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In the present study, the role played by the reactants concentration on the nonlinear response
of a Belousov—Zhabotinsky (BZ) system to the addition of a self-assembling non-ionic polymer,
poly(ethylene glycol) (PEG), has been assessed. The oscillatory parameters are influenced

to an extent that significantly depends on the concentration of both the polymer and the
Belousov-Zhabotinsky components. The effects obtained were attributed to the reaction

among some of the BZ key species and the backbone and the alcoholic functional groups

of the polymer, both in its monomeric and aggregated forms.

Support to the proposed perturbation mechanism has been provided by performing numerical
simulations with the MBM model and by characterizing the physicochemical behavior of the PEG
aqueous solution by means of viscosimetric and spectrofluorimetric measurements.

Introduction

Nonlinear dynamics (NLD) is nowadays one of the most
fascinating and promising topics in scientific research. In fact,
the phenomena exhibited by many nonlinear systems seem to
be present in a ubiquitous way in many fields such as physics,
chemistry, biology, social sciences, etc. and have therefore
stimulated the interaction and cross-linking between such
different points of view and areas of interest.

Among the NLD phenomena present in chemical systems,
the Belousov—Zhabotinsky reaction (BZ)"“? is undoubtedly
one of the most interesting and most studied.’ In its classical
form it consists in the catalyzed oxidation of an organic
substrate, such as malonic acid, by bromate in acidic solution.
Typical catalysts are the Ce(1v)/Ce(ir) or Ferrin/Ferroin redox
couples. The BZ system can exhibit a vast array of NLD
phenomena depending on the experimental conditions.
Among them, chemical oscillations and chemical waves are
the most studied. Chemical oscillations consist in the periodic
variation of the concentration of catalyst and intermediates in
the reaction medium. Such a variation is often manifested by a
consequent variation in solution color (e.g. from yellow to
colorless in the case of cerium catalyzed BZ systems) as well as
electric potential.

Many recent studies are aimed at developing practical
applications that benefit from exploiting NLD phenomena.
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Materials science and polymeric systems, in particular, seem to
be a very promising field of application.*> For example, by
combining nonlinear chemical systems such as the BZ
reaction, with polymerization reactions, it is possible to obtain
either new materials or new synthetic ways for known
materials.® This last strategy has already been proven to be
viable in the case of the radical polymerization of poly-
(acrylonitrile) using the BZ system as a ‘““pulsating” source
of radical species.” Moreover, polymeric materials are widely
used in the field of NLD as a component of the experimental
setup to prevent the onset of convective motions or to
physically alter the reaction environment. Recently, for
example, poly(ethylenoxide) was used in a microemulsion
environment, to prove that the origin of some peculiar none-
quilibrium patterns, namely dashed waves and segmented
spirals, was due to the clustering of water droplets.®

Surfactant aggregated systems are know to influence BZ
reaction by selectively sequestering some of the key inter-
mediates and/or by affecting the physical properties of the
reaction medium.”!” As a consequence, they are able to alter
BZ system influencing its dynamics and even acting as a
bifurcation parameter switching on or off some of its
behaviors (e.g. oscillatory or chaotic).!! In our previous works
we have considered the effect of several aggregated systems
and non-ionic polymers on the BZ reaction,!'™” and even
though most of the surfactants were chemically inert, the
non-ionic polymers were found to react with some of the BZ
key intermediates. Intriguingly, these studies enabled us to
determine the presence of new reacting radical species, which
can be further exploited for the polymerization reaction.

In this paper, we focus our attention on the effects of the
initial reactants’ concentration on the oscillatory dynamics of
a BZ reaction performed in the presence of a non-ionic
polymer. Changes in the kinetics were also found to be
dependent on the type and extent of the perturbation due to
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the self-assembling properties of the polymer. Understanding
the reasons behind this effect may be of great importance
for the application of NLD to the synthesis of new materials.

Experimental

Materials

Ce(S0y4),-4H,0 (Ce(1v), Fluka), malonic acid (MA, Fluka),
sodium bromate (Fluka), sulfuric acid (Fluka), methanol
(MeOH, Fluka), ethylene glycol (EG, Fluka), poly(ethylene
glycol) with molecular weight 2000 g mol~! (PEG, Fluka),
poly(ethylene glycol) dimethylether with molecular weight
2000 g mol~! (MPEG, Fluka), sodium sulfate (Fluka), acetone
(Fluka) and Red Nile (RN, Sigma) were of commercial
analytical quality and were used without further purification.
Stock solutions of all chemicals used were prepared by
weight before use. Stock solutions of sulfuric acid were
standardized by acid-base titration. Deionized water from
reverse osmosis (Elga, model Option 3), having resistivity
higher than 1 MQ cm, was used to prepare all solutions.

