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Water kept in contact with cellulose has not been a “juicy” research topic until now. This is surprising because
cellulose is a major component of the cell walls in green plants. It is also a common material used in many arti-
ficial systems, e.g., filters. In this work, we review some of our experimental results and show that iteratively
bringing cellulose (cottonwool) in contact with pure water endows the water with some unforeseen properties.
For example, the liquid left over after removing the cellulose is optically active, i.e., mirror symmetry breaking
was triggered during temporary contact of bulk water with a natural polymer. (Here and in the following, by
“mirror” symmetry we actually mean “chiral” symmetry). Moreover, this leftover liquid fluoresces after irradia-
tion with ultraviolet light. These properties are neither attributable to impurities released by the inert polymer
nor to organic- or bio-contaminants, as our state-of-the-art analytical techniques show. These techniques include
gel electrophoresis, Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF) and Gas Chroma-
tography both coupled with Mass Spectrometry. Instead, the properties are attributable to stabilization of inter-
facial water adjacent to hydrophilic membranes. Our findings have implications for processes in water flowing
adjacent to cellulose, in particular enantioselective processes. Such processes play critical roles in many bio-
systems and technologies. Thus, our study indicates that water iteratively brought in contact with cellulose
merits intensive research.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Cellulose is the most abundant organic polymer on Earth [1]. It is a
major constituent of the cell walls of green plants. It is an important in-
gredient in many manufactured materials, e.g., paper, textile and food
products. It is biodegradable.

Cellulose is insoluble inwater (see Section S1). This fact, likely, leads
scientists to assume that it does not affect nearby bulk water. However,
our recent carefully controlled experiments have shown that cellulose
nitrate filters affect the physicochemical properties of bulk Milli-Q
water [2, 3]. For example, they affect the water's electric conductivity,
density, heat of mixing with acids and ultraviolet (UV) absorption
spectra. To amplify the effects, in the experiments reported in Ref. [2,
3], we iteratively filtered the water. The iterative filtration procedure
is detailed in Section S2. In the following, such iteratively filtered
water will be denoted by IPW-F (Iteratively Perturbed Water by Filter-
ing). The physicochemical variables of IPW-F are correlated [2, 3]. The
correlations indicate that a single cause underlies the peculiar physico-
chemical properties of the filtered water. For example, the linear corre-
lation between the logarithms of electrical conductivity (χ) and density
of the perturbed water reflects the fact that this water has scale-free
self-similar fractal properties [4]. We showed that the changes induced
by the filtering are not simply attributable to chemical impurities,
e.g., compounds released by the filter or the filtering apparatus [2]. In-
stead, these changes result from formation of dissipative structures
[3]. The diameter of the structures may reach hundreds of nanometres
(nm) [3].
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Our analyses hinted that the dissipative structures form adjacent to
the hydrophilic filter, and that these are flushed into the filtrate during
the filtration process [2, 3]. Hydrophilic membranes, like the cellulose
filters which we employed, induce the formation of an interfacial
water zone, hundreds of microns wide [5, 6]. In the literature, this
zone has been denoted “Exclusion Zone (EZ)”.1 We hypothesized that
the violent flux of water in the very narrow pores of the filter ruptures
clumps of the EZ.

With the aim of an in depth investigation of the formation process of
the structures in IPW-F,we iteratively perturbedwaterwith an inert hy-
drophilic membrane (Nafion®) [7–12]. We chose a Nafion membrane
because its interfacial EZ is known to be broad [5, 13, 14]. Its width
may reach 1mm.We immersed themembrane inMilli-Qwater, stirred
the liquid, removed and dried the membrane, and then repeated these
steps several times over. The water left over after removal of the mem-
brane will be denoted by IPW-N (Iteratively Perturbed Water with
Nafion). Our analyses of the main physicochemical properties of IPW-
N indicate that its dissipative structures are clumps of ruptured EZ
water [12] (see Section S3).

The goal of this study was to elucidate the effects on water resulting
from iteratively bringing water in contact with cellulose, in a manner
that is omnipresent in nature and in artificial systems. To this goal, we
repetitively immersed cotton wool in water. After each immersion, we
removed the hydrophilic cotton (HC) and dried it in air. The liquid left
over after the last contact, i.e., the last HC immersion in water and its
subsequent removal, we denote by IPW-HC (Iteratively Perturbed
Water by HC).

This study is the first report of experimental data on IPW-HC. The
data include the optical microscopy images of IPW-HC, its circular di-
chroism, pH, density, χ, heat of mixing with an acid, UV radiation ab-
sorption and emission. We also report state-of-the-art analyses data to
estimate the quantities of impurities in the IPW-HC samples. We ana-
lyzed the samples with Gas Chromatography (GC) and Matrix-
Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF), both
coupled with Mass Spectrometry (MS), as well as gel electrophoresis
and Ion Chromatography (IC).

To expound the similarities and differences between water
perturbed by cellulose and that perturbed by a synthetic membrane,
we compared the data on IPW-HC with that on IPW-N. The data on
the latter have been reported and analyzed in references [4] and [7–12].
2 We thank the anonymous referee for noticing that fractal structures are known to ap-
pear in binary system aggregations and also in frosty patterns of ordinary water on glass,
which shows thatwater can indeed exhibitmolecular fractal organization under appropri-
2. Results

2.1. Sample and control characterizations

2.1.1. IPW-HC samples
The IPW-HC preparation procedure is detailed in the “Methods”

5.3.1 section.We characterize IPW-HC samples by their electric conduc-
tivity (χIPW-HC). This parameter depends on the number of HC
immersion-removal cycles, the volume of the treated water, the size
of the HC piece and fluctuating environmental conditions. χIPW-HC al-
ways increases with the number of cycles. We prepared thousands of
IPW-HC samples. For some samples, the differences between their
χIPW-HC and the electric conductivity of Milli-Q® water were huge,
i.e., nearly four orders of magnitude. The electric conductivity of Milli-
Q is about 1–2 μS cm−1.

While the IPW-HC samples are stored, for days or evenmonths, their
χIPW-HC incessantly changes. χIPW-HC may first increase and subse-
quently decrease, first decrease and then increase, continuously in-
crease or decrease (see Fig. S1). We have observed similar phenomena
1 In our discussion in this paper, we refer to the studies and experimental observations
on EZ water by G. H. Pollack and his group. Ref. [5a] is the group's first report on EZwater.
We thank the anonymous referee for mentioning to us previously studied EZ phenomena
in non-Gibbs layer, explained by the general theory of Van der Waals and used for expla-
nation, as an example of periodic colloid structures.
for IPW-N and IPW-F (8, 12, 15). These phenomena are typical of far-
from-equilibrium, self-organizing and dissipative systems. The values
of the experimental variables of these systems depend on the ambient
conditions and on the volume of the samples (see Fig. S1). The concen-
tration of impurities cannot increase, decrease and re-increase and so
on. Therefore, the storage-time dependence of χIPW-HC is an indirect
and clear proof that the naive hypothesis of the presence of impurities
underlying the χIPW-HC phenomena is incorrect!

