, respectively, revealing the appearance of other
diffraction planes upon molecular rearrangement. Alg wafers
show diffraction peaks at 29.3° 47.5°, and 48.5°. When
analyzing PV10/Alg wafers, new crystalline peaks appear at
27.6° 31.6° 44.6°, and 52.4°. These fine peaks correspond to
the formation of cubic NaBr, as corroborated by comparison
with available databases (i.e, ICSD 72-1539). Electrostatic
interactions between PV10 and Alg allow the respective
counterions to diffuse and further crystallize during freeze-
drying. It can be noticed that the system PV10/PSS presents a
higher ability to disperse these small ions, since the XRD
pattern corresponding to NaBr is not found.

Macroscopically, wafers can be seen as pale yellow materials.
This is due to the presence of PV10 in its dicationic state, thus
oxidized. Absorption spectra of the wafers were obtained by
diffuse reflectance, using the known Kubelka—Munk approx-
imation. The corresponding normalized spectra are presented
in Figure 12. PV10/PSS and PV10/Alg wafers showed a band
centered at 388 nm, consistent with the pale yellow color
associated with the dicationic state of PV10, as can be seen in
Figure 12A. When the spectra of both types of wafers are
compared, no big differences can be found between them.
Reduction of the wafers with NaBH, produced a color change
to an intense blue-violet, almost immediately after adding the
reducing agent, and witnessed by the appearance of a complex
absorption band centered at 614 nm, corresponding to the
radical cation, reduced form of PV10, as can be seen in Figure
12B. As well as for the dicationic spectra, no major differences
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Figure 12. Kubelka—Munk absorption spectra for the (A) dication and
(B) radical cation states of (a) PV10/PSS and (b) PV10/Alg wafers.

were found, regarding the shape or absorbance maximum, when
PV10/PSS and PV10/Alg wafers were compared, although the
fine structure of the spectrum is more notorious in the case of
PV10/PSS wafers, which may indicate a more rigid
configuration for the viologen residue.

The photochromic responses under sun irradiation of both
types of wafers have been investigated. Interestingly, PV10/Alg
wafers are much more light-sensitive than PV10/PSS. In the
case of PV10/Alg wafers, an absorption maximum at 614 nm,
corresponding to reduced PV10 species appears, as can be seen
in Figure 13 where the different spectra obtained by sun-
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Figure 13. (A) Kubelka—Munk absorption spectra for (a) PV10/PSS
and (b) PV10/Alg wafers at different ¢ (time lapse of 10 min). (B)
Photochromic response as a function of t, measured for PV10/PSS (a,
W) and PV10/Alg (b, red triangle) at 614 nm. All measurements were
performed at 25 °C.

irradiating the samples during different times are shown,
together with the corresponding absorbance at 614 nm as a
function of time (t). It can be seen that a saturation curve is
followed for the appearance of the blue color, and the
maximum coloration is achieved within the first S min. The
saturation curve responded to the equation y = —0.233
exp(—0.007t) + 0.270 (R* = 0.96), where y is the Kubelka—
Munk absorbance and t is given in seconds, thus showing a
first-order kinetics with a kinetic constant of 0.007 s™%. In
contrast, a weak photochromic activity was found for PV10/
PSS wafers during 3 h of sun irradiation. The slower
photochromic responses of PV10/PSS wafers are also
qualitatively witnessed after 6 h of sun irradiation, as can be
seen in Figure 10.

In addition, total discoloration of the PV10/Alg wafers
irradiated for 2 h was found to proceed in the dark in around 2
h, as can be seen in Figure 14, where a decrease on the
maximum at 614 nm was observed. The wafers color turned to
pale yellow, related to the dicationic state of PV10. The decay
of the coloration follows an exponential curve, following the
equation y = 7.3179 exp(—0.0003t) — 1.018 (R* = 0.99), also
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Figure 14. (A) Kubelka—Munk absorption spectra for PV10/Alg
wafers at different ¢ (time lapse of 120 min). (B) Discoloration kinetics
of PV10/Alg (M) measured at 614 nm and 25 °C.

showing a first-order kinetics with a kinetic constant of 0.0003
s, 1 order of magnitude slower than the coloration process.

3.5. Final Remarks. Several studies concerning photo-
chromic materials based on viologens show photochromic
responses in the range of days and discoloration in the range of
weeks." In this sense, the photochromic responses of PV10/Alg
wafers drastically improve these kinetics, since coloration is
observed in the order of several minutes, while discoloration is
undertaken in the range of several hours in the dark.
Interestingly, in PV10/Alg and PV10/PSS sponges and wafers,
both the functional polymers responsible for the photo-
chromism as electron acceptor and electron donor, respectively,
are at the same time structuring components of the polymeric
materials, rather than being embedded in a polymeric matrix of
a third component such as PVP.”® This offers new means of
achieving photochromic materials of simpler processability and
lower demand of starting materials.