Kinetics measurements

All the kinetic measurements have been conducted with a
computer-controlled Beckman model DU-640 UV-vis spectro-
photometer, equipped with thermostatted compartments for
1 x 1 x 5 cm quartz cells and a magnetic stirring apparatus.
The temperature of all the experiments was kept at 25.0 + 0.1 °C
with a thermostat HAAKE model DS.

Oscillating reactions

The oscillating mixtures for the kinetic runs were prepared
by mixing aqueous stock solutions of NaBrO;, Ce(1v) in
1.80 mol dm ™3 sulfuric acid, MA in 1.80 mol dm~> sulfuric
acid and additive (at the desired concentration). Appropriate
aliquots of the stock solutions were mixed in a 3 mL UV
quartz cell in order to obtain the appropriate initial concen-
trations of reactants. The reaction was initiated by the
addition of the Ce(1v) to the solution. The dynamics of the
BZ system was followed in batch conditions, by monitoring
the Ce(1v) absorbance at the appropriate wavelength, depending
on the Ce(1v) concentration, in the range 350450 nm. Reactive
solutions were vigorously stirred to ensure homogeneity even
for systems with high viscosity. The absorbance of Ce(1v) in
the concentration range considered has been found to follow
Lambert-Beer law for all the wavelengths used.

Being the experiment conducted in batch conditions, the
concentration of the reagents will decrease with time leading
to a drift in the oscillation period or an interruption of
oscillations while the system approaches thermodynamic
equilibrium. Nevertheless, the route toward the equilibrium
is slow enough to make it possible to observe the BZ dynamics
for a sufficient period of time. Consequently, the period of an
oscillation has been calculated as the mean value of the first
five oscillation cycles. Additionally, the induction period has
been calculated as the time passed from the start of the
reaction by the addition of the catalyst till the beginning of
the first oscillation. All the oscillatory parameters values

reported in this work are the mean of five different
experiments.

Reaction of ethylene glycol with acidic bromate

Solutions were prepared directly in the spectrophotometric cell
adding 0.6 mL H,O + 0.6 mL 4.5 mol dm 3 H,SO, + 1.5mL
0.6 mol dm~® NaBrO; + 0.3 mL 0.1 mol dm> ethylene
glycol. The kinetics of the reaction has been followed by
monitoring the absorbance of HOBr (produced in the course
of the reaction) at 330 nm.

Viscosity measurements

The viscosity of PEG aqueous solutions was determined in the
presence of 0.9 mol dm > H,SO,4 and 0.03 mol dm > Na,SO,.

The relative viscosity (1,) of the aqueous polymer solutions
was calculated from the well-known relationship

tp
=_r 1
Nrel 10 Po ( )

The solution flowing time (z) was measured with a Ostwald
glass viscosimeter (id 0.46 mm and capillary length 9 cm)
calibrated by measuring the solvent draining time (¢), in our
case an aqueous 0.90 mol dm~* H,SO4 and 0.03 mol dm >
Na,SOy solution. The flowing time of the solvent in the glass
capillary was 316.39 s.

Since in our experimental conditions, extremely dilute and
dilute polymer solutions are used, the density correction has
been reasonably ignored. Moreover, since the draining times
of both the solvent and the solution are much longer than 100
s and a sufficiently high length/diameter ratio is reached, the
kinetic energy corrections and end-effects were also neglected.
Thus, the relative viscosity has been calculated as'®

t
Meel = 7~ (2)

fo
The measurements were performed at 25.0 + 0.1 °C using a
stopwatch with an accuracy of 0.01 s.

All measurements were replicated three times and were
reproducible to within one part per thousand. After measuring
each PEG solution draining time the efflux time of the solvent
has been determined again. The constancy of the solvent efflux
time has been taken as a criterion for judging the consistency
of experimental conditions and the state of the viscometer.

Fluorescence measurements

The steady-state Nile Red (NR) fluorescence spectra of PEG
aqueous solution were registered with a Fluoromax 4
(Jobin-Yvon) spectrofluorometer (right angle geometry, 1 x
1 x 5 cm quartz cell) at 25.0 + 0.1 °C. The excitation
wavelength was of 490 nm and the emission spectra were
recorded from 550 to 800 nm. The widths of the slits were set
at 2 and 1 nm for excitation and emission, respectively. The
NR aqueous solutions have been prepared accordingly to the
procedure described elsewhere.'”

Computer simulations

Simulations of the perturbation of the BZ system by the
additives have been conducted using the Copasi kinetics
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simulation software® by applying a modified MBM
(Marburg-Budapest-Missoula) model mechanism.?'

