THE JOURNAL OF

PHYSICAL CHEMISTRY

& Cite This: J. Phys. Chem. B 2018, 122, 348—359

pubs.acs.org/JPCB

Tuning the Viscoelastic-Gel Transition of Single-Wall Carbon
Nanotubes Embedded in pH-Responsive Polyelectrolyte Solutions

Atida Selmani,”*" Antonio Tavera—Vézquez,i’# Cristina Garza,” and Rolando Castillo™*

TLaboratory for Biocolloids and Surface Chemistry, Division of Physical Chemistry, Ruder Boskovi¢ Institute, Bijenicka cesta, 54,

10000 Zagreb, Croatia

Instituto de Fisica, Universidad Nacional Auténoma de México, P.O. Box 20-364, 01000, México City, México

ABSTRACT: We present the detailed rheological changes that occur when small
quantities of single-wall carbon nanotubes are dispersed in a poly(acrylic acid)
water solution, around the overlap polymer concentration, up to the gel point.
Here, pH is used to tune the gel formation. Suspensions of nanotubes at pH < §
are exfoliated and dispersed by the polymer. Contacts between the nanotubes are
mainly through polymer entangling, and the suspension is viscoelastic. At pH > 5,
the polymer is charged, and the solution is not a good solvent for the nanotubes
anymore. Nanotube bundles covered with polymer are formed and mechanically
percolate along the fluid until they become arrested. As a consequence, the
rheological behavior is dominated by a mesoscale superstructure formed by
nanotubes and polymer, where viscoelasticity is lost and the suspension becomes
elastic. At pH > 9, the surroundings for the nanotubes are worse, bundles and flocs
grow to a larger extent, and they can be observable by scanning microscopies.
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When the suspension becomes a critical gel, the relaxation moduli can be modeled by a power law in the frequency domain in

agreement with the model developed by Winter and co-workers.

1. INTRODUCTION

Liquids with dispersed rodlike particles present different
microstructural orderings that exhibit different rheological
responses.1 For applications, it is essential to foresee the
rheological response of these suspensions from the underlying
properties of the rods and the dispersant agent, as well as other
features that affect their response as percolation, phase stability,
aggregation, flexibility, polydispersity, etc. It is not uncommon
that rodlike colloidal suspensions in highly viscous polymers flow
at low shear stress with quiescently formed rod networks which
rapidly break down and then regel upon cessation of flow. Single-
wall carbon nanotubes (SWCNTs) dispersed in a polymer are a
clear model example of this case. It is stated that when the rod
length is such that the suspension is in the colloidal domain, four
properties control the microstructure, dynamics, and rheology of
rod-containing materials:" interparticle forces, aspect ratio,
particle number density, and flexibility. The principal way to
generate a significant level of elasticity in colloidal suspensions is
to arrest particle dynamics at the microscopic level, although
dynamic arrest can lead to gelation with a slow dynamics mainly
due to attractive interactions and bonding, or to vitrification with
a slow dynamics primarily due to excluded volume interactions
and packing. However, the microstructures linked to these two
kinds of slow dynamics are different,' heterogeneous fractal
clusters of rods for the former and a homogeneous rod network
for the latter. The volume fraction range for the transition
between these two limiting cases is strongly aspect ratio-
dependent.
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Preparation of nanocomposites made of carbon nanotubes
(CNTs) embedded in a polymer matrix could produce materials
with properties that might be used for many applications,
especially when the nanofiller can provide the polymer matrix
with valuable functional properties, as in the case of SWCNTSs
that exhibit high mechanical strength, high stiffness, and good
electrical conductivity.”> Nevertheless, the poor solubility of
carbon nanotubes and the fact that they are not prone to form
dispersions lead to their potential applications difficult to be
reached. These circumstances are a consequence of their strong
van der Waals interactions that produce the formation of the
large nanotube bundles. Here, the attraction is directly
proportional to the diameter of the nanotubes and inversely
related to the intertube distance.” Therefore, even at a modest
concentration, the intertube attraction yields the formation of
aggregates or bundles making this attraction the most significant
challenge toward the dispersion of SWCNT's in a polymer matrix.
However, some polymers have been used effectively as
exfoliation agents of nanotube bundles making possible the
incorporation of the nanotubes as individual entities or as very
thin bundles. Many mechanisms have been mentioned for
explaining why they are so effective.”® Some examples of
polymers dispersing SWCNTSs can be found in the literature.” "'
To improve the dispersion, CNTs can be modified non-
covalently'” or covalently,"*™'® or with the use of surfac-
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tants,"’~'” DNA,* or proteins.”" These chemical and physical
approaches can be successful at low and intermediate CNT
concentrations. Nonetheless, the dispersion of CNTs is still a
challenging problem at high concentration.