The fact that IPW-HC exhibits qualities typical of far-from-
equilibrium, self-organizing, dissipative systems implies that it is im-
possible to prepare samples with equivalent χIPW-HC values. The same
is true for its other physicochemical variables, e.g., pH or density (see
Fig. S2 and Fig. S3). In addition, these qualities imply that themeasuring
techniques affect the physicochemical properties of the samples. The ef-
fects of the measuring technique are inconsequential for revealing the
typical physicochemical phenomena of this liquid, because the values
of the various physicochemical variables are correlated. For example, a
linear correlation exists between the logarithm of χIPW-HC and the pH
of IPW-HC (see Fig. S2). Moreover, the logarithm of χIPW-HC is linearly
correlated with the logarithm of the difference between the density of
IPW-HC (ρIPW-HC) and the density of the Milli-Q water (ρwater), with
which the IPW-HC was prepared (see Fig. S3). The density difference
is significantly larger than zero, for all samples. The difference resembles
that of an aqueous electrolyte solution [16]. The correlations between
widely varying variables like conductivity and density indicate that a single
cause underlies the phenomena of IPW-HC [11]. The aforementioned cor-
relations reflect scale-free self-similar fractal properties of a liquid,
e.g., IPW-N or IPW-F, as our mathematical analyses have shown [4].2

Thus, due to its qualities, IPW-HC exhibits phenomena that are repeat-
able but not quantitatively reproducible.

IPW-HC being a self-organizing, dissipative system hinders measur-
ing a variety of physicochemical variables for a sample with a definite
χIPW-HC. Carrying out widely different experiments requires many
days. Moreover, it may imply varying laboratory facilities. The χIPW-HC

of the sample changes during such measurements periods and shifting
ambient conditions. Therefore, to reveal characteristics of IPW-HC, we
report physicochemical variables for a few samples with different
χIPW-HC.

The typical χIPW-HC and other physicochemical phenomena of IPW-
HC, which we report in the following, are obtainable by preparing sam-
ples with virgin pieces of HC or reusing the same piece for several
months. Reusing the HC does not significantly affect the numerical
values of the physicochemical properties.

2.1.2. Controls
TheMilli-Q water, with whichwe prepare IPW-HC, we use as a con-

trol. Asmentioned in Section 1, cellulose is insoluble inwater. Therefore,
IPW-HC's preparation procedure of temporarily bringing HC in contact
with Milli-Q water does not alter the liquid's chemical composition. Ac-
cordingly, measurable differences between IPW-HC and Milli-Q water
have to be of physical (structural and/or dynamical) origin.

An additional control is IPW-N. During the laborious preparation
procedure of IPW-HC, which may span days, impurities may enter the
liquid. Most aspects of IPW-HC's preparation procedure, i.e., the repeti-
tivemanual immersion of amembrane inMilli-Qwater, its removal and
drying cycles, are very similar to those used for preparing IPW-N. The
sole difference between the procedures is that HC is gently squeezed,
ate boundary conditions. Our observationswith IPW-HC shed light on an additional exam-
ple of a fractal structure in water and on a possible way to understand its formation. Far
from being a trivial observation,molecular self-similarity inwater in a number of different
physicochemical conditions appears to signal a rich underlying dynamics. As discussed in
Section S6, a possible theoretical frame is related to the isomorphism of fractal self-
similarity to the coherent state dynamics (see also Ref. [4] and references therein).
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while thewater in the Petri dish employed for preparing IPW-N is man-
ually gently stirred. Therefore, the extensive experimental data on IPW-
N reported in our previous papers constitute reasonable controls.

Other controls are Milli-Q waters perturbed by iterative immersion
of Whatman cellulose acetate membranes or cellophane sheets. The
data on these systems are concisely summarized in Section 2.8. More
details will be published in a different publication.

2.2. Impurity analyses of IPW-HC

To test whether impurities underlie the physicochemical properties
of IPW-HC, we employed state-of-the-art analytical techniques. We
performed mass spectral (MS) analyses with two different ionization
techniques: Matrix-Assisted Laser Desorption/Ionization Time of Flight
(MALDI-TOF) and Gas Chromatography (GC), both coupled to electron
impact ionization. The limit of detection for MALDI-TOF is around
0.1 pmol/μl, while that for GC is about 5 times higher. The MS analyses
performed on different samples rule out signals attributable to organic
or biological contaminants (see Fig. S4). To investigate the presence of
biological species, which escapeMS analyses due to problems in ioniza-
tion efficiency, we submitted the samples to gel electrophoresis frac-
tionation under denaturing conditions. The gel was then stained by
using Coomassie blue dye, resulting in the absence of any colored
band corresponding to biological polymers such as proteins (see
Fig. S4). The limit of detection of Coomassie stain (GelCode Blue Stain
Reagent, Product # 24592) used for gel staining is 0.25 ng/band. Our
Ion Chromatography (IC) analyses show that inorganic ions do not un-
derlie the high χIPW-HC values. The prevalence of ionic impurities or
ions released by theHC is below the quantification limit. The limit of de-
tection of our IC analyses is of the order of 10−1 mg/g. For example, for
Cl− ions it is 0.1 mg/g, for F− ions it is 0.02 mg/g and for SO4

− ions it is
0.1 mg/g. Thus our state-of-the-art analytical measurements show
that IPW-HC neither contains impurities released by the inert polymer
nor organic- or bio-contaminants from the surroundings, at levels
Fig. 1.Optical microscopy images. A. Image of IPW-HCwith dispersed 1 μmsized polystyrenem
observable. The tiny spots are themicrospheres. B. Amagnified image of an aggregate. The imag
contain even smaller domains, etc. C. A 125-time magnified image of an aggregate. The image r
containing a Nafion 117 membrane and 1 μm sized polystyrene microspheres (by Polybead In
aggregate is located within the zone. To its left, just outside the zone, a much larger aggregate
sized polystyrene microspheres (by Polybead Inc.). A microsphere-free zone adjacent to the
membrane.
above the detection limits. Additional arguments against such impuri-
ties or contaminants underlying the IPW-HC phenomena reported
below are presented in Section S4.

2.3. Structural analyses of IPW-HC

Fig. 1a presents an opticalmicroscopy image of IPW-HC,whereinwe
dispersed 1 μm (μm) sized Polystyrene microspheres by Polybead Inc.
Aggregates with sizes up to hundreds of microns are observable.
Fig. 1b displays an optical microscopy image zoomed on an aggregate.
Fig. 1c presents an enlarged image of the aggregate.

For controls, we studied IPW-HC to which we added a Nafion 117
membrane and the polystyrene microspheres, and we also studied
Milli-Qwater to whichwe added a Nafion 117membrane and the poly-
styrenemicrospheres. Fig. 1d and e, respectively, present the opticalmi-
croscopy images of these systems. These figures for example help to
determine whether the aggregates in IPW-HC are pieces of HC. Fig. 1e
shows that a zone devoid of microspheres exists adjacent to the mem-
brane. Such an interfacial EZ water zone, which exists adjacently to
Nafion and other hydrophilic membranes, has been extensively ana-
lyzed [12–14, 17]. The zone excludes particles such as: medium sized
molecules (dyes, acid-base indicators), large molecules (proteins), bac-
teria, positively or negatively charged colloidal microspheres with di-
ameters of 0.5–2.0 μm. Accordingly the zone has been designated
“Exclusion Zone” (EZ). The zone is also visible in Fig. 1d. Adjacent to
the zone, a big aggregate is visible. To its right a smaller aggregate,
which is located within the zone, is discernible. Fig. 1f shows an en-
larged image of an aggregate located within the zone, bordering on
the Nafion. Since the zone excludes largemolecules, the presence of ag-
gregates within the zone suggests that they are not composed of HC.