Results and discussion

In the experimental conditions used, the BZ system presents an
induction period (IP) where the Ce(1v) concentration initially
decreases and then remains nearly constant, followed by an
oscillatory period, where the Ce(1v) concentration (as well as
that of other intermediates) oscillates regularly with a time
period 7 and the amplitude A.

In the considered concentration range, the presence of PEG
does not influence qualitatively the dynamics of the system.
However, all the oscillation parameters (IP, T and A) are
quantitatively affected. In a previous work'> we reported that
the nature and the extent of this effect depend on the
concentration of PEG in the mixture. In particular, it resulted
in a decrease of IP at low concentration and in an increase of
IP at high concentration while it induced a decrease of t and A
at any concentration considered. However, we successively
noticed that the above mentioned effect may depend on the
initial conditions of the BZ system. In fact, not only the
oscillation parameters IP and t change, but also the effect
that PEG exerts on them may be completely different.

Fig. 1A—C shows the observed effects of the [PEG] on the IP
at different concentrations of two of the key components of
the BZ reaction, namely the catalyst, Ce(1v), and the oxidant,
BrO;™. It can be noted that by increasing the Ce(1v) concen-
tration, there is an inversion of the trend. In fact, at low
[Ce(1v)] (Fig. 1a) the IP decreases and then increases on
increasing PEG concentration, similarly to what has
previously been reported.'> At intermediate and higher
[Ce(1v)] the IP increases for very low values of [PEG] and then
decreases (Fig. 1B,C). Also the bromate concentration seems
to play a role in modifying the effect of PEG perturbation even
if it seems to be less relevant. Fig. 1A shows that, while the
effect of PEG decreases in intensity on increasing the bromate
concentration, the trends observed still remain the same. This
is true also at medium Ce(1v) concentration (Fig. 1B). When
the concentration of Ce(1v) increases, the system cannot
sustain oscillatory behavior for lower bromate concentrations
(Fig. 1-3 B,C). A similar effect has been observed also in the
case of the oscillation period, 7. Fig. 2 shows that for low and
intermediate [Ce(1v)] values (Fig. 2A,B) the trend observed is
the same as previously reported, while at higher concentration
(Fig. 2C) a slight increase in 7 can be noted for low PEG
concentrations. However, at higher PEG concentration
t values begin to decrease as well. Finally, as for the
amplitude A, it has been observed that the polymer effect is
negligible at low [PEG] for high and intermediate catalyst
concentration (Fig. 3A,B) while at high [PEG] A starts to
decrease. As for the higher [Ce(1v)], A always decreases
with [PEG].

The different effects manifested at low and high PEG
concentration can be explained taking into account the two-
fold chemical nature of the polymer. In fact, the presence of
the OH terminal group and of the polyether backbone
perturbs differently the BZ system altering different reaction
paths in the complex BZ mechanism. This scenario is
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Fig. 1 Experimental (A, B, C) and simulated (A’, B/, C’) induction

period values as a function of [PEG] for the perturbed BZ system.
[Ce(tv)ly = (A,A’) 8.0 x 107 mol dm~3, (B,B’) 5.0 x 10~ mol dm 3,
(C,C") 7.0 x 107 mol dm™3; [BrO5 ]y = 7.5 x 1072 mol dm > (@),
[BrOs7 ]y = 4.0 x 1072 mol dm™ (O), [BrOs7], = 3.0 x
1072 mol dm > (A); [MA], = 0.1 mol dm™>; [H,SO4]y = 0.9 mol dm™;
1 =250+0.1°C.
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Fig. 2 Experimental (A, B, C) and simulated (A’, B/, C’) oscillation
period values as a function of [PEG] for the perturbed BZ system.
[Ce(v)ly = (A,A’) 8.0 x 10~* mol dm ™3, (B,B’) 5.0 x 10> mol dm 3,
(C,C") 7.0 x 1073 mol dm™; [BrO57]p = 7.5 x 107> mol dm > (@),
[BrOs;]o = 4.0 x 1072 mol dm™® (O), [BrOs ]y = 3.0 x
1072 mol dm™* (A); [MA], = 0.1 mol dm~> [H,SO4, =
0.9 mol dm™>; 1 = 25.0 £ 0.1 °C.

corroborated by experiments conducted using perturbing
species featuring only one of the two reacting groups. Fig. 4
illustrates the effects of the presence of methanol, ethylene
glycol and poly(ethylene glycol) dimethylether (MPEG) on the
oscillation parameters of the perturbed BZ system. It can be
noted that, under the experimental conditions reported in
Fig. 4, the presence of an alcohol leads to a decrease of the
IP (Fig. 4A,B) while the presence of MPEG leads to an
increase of IP followed by a slight decrease at higher concen-
trations (Fig. 4C). Similar trends have been observed even in
the case of t (Fig. 4D-F) and in the case of A (Fig. 4G-I),
except for the MPEG effect which is negligible. Therefore, in
order to understand the global effect of PEG, we propose the

11676 | Phys. Chem. Chem. Phys., 2010, 12, 11674-11682

This journal is © the Owner Societies 2010


http://dx.doi.org/10.1039/c003033c

Published on 11 August 2010. Downloaded by Pennsylvania State University on 17/05/2016 10:53:00.