Four basic steps are involved in the fabrication of these
materials, each one playing a specific role in the final material
properties. The first step is the formation of a colloidal
suspension. In this step, the formation of the interpolymer
complex is controlled, so that the formation of macro-
precipitates is avoided, while enough charge compensation is
provided, which facilitates the transfer of an electron from the
polyanion to the polycation. The different nature of the
intermolecular interactions between PV10 and the respective
polyanions may have influence on the phase behavior and
molecular arrangement during freezing. The second step is
freezing. During this step, formation of ice crystals induces the
aggregation and rearrangement of the polymers at the boundary
edges of the ice crystal structures. Upon the third step,
sublimation of water, a solid, cotton-like porous structure arises.
The absence of water allows close contacts between the
electron donor and acceptor, making possible the transfer of an
electron. The rigidity of the polyanions seems to be a crucial
fact to avoid the collapse of the system and maintain the porous
structure. The resulting material is light and brittle and shows
high effective surface area. The mechanical properties may be
improved by pressing several sponges, as the fourth step, in
order to obtain wafers as materials with controlled toughness.

Many variables such as nature of the polymers, absolute and
relative polymer concentration, working pH and temperature
for sponge fabrication, presence or absence of doping agents,
humidity, etc., may influence the structure of these materials as
well as their photochromic responses. The contrasting
photochromic responses observed comparing PV10/Alg and
PV10/PSS wafers may be related to the different nature of the
interactions involving both oppositely charged polyelectrolytes.
Stabilization of the dicationic form of the viologen through

aromatic—aromatic interactions with PSS may be a cause of the
different photochromic response found between PV10/Alg and
PV10/PSS wafers; this stabilization effect should increase the
necessary energy to photoreduce the viologen. Photochromic
systems based on viologens and benzenesulfonate, such as
those formed by the low-molecular-weight molecules N,N'-
diphenyl-4,4’-bipyridinium as photochromic molecule and
alkylbenzenesulfonates as electron donor counterions, have
shown to be modulated by the length of the alkyl chain in the
organic counterion.”> The molecules arranged in a smectic A-
type configuration consisting of intercalated bipyridinium and
benzenesulfonate moieties, where aromatic—aromatic interac-
tions play an important role.”*** The photoreduction and the
corresponding bleaching kinetics are affected by the distances
between both molecules, modulated through changes in the
length of the alkyl chain of the substituted benzenesulfonate
counterions. Longer chains produce an increase on the distance
between molecules, consequently decreasing the electron
transfer from the counterion to the viologen molecule.”"

The materials presented here may be optimized by changing
any of the variables mentioned above, depending on the
application intended. Changes on the polymer relative
composition may induce different molecular organization and,
thus, produce differences on the photoresponses. The temper-
ature gradient program for freezing may be another variable
impacting molecular organization, mechanical stability of the
final material, and photochemical properties. The hydrophilic/
hydrophobic nature of the polymers also plays an important
role, due to the quenching effect on the photoresponse
produced by water, as reported in the literature.””** The
mechanical properties of the final materials depend on the
nature and absolute concentration of the polymeric compo-
nents in the colloidal suspension, affecting the density and
viscoelastic properties, as well as on the pressure applied when
fabricating the wafers.

4. CONCLUSIONS

Solid materials are obtained by mixing the complementary
charged polymers PV10 and PSS or Alg in a charge molar ratio
(n*/n~) of 0.7, to form nanometric colloidal suspensions, which
were submitted to freeze-drying. The colloidal particles showed
hydrodynamic diameters of 141 and 142 nm for the complexes
PV10/PSS and PV10/Alg, respectively, in narrow size
distributions with PDI of 0.091 and 0.096. The zeta potential
of these particles took negative values of —56.4 and —41.7 mV,
respectively, thus providing stability to the nanoparticles during
at least 7 days. The resulting sponges after freeze-drying
showed a microporous structure made of microfibers and
microsheets. The sponges were pressed to obtain wafers. XRD
studies of these materials showed the loose of a peak
corresponding to the self-stacking of PV10 aromatic rings,
indicating molecular reorganization. Contrasting photochromic
responses are observed comparing PV10/PSS and PV10/Alg
materials. PV10/Alg wafers showed a fast photochromic
response under sun irraditation, a fact that was not observed
for PV10/PSS wafers. The photochromic responses of PV10/
Alg wafers allowed coloration in the order of minutes, showing
a kinetic constant of 0.007 s, and discoloration in the order of
hours, showing a kinetic constant of 0.0003 s7L. PSS and PV10
undergo aromatic—aromatic interactions, as seen by 'H NMR.
The stabilization of the dicationic form of PV10 by means of
these interactions may be responsible for the decrease on the
kinetics of the photoresponse. These results highlight the
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importance of the nature of polymeric counterions of viologens
in order to obtain totally polymeric, organic porous materials,
with modulable coloration—discoloration photoreaction ki-
netics, easy processability, and low demand of starting
materials.
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