Fig. 1a–c reveal that the aggregate consists of domains, containing
smaller domains, which in turn contain even smaller domains, etc.,
i.e., a typical characteristic of a fractal structure. These figures provide
a visual sign that the aggregates present in iteratively perturbed waters
icrospheres by Polybead Inc. Hundreds-of-microns sized, irregularly shaped aggregates are
e shows that the aggregate consists of domains, containing smaller domains, which in turn
eveals the scale-free self-similar fractal structure of the aggregate. D. An image of IPW-HC
c.). A microsphere-free zone adjacent to the membrane is observable. A relatively small
is discernible. E. An image of Milli-Q water containing a Nafion 117 membrane and 1 μm
membrane is observable. F. A magnified image of an aggregate located adjacently to the



3 Recently, a chiralwater superstructure under near physiological conditions, templated
by a deoxyribonucleic acid (DNA) molecule, has been observed [26]. Previously, to differ-
entiate the bulkwater response from that of the hydrationwaters adjacent to DNA, exper-
imentalists relied on cryogenic temperatures, indirect probes, dehydrated DNA, or other
methods that likely disrupt the biologically relevant equilibrium hydration. The experi-
mental findings reported in Ref. [26] validate the significance for DNA of our CD results
on IPW-HC and IPW-N [27]. To the best of our knowledge, there are no explanations for
the findings of Ref. [26].
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containing Polystyrene microspheres have a fractal texture. Evidencing
scale-free self-similar fractal properties of a material requires careful
mathematical analyses. Asmentioned in Section 2.1.1, in Ref. [4] we car-
ried out mathematical analyses that show that the linear correlations
between the logarithmic values of widely varying physicochemical var-
iables of perturbed waters, e.g., IPW-N or IPW-F, show these liquids'
fractal structure. In Section 2.1.1, we reported the linear correlation be-
tween the logarithmofχIPW-HC and the pH of IPW-HC, as well as the lin-
ear correlation between the logarithm of χIPW-HC and the logarithm of
(ρIPW-HC - ρwater). According to the analyses carried out in Ref. [4],
these correlations show that IPW-HC also has a self similar fractal struc-
ture. Hence, the texture visualized in Fig. 1a–c at least is attributable to
the fractal quality of IPW-HC. Yet, it is beyond the scope of this paper, to
investigate whether the texture of the aggregates in Fig. 1 is solely at-
tributable to the aggregates in IPW-HC. It is possible that the micro-
spheres also contribute to the texture.

The aggregates in IPW-HC, besides their fractal structure and sizes,
have other features in common with those observed in IPW-N, as we
will show in the following sections. During the IPW-N preparation pro-
cedure, on immersing a Nafion membrane in pure water, an interfacial
EZ forms. The subsequent stirring of the liquid ruptures the EZ and dis-
perses the resulting clumps in the neighboring bulk water [11, 12]. We
can explain the presence of aggregates in IPW-HC in a similar manner.
Clumps of interfacial EZ water, which formed adjacently to the HC fi-
bers, are dispersed into the bulk liquid when the HC is squeezed.

2.4. UV absorbance by IPW-HC

The UV absorbance by IPW-HC resembles that of other structured
waters. For example, it resembles that of IPW-N, IPW-F, the EZ interfa-
cial water adjacent to Nafion or other hydrophilic membranes and
aqueous solutions [3, 5, 7, 18, 19]. Recently, for aqueous solutions, dy-
namic light scattering in combinationwith other analyses revealedmol-
ecules that were ordered in sub-micron sized aggregates [20]. For
instance, such aggregates were observed in sodium chloride solutions
with concentrations in the range of 10−13 M to 10−7 M [20]. IPW-HC,
just as the aforementioned structured waters, absorbs in the
200–350 nm wavelength range (see Fig. S5). Conversely, H2O in the
gas phase, bulk water at ambient conditions, amorphous, hexagonal or
cubic ice do not significantly absorb radiation in this range [17, 21,
22]. Accordingly, the absorbance in the 200–350 nm wavelength
range has been attributed to aggregates composed of H2O present in
structured waters [17, 23]. This is consistent with the predictions of
high-level computations: the well-established quantum mechanical ab
initio derived Complete-Active-Space Self-Consistent-Field Second-
order Perturbation Theory (CASPT2) [23].

2.5. Circular Dichroism (CD) of IPW-HC

Fig. 2 presents the main results of our CD measurements. The figure
depicts the CD spectra of various IPW-HC samples. The spectra show the
difference between the absorbance of left- and right-handed circularly
polarized light as a function of the UV radiation wavelength. The differ-
ence [theDelta Absorbance (ΔA) inmilli-degrees (mdeg)] is normalized
for optical length quartz cuvette (0.5 cm). The temperature (T) of the
samples was 20 °C.

Fig. 2 shows that ΔA differs from zero at wavelengths in the
200–240 nm range. ΔA maxima and ΔA minima are located at wave-
lengths of about 200 nm and 215–222 nm, respectively. The sizeable
ΔA values reflect the fact that IPW-HC is optically active. The optical ac-
tivity implies that perturbing Milli-Q water, by iteratively bringing it in
contact with HC, leads to mirror-symmetry breaking The CD spectra of
IPW-HC resemble those of β-sheets [24].

Fig. 2a shows that ΔA diminished when the sample was twofold di-
luted. Fig. 2a and b depict the spectra for IPW-HC sampleswith different
χIPW-HC values, namely 860 and 490 μS cm−1. The figures, as well as our
other extensivemeasurements ofΔA for IPW-HC sampleswith different
χIPW-HC, show thatΔA is smaller whenχIPW-HC is lower. Fig. 2a also con-
tains the CD spectrumof the controlMilli-Qwaterwithχ in the range of
1–2 μS cm−1. The spectrum is flat, because pure water is not optically
active – H2O is achiral. The ΔA phenomena are consistent with IPW-
HC containing chiral aggregates, with one type of enantiomer in excess,
or only one type being present (homochirality).

The above-mentioned CD spectral features of IPW-HC resemble
those of IPW-N [11]. The resemblance suggests that the chiralmolecular
aggregates in IPW-HC are clumps of interfacial EZ water, dispersed in
IPW-HC during its preparation procedure. A hypothesis for the chirality
of the aggregates in IPW-N is that chiral conformations evolve during
the slow liquid-liquid transition induced by the Nafion membrane in
its interfacial EZ water [11]. Most physisorbed achiral molecules order
chirally [25]. Such local molecular chirality often gets propagated to
the supramolecular level. A similar hypothesis is possible for the chiral-
ity of the aggregates in IPW-HC.3

We observe a significant difference between the CD of IPW-HC and
that of IPW-N after heating. The CD spectra of IPW-HC samples, after
thesewere kept at T=90 °C for 12 or 72 h (h) and subsequently cooled
to 20 °C, are presented in Fig. 2b. The figure shows that heating dimin-
ishes the ΔA of IPW-HC. However, at most wavelengths in the
200–240 nm range, the ΔA of IPW-HC does not approach zero. In con-
trast, after keeping IPW-N for prolonged times at T = 90 °C, its ΔA ap-
proaches zero at these wavelengths [11]. This difference might be due
to the composition of the aggregates in IPW-HC compared to the com-
position of the aggregates in IPW-N. It must be underlined that IPW-N
is strongly acidic while IPW-HC is alkaline, as will be detailed further
on. The observed decrease in ΔA values of heated samples, compared
to the ΔA values of IPW-HC samples that were not heated, is likely
due to the chirality of the clumps of EZ water being disrupted by the
heat.