View Article Online

0.075

lo A A A
0.03
.ﬁé 8 9 4 Poe o
0.050 ) ® R
N , 0.02 .
0.025
¢ | o001 .
B B
TR0, . 012lgee o .
& 0.105 0.09 *
< ¢ 0.06 o
0.090 .
€| o016 c
0.125 ... . =% ° R
® [ ]
0.100 . 012 .
L]
o 0.08
0.075: [ .

0

0.01 002 0.03 0.04

[PEG] (mol dm™®)

0

0.01 002 0.03 004

[PEG] (mol dm®)

Fig. 3 Experimental (A, B, C) and simulated (A’, B, C’) oscillation
period values as a function of [PEG] for the perturbed BZ system.
[Ce(V)]o = (A,A”) 8.0 x 10~* mol dm~3, (B,B’) 5.0 x 1073 mol dm~?,
(C,C") 7.0 x 1073 mol dm™%; [BrO5 ]y = 7.5 x 1072 mol dm > (@),
[BrO;]p = 4.0 x 1072 mol dm~3* (O), [BrOs ], = 3.0 x
1072 mol dm™3 (A); [MA]y = 0.1 mol dm™%; [H>SO4]o = 0.9 mol dm%;
t =250+0.1"°C.

following mechanism which takes into account the twofold
nature of the polymer.
Reactions of the terminal hydroxyl groups

The reaction of bromate with the hydroxyl groups produces
bromous acid via the processes'?

P— CH,—-OH + BrO5 + H" - P — CHO + HBrO, + H,0
(RD)

P — CHO + BrO; + H" - P — COOH + HBrO, + H,0
(R2)

Bromous acid produced in these reactions will participate in
two different reaction pathways as described by the MBM

mechanism. The first one is the autocatalytic cycle that
re-oxidizes the catalyst

BrO; + HBrO, + H* — Br,0, + H,O (MBM6)
Br,04 — 2BrO; (MBM7)

BrOS + Ce(IIT) + H" — Ce(IV) + HBrO,  (MBMS)

the other one is the formation of hypobromous acid by the
reaction with bromide ion

HBrO, + Br~ — 2HOBr (MBM2)

the effects that these two reaction pathways would have on the
IP are opposite. BrO,* is the autocatalytic species that is
crucial for the positive feedback loop. An increase in its
concentration would lead to an enhancement of the loop itself,
which would mean an increase in the IP length. In fact, the
induction period stops when the positive feedback loop is
interrupted. On the other hand, the overproduction of HOBr
would promote the bromination of malonic acid via the
following reaction

HOBr + MA + H" - BrMA + H,0 (MBM31)

Bromomalonic acid is part of the negative feedback loop
because its accumulation will promote the switching off of
the positive feedback loop. Moreover, it is also possible that
the reaction of HOBr with bromide would produce bromine
that, in turn, would also produce bromomalonic acid.

(MBM1)
MA(enol) + Br, - BrMA + Br~ + H" (MBM30)

HOBr + Br~ + H" - Br, + H,0

Experimental results suggest that at high Ce(1v) concentration
the pathway which leads to the production of HOBr
predominates while the pathway involving reactions
(MBM6) and (MBM?7) will be more important at lower Ce(1v)
concentrations.
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Fig. 4 Effect of single functional groups on the induction period (A—C), oscillation period (D-F) and oscillation amplitude (G-I) of the perturbed
BZ system. (A, D, G) MeOH, (B, E, H) EG, (C, F, I) MPEG. [MA], = 0.1 mol dm™%; [BrO; ]y = 7.5 x 1072 mol dm~; [Ce(iv)], = 7.0 X
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This behavior can be rationalized by considering that the
higher concentration of the catalyst enhances the production
of the malonyl radical that reacts with the bromate

Ce(tv) + MA - MA® + Ce(m) + H (MBM27)

MA® + BrO; + H* — BrO3 + TA (MBM48)

This would hamper the reaction of the positive feedback loop
involving the bromate instead of favoring the production
of HOBr through reaction (MBM2). Moreover, the BrO,®
radical is rapidly scavenged by the malonyl radical itself

MA® + BrO} — BrO,MA (MBM32)

at lower Ce(1v) concentration reaction (MBM48) would not be
very important and most of the bromate would be
consumed via reactions (MBM6) and (MBM7).

The proposed mechanism is also able to simultaneously
explain the decrease of the time period and of the amplitude
both at high and low Ce(1v) concentrations. In fact, at high
concentration of the catalyst the larger production of HOBr
accelerates the production of bromomalonc acid resulting in a
smaller time period and amplitude of the oscillations.
A similar effect is observed also at low Ce(1v) concentration.
This can be explained taking into account that the inflow
of the autocatalytic intermediate BrO,* would result in a
longer autocatalytic phase and a shorter inhibitory one.
As in the present BZ system the inhibitory phase is much
longer than the autocatalytic one, the resulting effect is a
decrease of the total time period and amplitude of the
oscillation.

Reactions of the polyether chain

Explanation for the observed effects on the oscillatory para-
meters are also provided by the knowledge that Ce(1v) reacts
with the PEG according to*>??

Ce(1v) + PEG — Ce(u1) + PEG* + H" (R3)

Moreover, it has been found®** that Ce(iv) can also react

with the PEG radicals through the following reaction of
oxidative termination

Ce(1v) + PEG®* — Ce() + P + H" (R4)

where P stands for polymer. In addition, a reaction analogous
to (R3), involving BrO,* radical has also been previously
proposed'?

BrOS + PEG — HBrO, + PEG® (RS)
The formed PEG radicals can thus scavenge the BrO,* and

the product may subsequently decompose via two possible
pathways

BrO$ + PEG® — BrO, — PEG (R6)
BrO, — PEG — Pl + HOBr (R7)
BrO, — PEG — P2 + HBrO, (R8)

where Pl and P2 are nonreactive products. Previous
results showed that reaction (R7) dominates on (R8) leading
to an increase of HOBr in the systems. Moreover,

another reaction, involving the bromine specie can also be
proposed

Br, + PEG —» Br~ + BrPEG + H” (R9)

reaction (R9) is the result of the following processes, recently
proposed by Nagy-Ungvaray et co-workers®®

Br, — 2Br* (R10)
Br* + P-OH - P*—~OH + Br” + H" (RI1)

and the recombination of the two radicals:
Br* + P* — OH — Br — P — OH (R12)

The effects of all these reactions can be summarized as follows:
e Reactions (R5)—(R8) would remove BrO,* radical from

the system and, at the same time, increase the amount of

HOBr leading to reduction of all the oscillatory parameters.

e The decrease of bromine, due to reaction (R9), would lead
to an increase of IP due to the fact that the production
of BrMA by reaction (MBM30) would be hampered.
Consequently, a longer time would be needed for the critical
amount of BrMA to accumulate in the system and switch off
the autocatalytic cycle. For the same reason, the time period
would also be longer, due to the fact that a longer time would
be required for turning on the autocatalytic phase again.

It is possible to explain the difference of PEG effects on
changing Ce(iv) concentration by taking into account the role
played by the catalyst in the unperturbed BZ systems. In fact, it
can be reasonably proposed that the concentration of bromine
will be higher at high Ce (1v) concentration due to its production
via reaction (MBM 1) while the concentration of the autocatalytic
intermediate BrO,* will be lower because of its scavenging by
malonyl radicals. As a consequence, the contribution of reactions
(R5)«(R8) is negligible at low PEG concentration and starts to
become important only at higher polymer concentration. When
the concentration of Ce(1v) is lower, there will be higher avail-
ability of BrOj and a lower concentration of bromine, therefore,
the effect of reactions (R5)—(R8) always dominates.

Model simulation

To simulate the response of the BZ system for polymer perturba-
tion, the reactions proposed in the previous sections for the
terminal groups and for the backbone have been introduced into
the full MBM mechanism (48 reactions, 35 chemical species). As
already observed in our previous work,'® the model thus
modified is able to reproduce the separate perturbations due to
alcoholic end-groups and the polyether backbones, but proved
unsuccessful in reproducing the experimental behavior reported
in Fig. 1-3. We then considered the possibility that the global
perturbation of the PEG could be ascribed not only to the
twofold nature of the polymer but also to some peculiar physi-
cochemical properties of the PEG aqueous solutions. The latter
were investigated by performing systematic viscosimetric and
spectrofluorimetric measurements, the results of which will be
discussed in the following subsections.