The chirality of the aggregates present in IPW-HC, just as that of the
aggregates in IPW-N, is not attributable to hydrogen bonding of their
H2O. We added sodium hydroxide (NaOH) or hydrogen chloride (HCl)
to IPW-N in amounts sufficient to induce their pH to increase to 13 or
to decrease to 3, respectively. The addition of these substances did not
disrupt their CD [11]. The same holds for adding high concentrations
of Guanidinium chloride to IPW-HC. Our findings imply that interac-
tions, which are much stronger than hydrogen bonds, underlie the sec-
ondary structure of the aggregates in IPW-HC or IPW-N. We have
started to investigate this surprising phenomenon. Our experiments,
however, have not yet clarified this phenomenon.

2.6. Ultraviolet visible (UV–Vis) fluorescence of IPW-HC

Fig. 3 presents fluorescence spectra of IPW-HC samples excited with
280 nmwavelength radiation.We kept the samples at 25 °C. The band-
widths of the excitation and emission monochromator, respectively,
were 3 nm and 5 nm. Fig. 3a shows that the spectra consist of two
broad overlapping bands. Their widths span wavelengths from about
300 to 500 nm. The maxima of the bands are near 350 nm and
440 nm. We will refer to the band with maximum near 350 nm as the
“350 nm band”. The band with maximum near 440 nmwill be denoted
by “440 nm band”.

Fig. 3a shows that the 350 nm and the 440 nm bands are absent in
Milli-Q water. The emission spectrum of Milli-Q water only contains a
very tiny peak at 310 nm. This peak is attributable to Raman scattering



Fig. 2. CD spectra of IPW-HC. The specifications of the samples are noted in the insets. The figure shows that IPW-HC is optically active. It also shows that a twofold dilution of an IPW-HC
sample leads to an about twofold reduction of ΔA. The figure shows that heating an IPW-HC sample for 12 or 72 h at 90 °C, and subsequently cooling it, affects its ΔA.

602 V. Elia et al. / Journal of Molecular Liquids 268 (2018) 598–609
by H2O [28]. A tiny peak (shoulder) at 310 nm, resulting from such
Raman scattering, is also visible in the fluorescence spectra of the vari-
ous IPW-HC samples presented in Fig. 3a–d. Even though, for samples
with high fluorescence intensities, the Raman peak is rather blurred.

Fig. 3b illustrates that after a twofold or fourfold dilution of the
sample, the fluorescence intensity diminishes. Fig. 3c contains the
spectrum of a sample heated for 12 or 72 h at 90 °C and subsequently
cooled to 25 °C. It shows that the intensity of the 350 nm band
strongly diminishes while that of the 440 nm band persists. Fig. 3d
shows the effects of filtering a sample. We employed Syringe filters
by Corning®, with 200 nm or 450 nm sized pores. The filtering dimin-
ishes the intensity of the 350 nm band.

The findings in Fig. 3a and b indicate that the aggregates present in
IPW-HC underlie its fluorescence. Dilution reduces their concentration.
Fig. 3c hints at two different types of chromophores being present in
IPW-HC. One type underlies the 350 nm band. It disappears after
prolonged heating of the samples. A second type underlies the 440 nm
band. It persists after prolonged heating of the samples.Within this con-
text, we remind that prolonged heating does not eliminate the CD of
IPW-HC (see Fig. 2b). Fig. 3d shows that filtering diminishes the inten-
sity of the 350 nm band. The diminishment suggests that filtering elim-
inates the larger aggregates in IPW-HC underlying the 350 nm band.

The absence of any sharp emission peaks and the smeared out char-
acter of the fluorescence spectra of IPW-HC indicate the presence of
excimers (see Section S5). Excimers seemingly underlie the structure
of the interfacial EZ water adjacent to Nafion and other hydrophilic
membranes [17, 23]. The excimers have been studied with the high-
level CASPT2 computations. They indicate that EZ water adjacent to hy-
drophilic membranes contains aggregates that are composed of
excimers forming networks of multilayer honeycomb ice-like layers
(see Figs. 1 and 6 in Ref. [23]). For example, for the interfacial water ad-
jacent to Nafion, the formula of the excimers is H38O20. The formula of
the two monomers constituting the excimer is H19O10. The H2O mole-
cules forming the monomer are composed of two fused hexagons. The
attractive interaction between the monomers is due to π stacking. In
theH38O20 networks, theπ-stacked H2O resonate between their ground
and an excited electronic state. About 10% of the H2O constituting the
network are simultaneously electronically excited. These results of the
CASPT2 model are consistent with those obtained with other models
(11), which are presented in Refs. [29] and [30].

The significant interaction between IPW-HC and light is not just ap-
parent from the above reported spectral measurements. It is noticeable
with the naked eye. IPW-HC has a yellowish-brownish color. The same
is true for IPW-N. The color becomes more clear-cut when, during the
preparation of these liquids, their electric conductivity increases.

2.7. Titration phenomena of IPW-HC

Fig. 4a–c present, respectively, the results of pH-metric, conducto-
metric and calorimetric titrations of three IPW-HC samples. Tables S1
and S2 present the numerical values displayed in Fig. 4. The titrations
were carried out with HCl or NaOH. The electric conductivity (χIPW-

HC) of the three samples prior to their titration differed. Their initial con-
ductivities were, respectively, 238 μS cm−1, 358 μS cm−1 and 470
μS cm−1. The main titration features of these three samples are similar.
These features resemble the ones we observed for many other IPW-HC
samples with different initial conductivity.

We performed the pH-metric titrations bymeasuring the pH of a so-
lution of IPW-HC (1–3 mL) as a function of the volume of added HCl. In
other words, we measured the pH as a function of the concentration
(mol L−1) of HCl in the final solution. This concentration we denote by
Mf

HCl. We carried out the conductometric titrations by measuring the
electrical conductivity χ as a function ofMf

HCl. The procedure for calori-
metric titrations involves measuring the mixing heat ΔHmix (see
Method Section 5.3.13).We obtained ΔHmix by mixing an IPW-HC sam-
ple with increasing amounts of NaOH. The molality of NaOH in the final
mixture we denote bymf

NaOH (=mol kg−1). The heat of mixing of IPW-
HCwith HCl is very low compared to the heat of mixing of IPW-HCwith
NaOH. It is too low to enable receiving significant titration patterns.

Fig. 4a shows that IPW-HC is alkaline. Fig. 4a and b show that the fea-
tures of the pH-metric and conductometric titrations of IPW-HC resem-
ble those of titrations of a weak base with a strong acid. A kind of
smeared out breakpoint is noticeable in Fig. 4a. It indicates that IPW-
HC is a weak base with a dissociation constant of about 10−5 mol L−1.
A kind of equivalent point is discernible in Fig. 4b. The pH-metric titra-
tions reveal that IPW-HC contains entities that reduce the activity of the
hydronium ions (H3O+) of the added acid. The conductometric titra-
tions reveal that the entities present in IPW-HC reduce the mobility
and/or concentration of the added H3O+. The calorimetric titration
curve has the shape of a rectangular hyperbola ending in a plateau.
This shape typifies formation of an association complex [31]. As such,
the calorimetric titration curve reveals some kind of interactions be-
tween hydroxyl ions (OH−) and entities in IPW-HC.