Viscosimetric data. The complete course of the relative
viscosity (7.1) as a function of non-ionic polymer concentra-
tion is shown in Fig. 5A. It has to be mentioned that both the
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shape and the viscosity enhancement obtained in our work in
the presence of electrolyte are very close to those reported in
the literature for pure water.?” This implies that the presence
of electrolytes does not influence the polymer behavior as has
to be expected for a non-ionic polymer.

Perusal of the figure reveals that the relative viscosity does
not depend linearly on the [PEG]. This means that the Einstein
viscosity law (1, = 1 + [¢#]C, where C is the PEG concentra-
tion and [g] is the intrinsic viscosity) proposed for non-
interacting polymer chains in dilute solution is not valid. Thus,
the deviation for linearity has been explained in the light of the
theoretical approach®®3° based on the concept of self-
association or cluster formation in dilute polymer solution.
In particular, in the early 1950s>'** it has been proposed that
there exists a boundary concentration which separates a dilute
polymer solution into two regions. This concentration has
been named by Qian®** 3¢ “dynamic contact concentration”,
C,. At this concentration the chain segments of a polymer coil
start to “feel” repulsive forces due to the interaction with the
segments of the neighboring coils. Because of the dynamic
contact during molecular motion, when the polymer
concentration C is higher than C,, the coils undergo a
conformational change and shrink in dimensions. The
existence of the dynamic contact concentration has been
widely proved both experimentally and theoretically. %3743

According to the model described in ref. 28-30, the aggre-
gation of the polymer in solution can be described by multiple
equilibria with an identical molar self-association constant K,

P+P<£>P2

Py + P& py

P+ PSP

Using the mass action law (with M being the molar mass
polymer) K, is related to the “apparent association constant
for monodispersed polymer chains in solution”, K,,, by the
equation

K
K, = M (3)
This constant is related to the reduced viscosity, #eq

(nred = ”pr/C, where Nsp = MNrel _1) by eqn (4)

Nred = [Vl] + 6 Km[rl]c (4)
and to the dynamic contact concentration C by eqn (5)
0.001
s = 5
2KI‘)1 ( )

We have calculated the reduced viscosity (1,.q) of the PEG
aqueous solutions and the results are shown in Fig. 5B.
A linear trend has been found and the linear
least-squares analysis of the data yields the values of [y] =
5.54 + 0.06 dm® mol™' and K,, = 4.94 £ 0.01 mol dm.
Finally, by using eqn (4) the dynamic contact concentration C;
was found to be (1.012 + 0.001) x 10™* mol dm~>.

The obtained value for K, is lower with respect to those
reported by Cai et al.** while that for C, is higher. The results
are perfectly in line with the lower molecular weight of our PEG
(2000 g mol ") with respect to their PEO (3.9 x 10° g mol ™).

As for the [57] value, it is lower with respect to that previously
reported.** Since the [y] represents the extrapolation of
7sp/[PEG] to zero solute concentration, it is evident that
additional viscosity data in the very diluted region are needed.
However, it is well known that the repeatability of the viscosi-
metric measurements in the extremely diluted region is very
poor'? due to various experimental problems. Thus, we obtained
further evidence of the existence of the dynamic contact concen-
tration by performing spectrofluorimetric measurements. In fact,
fluorophore probes are very sensitive to the medium polarity.

Spectrofluorimetric data. The emission spectra of the NR in
aqueous PEG solution have been monitored over a wide
polymer concentration, i.e., from the extremely diluted region
to the dilute one. An interesting behavior has been observed.
In particular, as shown in Fig. 6A in the PEG concentration
range 0-3.0 x 10~* mol dm ™ the profiles of the emission as a
function of wavelength were substantially unchanged with
respect to that in the absence of PEG. It is evident that neither
the shape nor the maximum wavelength is affected by the
presence of the non-ionic polymer. The emission spectrum
obtained in the present work is similar to that reported in the
literature*® and has been well fitted by two Gaussian functions,
the first having a maximum at 641 nm and the second one at
661 nm. The presence of the two peaks has been explained*’ by
considering that the NR is almost insoluble in water and, as a
consequence, aggregation of NR molecules takes place. These
organized aggregates most likely affect the energy transfer
process from one configurational state, corresponding to the
band at 641 nm, to the other, corresponding to the band at
661 nm, giving rise to dual fluorescence.

As for the PEG concentration range 5.0 x 107*4.0 x
1072 mol dm ™2, it can be seen from Fig. 6B that both the shape
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Fig. 6 Fluorescence spectra of 8.0 x 107® mol dm™* NR in
the presence of PEG in the concentration range (A) 0-3.0 X

107* mol dm~> and (B) 5.0 x 107*4.0 x 1072 mol dm~3, ¢ =
25.0 £ 0.1 °C.

and the maximum wavelength significantly change. Particularly,
the emission spectra were fitted by only one Gaussian and a
blue shift of the A, was detected as a function of PEG
concentration (see Fig. 7A). This implies that the NR probe
experiences an environment with decreased polarity.

The presence of one peak clearly indicates that the NR
interacts with the PEG to an extent that depends on the PEG
concentration, and solubilization in the polymer coils occurs.
In addition, the wavelength shift*®*” has been correlated to the
transition energies Eng (= 1.196 x lOS/ZmaX), It can be seen
from Fig. 7B that the NR transition energies decrease on
increasing the PEG concentration. The decrease of this para-
meter is correlated*>*” with the decrease of the medium polarity.

It is worth to note that the PEG concentration at which the
changes in the fluorescence spectrum happen is very close to
the dynamic contact concentration C, evaluated by means of
the viscosimetric data. The small difference could be explained,
by considering that the lack of viscosimetric data at low [PEG]
does not allow a precise fitting. Moreover, it can be explained,
analogously to the critical micelle concentration of aqueous
surfactant solution, by considering that a different experi-
mental method can give a diverse answer.

Viscosimetric and spectrofluorometric measurements
demonstrated that for concentrations higher than C;, PEG

— A
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£, :

S 4, -

® 184

= ofe :
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Fig. 7 (A) Maximum fluorescence wavelength shift of NR as a
function of PEG concentration; (B) transition energy of Nile Red as
a function of PEG concentration.

polymer exists in solution as a mixture of a random coil
molecule and cluster chains. In the light of these results,
simulations using the MBM mechanism®' have been
performed considering both single and aggregated PEG
species. For each analytical concentration of the polymer,
the initial concentration of the different species has been
calculated on the basis of the K, and K, values determined
through viscosimetric measurements.

However, we have considered only the formation of dimer
species. This choice is justified by considering that, for
instance, at PEG concentration of 0.01 mol dm™> the monomer
(PEG), dimers (PEG,) and trimers (PEG3) concentration in
solution is 9.1 x 1073 mol dm~3, 4.0 x 10~* mol dm™> and
1.8 x 107> mol dm™3, respectively, which correspond to a
percentage of about 91.4, 8 and 0.55%, respectively. As a
consequence, we have not taken into account the trimers
concentration and all the terms above.

Simulations. The reactions involving the polymer used in the
modified MBM model are reported in Table 1.

Note that, as for the monomeric form of PEG, the effect due
to the OH terminal groups has been simulated by introducing
reaction (R13), which is the result of reactions (R1) and (R2),
and reaction (R14) for the second alcoholic terminal group,
while, regarding the polymeric backbone perturbation, we
introduced reactions (R3)—(R9) described in the previous
sections.

At present, the exact values for the kinetic constant for these
reactions are not known; however, Kinetic measurements
aimed at investigating the reactivity of PEG toward some
key BZ components are in progress and will be the subject of a
future publication. At this stage we applied some estimated
values in order to see if the proposed mechanism was able to
reproduce the obtained results.

As for the reactivity of alcoholic groups, it is reasonable to
estimate the value of the rate constants for the oxidation of
PEG, starting from experimental data relative to EG. There-
fore, the kinetic constant for reaction (R13) has been chosen to
be equal to the corresponding kinetic constant in the case of
ethylene glycol. In particular, the latter has been calculated by
measuring the absorbance of HOBr produced in the course of
the reaction of ethylene glycol with acidic bromate, following
the procedure reported in Pelle ef al.*® while for reaction (R14)
an estimated value, lower than k5 has been used.*

Regarding the polymeric backbone reactions, we have
chosen kj in light of the results of some kinetic measurements
showing that the time scale of reaction (R3) is quite long in
comparison with the time needed for the BZ system to reach
the oscillatory phase, whereas for k4 a much higher value has
been used since reaction (R4) involves radical species. The
value of ks has been chosen to be two orders of magnitude
higher than that proposed in our previous work.'? In fact, we
found that the present value better fits the experimental data
under the different experimental conditions studied. The same
value has also been used for k9 because reactions (R5) and
(R9) show the same mechanism.?® Finally, k¢ has been set to a
high value by assuming that the rate determining step of the
process (R6)—(R8) leading to HOBr and HBrO, is a diffusion
controlled radical-radical recombination reaction.'?
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Table 1 Scheme of the perturbative reactions used in the simulations