The simplistic explanation that the titration phenomena are due to
electrolytic impurities is easy to reject (see Section S4). Instead, the phe-
nomena are explainablewithin the context of ourmodel of IPW-HC.We



Fig. 3. Fluorescence spectra of IPW-HC. The specifications of the samples are noted in the insets. The fluorescence intensity is presented in arbitrary units (a.u.) (cf. comments at the end of
Section 5.3.12). The fluorescence spectrum of IPW-HC has two broad peaks. The peak in the spectrum of Milli-Q water is due to Raman scattering. The denotations Dil 1:2 and Dil 1:4
indicate that the samples were, respectively, twofold and fourfold diluted. The figure shows that dilution reduces the intensity of the fluorescence. The figure shows that heating an
IPW-HC sample for 12 or 72 h at 90 °C, and subsequently cooling it, affects its spectral features. The denotations F 450 μm and F 200 μm indicate that IPW-HC samples were filtered
with filters which had pore sizes of, respectively, 450 μm and 200 μm.
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conjecture that the alkalinity of IPW-HC is due to the presence of its ag-
gregates, i.e., its dispersed clumps of ruptured interfacial EZ water. Spe-
cifically, we conjecture that HC shifts the dissociation constant of H2O in
its interfacial EZ water. The H3O+ ions stick within the zone and the
OH− ions move to the outer border of the zone. Consequently, IPW-
HC consists of positively charged clumps of ruptured interfacial EZ
water dispersed in water containing OH−. In the presence of the aggre-
gates, the dissociation constant of H2O remains shifted. Our conjecture
is inspired by the experimental data on reactive metal sheets, on Nafion
and on IPW-N. Reactive metal sheets or Nafion shift the dissociation
constant of H2O in their interfacial EZwater. The interfacial EZwater ad-
jacent to reactivemetal sheets is positively charged [32]. The bulkwater
at the outside border of their interfacial EZwater is alkaline (pH of about
8–9). The interfacial EZ water adjacent to Nafion is negatively charged
[33]. The bulk water at the outside border of its interfacial EZ water is
acidic (pH of about 3). IPW-N is acidic – its pH may reach values as
low as 3 [8]. The effect of HC on the dissociation of H2O in its interfacial
water has not yet been measured.

The titration phenomena are consistent with our conjecture that
IPW-HC is composed of positively charged clumps of ruptured interfa-
cial EZ water dispersed in water containing OH−. The pH-metric and
conductometric titration data are explainable by the added H3O+ ions
neutralizing OH−, i.e. reducing the concentration of the excess OH−.
The calorimetric titration curve is explainable by the added OH− ions
combining with the positively charged aggregates. As to the driving
force underlying the association, our thermodynamic data, summarized
in Table S3, indicate that it is essentially of entropic nature. Both the
standard molar enthalpy of association and the standard molar entropy
are high and negative. For instance, in a sample with χIPW-HC = 238
μS cm−1, the standard molar enthalpy of association is
−117.0 kJ mol−1 and the entropy multiplied by the temperature is
−93.1 kJ mol−1. These parameters vary from sample to sample. In con-
trast, the standard free energy is similar even for samples with very dif-
ferent χIPW-HC.

The properties of alkalinity, electric conductivity, calorimetry and ti-
tration that characterize IPW-HC are similar to those found for IPW-F [2,
3, 10]. These properties also are similar to those of water perturbed by
other methods [34–36]. In-depth explanations of these properties are
provided in Ref. [37]. For example, in Section 2.8, 3.1 and 3.2.1 of Ref.
[37], electric conductivity phenomena of IPW-F are explained. In partic-
ular, these sections focus on the enhancement in the electric conductiv-
ity of water when it is perturbed by iterative filtrations. It is beyond the
scope of this paper to dwell on the intricate analyses required to explain
the impact of perturbations on the physicochemical properties of water.
Instead, we just point out that whenever perturbingwater stabilizes ag-
gregates of the typementioned in Section S6, i.e., coherent domains, the
electric conductivity may steeply increase [37].

Looking at Fig. 4, the equivalent point of the conductometric titra-
tions reveals the order of magnitude of the aggregates' concentration
in IPW-HC. The same holds for the smeared out breakpoints in the



Fig. 4. Titrations of IPW-HC. The pH of three IPW-HC samples titratedwith HCl. The initial conductivity and the pHof the samples are given in the inset. The electric conductivityχ of IPW-
HC samples titratedwithHCl. The initial conductivity of each sample is given in the inset. The heat ofmixingΔH (=ΔHmix defined in Section 5.3.13) of IPW-HC samples titratedwithNaOH.
The initial conductivity of each sample is given in the inset.

Fig. 5.ThepHversus the logarithmof the electric conductivityχ in μS cm−1 of IPW-HC and
of IPW-N samples. The graph shows that: (a) IPW-HC is alkaline while IPW-N is acid;
(b) the maximal χ of IPW-HC is about an order of magnitude higher than that of IPW-
N; (c) the pH and log (χ) are linearly correlated.
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pH-metric titrations. The concentration is about 10−3 mol L−1. It is
higher for samples with larger χIPW-HC. Thus, the electric conductivity
is an indicator of the prevalence of the aggregates.

2.8. IPW-HC compared to other perturbed waters

The iterated contact between water and HC, or Nafion, produces liq-
uidswith remarkably similar aswell as dissimilar properties. Fig. 5 illus-
trates some of these properties. Others, which we pointed out in the
previous subsections, are summarized in Table S4.

Fig. 5 illustrates that the pH is linearly correlated with the logarithm
of the electric conductivityχ for IPW-HC aswell as for IPW-N. However,
the slopes of the linear functions have opposite signs. Moreover, the
magnitudes of the slopes differ. The difference in sign highlights the al-
kalinity of IPW-HC versus the acidity of IPW-N [8]. The differentmagni-
tude is related to the scale-free character of the relations between the
pH and log (χ) (see Section S6).

The similarities between theproperties of IPW-HCand IPW-Nare at-
tributable to their aggregates (the clumps of ruptured interfacial EZ
water). The dissimilarities may be due to the nature of the inert HC
and the inert Nafion. The surface characteristics of the solid determine
the properties of its interfacial water, e.g., its electric conductivity, pH
or width [5, 6, 32, 33]. The dissimilarities may also be due to the differ-
ences in the perturbation procedure employed for preparing IPW-HC
and IPW-N.

Fig. 5 shows that themaximalχ values of IPW-HC samples are about
one order ofmagnitude larger than those of IPW-N. As noted earlier,χ is
correlated with the prevalence of the aggregates in these liquid; the
maximal concentration of aggregates in IPW-HC is of the order of
10−3 mol L−1. This is one order of magnitude higher than that of IPW-
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N (10−4 mol L−1) [9]. This dissimilarity may be attributable to the sur-
face area of HC differing from that of Nafion. HC is composed of many
strings. Therefore, its surface area is much larger than that of a piece
of Nafionmembrane. The larger area implies a larger amount of interfa-
cial EZ water. So, perturbing water with HC may produce larger
amounts of ruptured EZ water clumps than perturbing it with a Nafion
membrane.