Reaction of the OH terminal group

R13 PEG + 2HBrO; - HO-CH,-P-COOH + 2HBrO, + 2H,0 ki3 = 3.5 x 107% 57" dm® mol 2

R'13 PEG, + 2HBrO; - HO-CH,-P,-COOH + 2HBrO, + 2H,0 k'3 =20x 1073 s dm’ mol 2

R14 HO-CH,-P-COOH + 2HBrO; — HOOC-P-COOH + 2HBrO, + 2H,O kis = 1.0 x 107 s7' dm? mol ™2

R'14 HO-CH,-P,~COOH + 2HBrO; - HOOC-P,-COOH + 2HBrO, + 2H,O ks =50x10"*s"dm’ mol 2
Reaction of the polymeric backbone

R3 Ce(1v) + PEG —» PEG® + Ce(n) + H" ks = 5.0 x 107 dm>® mol™! s7!

R’3 Ce(tv) + PEG, - PEG,* + Ce(m) + H* k'3 =50 x 107* dm® mol ™" s~

R4 Ce(tv) + PEG®* —» P + Ce(mn) + H* ks = 1.0 x 10> dm® mol™' s7!

R'4 Ce(1v) + PEG,* — P, + Ce(n) + H ks = 1.0 x 10° dm® mol~! s7!

R5 PEG + BrO,* -» PEG* + HBrO, ks = 4.0 x 10° dm® mol™! 57!

R’5 PEG, + BrO,* - PEG,* + HBrO, k's = 1.0 x 10> dm® mol ' s7!

R6 PEG® + BrO,* —» PEGBrO, k¢ = 1.0 x 10° dm® mol™! s7!

R'6 PEG,* + BrO,* - PEGBrO, k¢ =10 x 10° dm® mol ™" s!

R7 BrO,-PEG — P1 + HOBr k7 = 1.0 x 101?571

R'7 BrO,-PEG, — Pl + HOBr k7 =10x102s7"!

RS BrO,-PEG — P2 + HBrO, kg = 1.0 x 102 s7!

R’8 BrO,-PEG, — P2 + HBrO, ks = 1.0 x 101> 57!

R9 Br, + PEG — BrPEG + H™ + Br~ ko = 4.0 x 10° dm® mol™' s7!

R’9 Br, + PEG, — BrPEG, + H™ + Br~ ke = 1.0 x 10> dm® mol " s7!

As for the aggregated form of the polymer, we assumed that
dimers participate in the same perturbative reactions as the
monomers. However, since the chain-to-chain interactions
force the polymer chain to shrink, the polyether backbones
result in being less available and therefore less reactive toward
the BZ components, the rate constants of the processes
involving the cluster chains have been chosen much lower
than that involving the monomers. Moreover, by considering
that in reactions R’4 and R’6 radical species (which always
react very fast) are involved, reasonably we did not change the
rate constant values with respect to the corresponding (R4)
and (RO6).

Finally, the constants k'3 and k’;4 have been slightly
reduced with respect to k3 and k4, by considering that the
hetero-association of the PEG chains makes the alcoholic
terminal groups less accessible for the reactions.

The perturbation effect obtained by applying the proposed
model is shown in Fig. 1-3 for three different initial catalyst
concentrations, i.e. the same values reported for experimental
runs. It can be noticed that, in accordance with the
experimental results, the effect of the presence of PEG strongly
depends on the catalyst concentration and the simulation
results agree well with the experimental data, under all the
experimental conditions investigated.

Conclusions

The perturbation induced by a polymeric material in a non
linear chemical system, such as the BZ reaction, may depend
on many factors including the concentration of the BZ
components, the chemical nature of the polymer, its concen-
tration and the physicochemical properties of its aqueous
solution. As a consequence, the effects of the perturbation
are a combination of such factors which, due to the non
linearity of the systems involved, may lead to very different
results. In recent works* > it was pointed out how the
combination of self-assembling processes, typical of equili-
brium systems, with the self-organizing properties typical of

dissipative systems, generally brings about the emergence of
new and unpredictable behaviors. In this perspective, we have
described and simulated a synergistic effect due to the changes
in the initial reactants concentration of the BZ reaction
combined with the aggregation properties typical of surfac-
tants and polymers. These aspects have to be taken into
account in many possible applications of NLD to polymeric
systems. The simulation of the BZ system with the MBM
mechanism provided results that qualitatively agree with the
experimental data. This corroborates the proposed perturba-
tion mechanism and also confirms the robustness of the MBM
mechanism in very different conditions and in the presence of
external perturbation. Consequently, model simulations could
prove very helpful in applications development. Nevertheless,
there is still quantitative disagreement with experimental
results. This suggests that better estimates of the Kkinetic
constant values are needed. Moreover, the MBM itself would
probably need to be modified at some point to achieve better
agreement.
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