We have investigated water perturbed by other types of cellulose,
such as Whatman cellulose acetate membranes or cellophane sheets.
We perturbed the water in a manner similar to that employed for
perturbing water with Nafion. All these perturbed waters are optically
active, fluorescent in the UV–Vis range and their pH linearly depends
on the logarithm of their χ. This implies that the different hydrophilic
groups attached to the D-glucose chains of these cellulose types did
not significantly affect the aforementioned physicochemical properties.
Details of these properties will be described in a future paper.

3. Discussion and summary

Our measurements on IPW-HC unambiguously show the altered
physicochemical properties and structure of water resulting from itera-
tively bringing it in contact with a natural cellulose polymer (cotton
wool). The main results, some implications and examples of still open
questions are as follows: The pH-metric and conductometric titrations
reveal the presence of entities that reduce the activity, mobility and/or
concentration of the H3O+ of an added acid. The calorimetric titration
curve indicates formation of an association complex.

The order of magnitude of the concentration of the entities in IPW-
HC is indicated by the equivalent point of the conductometric titrations
and the breakpoint in the pH-metric titrations. The concentration is
higher for samples with larger electric conductivity. The conductivity
depends on the number of cellulose immersion-removal cycles. After
each cycle, it increases, implying that the concentration of the entities
increases.

Repetitions of the immersion-removal cycles are required for pro-
ducing entities in quantities that enable observing their statistically sig-
nificantly impact on the liquid's physicochemical variables. After about
a fewhundred cycles (≅200÷300), the conductivity approaches amax-
imum, i.e., a value which is about four orders of magnitude larger than
the conductivity ofMilli-Qwater. Currently, we donot have any definite
explanation for the appearance of themaximum.Maybe, themaximum
indicates that the liquid reaches a saturation.

On storage of IPW-HC samples for days or manymonths at ambient
conditions, their conductivity incessantly changes (see Fig. S1). It may
first increase and subsequently decrease, first decrease and then in-
crease, continuously increase or decrease. This phenomenon is typical
of far-from-equilibrium, self-organizing and dissipative systems. The
phenomenon implies that the naive hypothesis of the presence of impu-
rities underlying the conductivity cannot hold. The concentration of im-
purities in closed samples does not increase, decrease and re-increase
and so on. Instead, the phenomenon indicates that the concentration
of the entities changes over time.

The stability of the entities over macroscopic times is intriguing. The
stability is similar to that of the entities in IPW-N and IPW-F. For these
liquids, attempts to explain the stability are presented in Refs. [10, 12]
and [37]. Long range electrodynamic forces seem to play a role.

The UV absorbance and fluorescence spectra of IPW-HC resemble
those of “structured waters”, such as many types of aqueous solutions
[18–20]. During the last decade, aqueous solutions of numerous solutes
(alkali chlorides and other strong electrolytes, weak electrolytes and
non-electrolytes) have shown to be structured (for a review see Ref.
[20]). Dynamic light scattering (DLS) and other techniques have re-
vealed presence of supramolecular domains with sizes in the range of
102−105 nm for example in solutions with concentrations of 10−7–
10−13 M and lower. The domainsmay persist for 1 ÷ 15months or lon-
ger. The domains are not nanobubbles of the gases present in solutions.
At concentrations below about 10−7 M, the domains mainly consist of
H2O. The UV absorbance intensity of these solutions depends on the
prevalence and sizes of the domains observed by DLS [19, 20, 38]. For
IPW-HC, experiments employingDLS and other techniques for elucidat-
ing the dependence of its UV spectral intensities on its molecular asso-
ciation are warranted.

The optical microscopy images of IPW-HC display the presence of up
to 105 nm sized aggregates (see Fig. 1). Likely, these are the entities (as-
sociation complexes) underlying the titration phenomena of IPW-HC,
its structuring apparent from its UV spectra and its circular dichroism.
However, we cannot exclude that iteratively bringing HC in contact
with pure water alters other aspects of the liquid, affecting its spectra
and physicochemical properties.

The physicochemical properties of IPW-HC resemble those ofwaters
perturbed by iterative contact with artificial Nafion polymeric mem-
branes, Whatman cellulose acetate membranes or cellophane sheets.
The properties also resemble those of waters perturbed by iterative fil-
tering through cellulose nitrate filters. The resemblances indicate that
similar processes occur in all of these perturbed waters. Our group ex-
tensively analyzed the waters perturbed by Nafion or filtering [2–4,
7–12, 15, 37]. These liquid are far-from-equilibrium dissipative systems.
Characteristics of such systems are studied in Refs. [39–48]. The charac-
teristics are consistent with properties of perturbed waters [4, 7, 10, 12,
29, 30, 37, 49, 50]. For IPW-HC, we still have to carry out in depth anal-
yses assessing that all its measured properties conform to those com-
puted by the formulism employed in Refs. [39–48]. Such analyses are
outside the scope of this paper. Instead in Section S6, we discuss two as-
pects of modeling iteratively perturbedwaters: symmetry breaking and
scale-free self-similar fractality.

TheUV spectral and titration data of IPW-HC, IPW-F and IPW-Nhave
many similarities. However, as we pointed out in Section 2, distinctive
differences exist. For example, IPW-HC and IPW-F are alkaline, whereas
IPW-N is acidic. Currently, we are gathering more data for uncovering
similarities and differences not reported in this paper. Moreover, we
are widening the kind of materials with which we perturb water,
e.g., silk, hemp or clay.

4. Conclusions

Our study overturns the customary assumption that cellulose does
not affect nearby bulk water. Our findings are significant for many scien-
tific and technological fields. In numerous natural and artificial systems,
water is in contactwith cellulose orflows adjacent to it. Suchwater's dis-
sipative structures have to be considered, for example, when studying
reaction dynamics. Such water's physicochemical properties, e.g., its
electric conductivity and density being much higher than that of Milli-
Qwater, may have to be taken into accountwhen investigating chemical
or biological processes. The chirality of its aggregates may have major
implications. Supramolecular chirality impinges on parts or the whole
of multi-component systems (their structure, dynamics and perfor-
mance). It plays important roles in bioprocesses, nonlinear optics, poly-
mer science, molecular devices, catalysis, materials science, molecular
and chiral recognition. Moreover, the mirror-symmetry breaking we ob-
served may have implications for explaining biohomochirality, i.e., why
many molecules in natural biosystems have been found to be chiral
and to have the same chirality [51]. For example, DNA only contains
dextro-rotatory carbohydrates. Biohomochirality has been extensively
studied. As to its origin, numerous hypotheses exist [52], including
water playing a role [53]; yet this remains enigmatic. Based on our
data, we surmise that the chiral aggregates in water perturbed by cellu-
losemay significantly contribute to the origin as well as pervasiveness of
biohomochirality. Conceivably, homochiral aggregates formwhenwater
very gently or turbulently flows near cellulose. These aggregatesmay af-
fect the ordering of biomolecules. Thus, our study points to the need for
research assessing the effects of cellulose membranes on processes tak-
ing place in its nearby bulk water.
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5. Materials and methods

5.1. Experimental design

5.1.1. Research objectives
The main objective of our study was to investigate whether water,

after iterated contact with cellulose, significantly deviates from Milli-Q
water.
5.1.2. Sample size
IPW-HC samples are far-from-equilibrium, self-organizing and dissi-

pative liquids. Therefore, their phenomena are repeatable but not quan-
titatively reproducible. Consequently, we applied the measuring
methods described below to many samples of IPW-HC. Typically, we
measured the properties of many tens of samples until we were sure
that we discovered a repeatable phenomenon, i.e., a discernible differ-
ence between the properties of IPW-HC and those of Milli-Q water.
5.1.3. Analyses
We carried out a number of analyses to determine the chemical

composition and purity of IPW-HC, namely: MALDI-TOF/MS, GC/MS,
IC and gel electrophoresis fractionation. We analyzed IPW-HC with
the following techniques: optical microscopy, measurements of their
UV absorption, CD, UV–Vis fluorescence, electric conductivity, pH, den-
sity and heat of mixing.
5.2. Materials

We prepared IPW-HC employing commercial HC. The commercial
specifications of the HC indicate that it is composed of 100% cellulose.
To determine the presence of inorganicmolecules in theHC,we inciner-
ated it in an alkaline environment and dissolved the calcined samples in
aqueousHNO3 [seeMethod Section 5.3.8 Ion Chromatography (IC)]. The
resulting solutions we analyzed with IC. The analyses show that the in-
organic molecules present in the calcined samples are below the quan-
tification limits.
5.3. Methods

5.3.1. Preparation of water iteratively brought in contact with HC
We washed a piece of HC in Milli-Q® water. Subsequently, we

placed the piece in 10–50 mL Milli-Q water (kept in an open polysty-
rene Petri dish). The size of the piece was about that of the surface of
the dish. We let the HC absorb the water. After about 15–30 min, we
manually squeezed the HC. Our hands were covered with polyethylene
gloves. We squeezed the HC until the majority of its liquid was released
into the dish.We dried theHC in air under ambient conditions. Thenwe
took 1 mL of the liquid from the dish and measured its electric conduc-
tivity (χ). After about 12 h, we returned the dried piece of HC to the liq-
uid in the dish. We repeated tens of times this cycle of HC immersion,
squeezing, drying, taking 1 mL of liquid from the dish and measuring
its χ. χ increased after each cycle. The liquid left over after the last HC
removal step, we denote by IPW-HC (Iterative PerturbedWater by HC).
5.3.2. Electric conductivity measurements
We systematically performedmeasurements of the specific conduc-

tivity of the samples, using a Radiometer CDM 210 conductivity meter,
having a conductivity cell constant of 0.1 cm−1. Before measuring the
conductivity of a sample, the cell was calibrated by determining the
cell constant K (cm−1). The conductometric titrations were performed
in a thermostatic room (25 ± 1 °C), using samples that had been tem-
perature conditioned in a measuring cell by a thermostat-cryostat
(Grant LTD6) to within ±0.1 °C.
5.3.3. pH measurements
The pH measurements were carried out with a potentiometer-pH

meter (Crison GLP 21–22), having a resolution of ±0.01 pH units. The
temperature was controlled within ±0.1 °C with a thermostat-
cryostat (Grant LTD6).

5.3.4. Density measurements
Wemeasured the density (g cm−3) of IPW-HC and of Milli-Q water

with a vibrating-tube digital density meter (model DMA 5000 by Anton
Paar, Austria) with a precision of ±1 × 10−6 g cm−3 and an accuracy of
±5 × 10−6 g cm−3. We controlled the temperature of thewater around
the densitometer cell to ±0.001 K. We calibrated the densitometer pe-
riodically with dry air and pure water.

5.3.5. Gas Chromatography (GC) coupled with Mass Spectrometry (MS)
The GC analyses were performed with an Agilent 6890 Series GC,

coupled to a MS 5973 detector. A DB-5ms capillary column (30 m ×
0.25 mm ID, 0.25 μm film, 5% phenyl 95% polydimethylsiloxane) was
used for the analyses by employing Helium flushed as carrier gas at a
flow-rate of 1.0 mL/min. The gradient used for analysis was as follows:
45 °C for 3 min, 150 °C to 12 °C/min, 230 °C to 18 °C/min, 250 °C to 19
°C/min. The analyzer of the GC was maintained at 250 °C. The collision
energy in the source was set to 70 eV and the resulting fragment ions
were analyzed in the mass range 18–450 m/z.

5.3.6. Matrix-assisted laser desorption/ionization time of flight (MALDI-
TOF) coupled with MS

MALDI-TOF spectra were acquired by using a 4800 Plus MALDI-TOF
mass spectrometer by AB Sciex. Aliquots of samples (1 μL) were directly
mixed on the sample-holding plate with an equal volume of 2,5-
Dihydroxybenzoic acid matrix dissolved in 70% ACN, 30% formic acid
0.1% (10 mg/mL). The analyses were performed in positive mode, set-
ting the instruments in reflector mode, in the mass range 100–500 m/
z. Laser power was set to 3500 V for MS spectra acquisition. Each spec-
trum represents the sum of 3000 laser pulses from randomly chosen
spots per sample position. All analyses were performed in triplicate.
Raw data were analyzed using Data Explorer Software, version 4.9
(build 115), from Applied Biosystems. The data are reported as mono-
isotopic masses.

5.3.7. Gel electrophoresis
The samples were loaded on a 12% SDS polyacrylamide gel. The gels

were extensively washed in water, stained with Coomassie Blue R-250
and then destained and dried.

5.3.8. Ion Chromatography (IC)
We determined the concentration of inorganic molecules, specifi-

cally halide ions, which hypotheticallymight be present in the commer-
cial cotton wool, by the following processes: We incinerated pieces of
wool in an alkaline environment, dissolved the calcined samples in
aqueous HNO3 and investigated the resulting solutions with anionic
IC. The details of these processes are: We thoroughly minced a piece
of cotton wool weighing 250 mg and subsequently mixed it with 2.5 g
of alkaline Eschka (MgO/Na2CO3 in 2:1 ratio); we calcined the mixture
in a muffle at 600 °C, for 3 h, in a porcelain crucible with a lid; we dis-
solved the calcined sample in aqueous HNO3 2M; the resulting solution
we neutralized by adding aqueous NaOH 1 N until its pH was 7; to ob-
tain a 200 mL solution, we added ultrapure water (conductivity b0.06
μS/cm); we investigated the presence of inorganic molecules in the so-
lution with the APAT IRSA CNR 4020Man 29/2003 IC method. We used
aMetrohm IC 883with conductivity detector, using anA Supp 7 column
byMetrosep (250mm length, 4.0mmdiameter) consisting of a station-
ary phase of polyvinyl alcohol functionalized by quaternary ammonium
groups, with a particle size of 5 μm, and a mobile phase consisting of a
solution of sodium carbonate 3.6 mM. We compared the IC results
with those obtained by analyzing a “blank”. The “blank” we prepared
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according to the same procedures, using the same reagents at the same
quantities as those used for preparing the aforementioned solution,
with the sole difference that no cotton wool was added. The results
show that the measured ions are below the quantification limits.

5.3.9. Optical microscopy
The suspension used for determining the EZ size consisted of 1 μm

polystyrene microspheres (by Polysciences Inc.). The microspheres
were suspended in deionized water (DI water) obtained from a
Barnstead D3750 NANOpure Diamond purification system (type 1
HPLC grade: 18.2 MΩ). The interaction of the microspheres with IPW-
HC and IPW-N was observed using an inverted microscope (Leica DM
IRB). All image processing was done via LAS V4 software.

5.3.10. UV–Vis spectroscopy
The UV–Vis spectra have been monitored using a Jasco Spectropho-

tometer, model V-560UV/Vis. This is a double beam spectrophotometer
with double monochromator, a wavelength range of 190–900 nm and a
resolution of 0.1 nm. The photometric accuracy and reproducibility of
the instrument are, respectively, ±0.002 and ±0.001; the recording
conditions for each UV–Vis spectrum were the following: response:
slow; scanning speed: 100 nm/min; sampling interval: 1 nm/data. The
optical path of the cuvette was 1 cm.

5.3.11. Circular Dichroism spectroscopy
We recorded Far-UV CD spectra using a JASCO J-715 spectropolarim-

eter (Jasco Corporation, Tokyo, Japan) as the average of 3 scans with
20 nm/min scan speed, 4 s response time, and 2 nm bandwidth, using
a 0.1 or 0.5 cm path-length quartz cuvette, at temperature of 25 °C.

5.3.12. UV–Vis fluorescence
The fluorescence spectroscopy measurements were performed by a

Fluoromax-4 byHoriba Scientific (Edison, NJ, USA). It is equippedwith a
Xenon source. The slits on the excitation and emissionmonochromators
havewidth of, respectively, 3 nmand 5 nm. The samples were loaded in
quartz cuvettes with 1 cmpath length. After their loading, we enabled a
15 min thermal equilibration. The spectra were recorded at the
temperature of 25 °C. As to the successively diluted IPW-HC samples,
after each dilutionwewaited at least 15min for their thermal equilibra-
tion at 25 °C. As customary, the fluorescence intensities are reported in
arbitrary units (a.u.). The fluorescence intensity depends on the exper-
imental settings (e.g. optical configuration of the instrument). In the
equation, which describes the fluorescence intensity of a particular
fluorophore, the proportionality factor k appears [54]. This factor takes
into account the experimental settings mentioned above. This value is
generally unknown. Accordingly, the numerical value of the intensity
has no meaning and it is expressed in arbitrary units.

5.3.13. Calorimetry
We performed the following three kinds of experiments to deter-

mine the thermodynamic parameters for the formation of complexes
between the aggregates in IPW-HC and the base (aqueous NaOH):

i. Determination of the heat of dilution ΔHdil (mi
x →mf

x) from the ini-
tial molality (mi) to the final molality (mf) of binary aqueous solu-
tions of NaOH, at the different concentrations employed.

ii. Determination of the heat of dilution ΔHdil (mi
y →mf

y) from the ini-
tial molality (mi) to the final molality (mf) of IPW-HC.

iii. Determination of the heat of mixing ΔHmix [(mi
x)(mi

y)→mf
x,mf

y] of
IPW-HC with the binary aqueous NaOH solutions as probes.

We obtain the values of the experimental heats (of dilution or
mixing) from the equation:

ΔH ¼ dQ=dtð Þ=Pw; ð1Þ
where dQ/dt/Watt is the heat flux and Pw/kg s−1 is the total mass flow-
rate of the solvent through the calorimeter.ΔH is J kg−1 of solvent in the
final solution. We used aqueous solutions of NaOH at different concen-
trations as probe solutions.

The heat of mixing we monitored by using a thermal activity moni-
tor (TAM) model 2227, by Thermometric (Sweden) equipped with a
flowmixing vessel. A P3 peristaltic pump (by Pharmacia) envoys the so-
lutions into the calorimeter through Teflon tubes. The flow rates of the
two liquids are the same. The rates are constant in the inlet tubes. There-
fore, the solution coming out of the calorimeter has a concentration half
the initial one. The mass flow-rate (constant within 1%) amounts to 3
× 10−3 g s−1. It was the same for all the experiments.

We obtain the enthalpies of mixing the two solutions [IPW-HC and
aqueous NaOH] by the following equations [31]:

ΔHmix mi
x

� �
mi

y

� �
→m f

x;m f
y

h i
¼ ΔH� þ ΔHdil mi

x→m f
x

� �

þ ΔHdil mi
y→m f

y

� �
: ð2Þ

The enthalpy of mixing of two binary solutions (ΔHmix) is related to
the enthalpy of formation of a complex, or in general to the enthalpy of
interaction between solutes (ΔH*) and to the heat of dilution experi-
enced by the two solutes (ΔHdil). IPW-HC, due to the practical absence
of a solute, cannot produce any contribution to the heat of dilution
and mixing via the y component. Consequently ΔHmix [(mi

x)(mi
y) →

mf
x,mf

y] should coincide with ΔHdil (mi
x →mf

x) + ΔH*, i.e., the dilution
enthalpy of the probe plus an interaction term. We can express this in-
teraction enthalpy (ΔH*)as:

ΔH� ¼ ΔHE; ð3Þ

where ΔHE represents the excess enthalpy of mixing of the IPW-HC and
the probe. ΔHE is the contribution attributed to the presence of aggre-
gates. The hypothesis is that some strong favourable interactions take
place between the OH− ions and the aggregates.

We assume that a complex of IPW-HCwithNaOH forms. The follow-
ing chemical equation represents the association process:

AGþ nL ¼ AGLn; ð4Þ

where AG denotes the aggregates, n is the binding stoichiometry and L
=OH−.ΔHE is normalized to the total molality (mAG) of the aggregates.
We obtain mAG from the conductometric titration data. ΔHE is a linear
function of the actual molality of the titrant (mf

L), of the standard
molar enthalpy of association (ΔH°a), and of the apparent association
constant (K'a):

mAG=ΔH
E ¼ 1=ΔH °

a þ 1= Δ H °
a K

0
a m

f
L

� �
: ð5Þ

The actual concentration of the probe is given, for each value ofΔHE,
by:

m f
L ¼ mL–x mAG; ð6Þ

wheremL is the total stoichiometricmolality of the probe andx is the de-
gree of binding.

For x holds:

x ¼ 1
2 �mAG

mAG þ n �mL þ 1=K 0
a

� �
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mL þmAG þ 1=K 0

a

� �2−4 � n �mL �mAG

q

ð7Þ

The standardmolar enthalpy of association, the binding stoichiome-
try n and the apparent association constant are obtained from Eqs. (5),
(6) and (7) by iterative least-squares fitting of the data. We fitted the
data to a single set of identical binding sites models using ORIGIN 7.0
software. The iterations are continued until two successive values of Δ



608 V. Elia et al. / Journal of Molecular Liquids 268 (2018) 598–609
H°a differ by b2%. The values forΔHE,ΔHE/mAG andmf
NaOH are presented

in Table S2.
The values of the free energy and entropy are computed from the

usual thermodynamic relations. The absence of information about the
activity coefficients leads to evaluations of the association parameters
that are not precisely defined thermodynamically. We can only deter-
mine an apparent association constant K'a. Consequently the standard
free energy and entropy, respectively, Δ G°′a and Δ S°′a, suffer from
the same limitations. The thermodynamic parameters for the associa-
tion are presented in Table S3.
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