The behavior of CNTs dispersed in a polymer matrix can be
characterized into three regimes according to the concentration
and their orientational or structural correlation.” In the dilute
regime, dispersed nanotubes or completely exfoliated behave as
individual tubes or as thin dispersed bundles. In this regime,
short-range intertube interactions are present, but long-range
interactions are negligible. The transition from dilute to
semidilute regime coincides with a percolation event. As
exfoliation is improved, the percolation transition occurs at a
lower concentration. In the semidilute regime, the extent of
exfoliation of the nanotubes, or their small bundles, and their
interaction with each other control the overall rheological
behavior of the nanocomposite. Close to this percolation
threshold, dramatic changes in the rheological properties are
observed that arise supposedly from the intertube interaction.
Incorporation of CNTs in the polymer gradually transforms the
liquid-like behavior to solid-like behavior where the storage
(G'(w)) and loss modulus (G"(w)) are almost frequency
independent at low frequencies and G'(®) > G"(@).”> The
percolation threshold decreases with an increase in the aspect
ratio of the CNT's suggesting the formation of a matrix spanning
path at a low or modest nanotube loading. At concentrations
significantly larger than the percolation concentration, the
excluded-volume interactions lead to an isotrogic—nematic
transition as occurring in CNTs dispersed in acid,”” where the
concentrated regime starts and the rheological properties tend to
reach asymptotic values. More about the rheological behavior of
CNTs in a polymer matrix can be found elsewhere.””

Polar solvents can dissociate polymers with ionizable groups
leaving charges on the polymer chains and releasing counterions
into the solution.”* Electrostatic interactions between charges in
the polymer lead to a rich behavior different from those of
uncharged polymers. Some polyelectrolytes are also stimuli-
responsive polymers that show significant reversible structural
changes in response to small changes in their environment, such
as pH.”> One example is the poly(acrylic acid) (PAA).*® The
carboxyl groups of polyacid polymers in aqueous solution are
protonated at low pH and neutrally charged; thus, hydrophobic
interactions promote a relatively compact polymer structure.
Electrostatic repulsion between some charged, not protonated
carboxyl groups, leads to the formation of extended polymer
structures; a sort of loose coil. This pH-responsive conforma-
tional change just occurs in relatively high molar mass PAA
(>16.5 kDa).”® PAA is protonated in an aqueous medium at pH
< 3, as the pH increases, carboxylic groups are deprotonated,
forming a polyelectrolyte that becomes highly charged (pH ~ S),
and its backbone becomes stretched, forming a 3D interacting
network of polymer chains. As a consequence, the size of the
PAA and the regular polymer—polymer interactions both lead to
a significant change in the rheological behavior of this polymer in
water solution with different [H*] content.

There is not too much literature available focusing on the
dilute regime rheology of CNTs dispersed in a polymer matrix,
probably because the viscoelastic response of the polymer would
far exceed that of the dispersed CNTs. However, as mentioned
above at the percolation concentration, a matrix spanning
network must be formed leading to increasing elasticity because
the CNTs are arrested. Around this percolation concentration,
the rheological behavior must be dominated by that mesoscale
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superstructure. Here, we will present the rheological behavior of
dilute suspensions of SWCNTs in a polyelectrolyte matrix which
possesses an extra degree of freedom; the polymer is sensible to
pH. First, we will determine how pH controls the rheological
behavior of the PAA polyelectrolyte at different polymer
concentrations. Although this rheological behavior is not entirely
unknown, it depends on the degree of polymerization. Therefore,
we will obtain this behavior for our specific case in a way that will
be useful for the second part of this study, where we add
SWCNTs to a dilute polymer matrix. In this case, we find out that
pH strongly impacts the rheological properties of these
composites. The central question to answer in this report will
be why the rheological behavior of PAA/water solutions at
different pH values is so strongly modified, around the overlap
concentration, when small quantities of SWCNTs are added to
this liquid mixture. As we will see, the rheological behavior is
dominated by the mesoscale superstructure at concentrations
close to the percolation threshold at high pH, where some of its
fingerprints are observable with scanning microscopies. This
structure behaves as a critical gel described in physical and
chemical gelation considered by Chambon and Winter,”” which
would be in agreement with the assumption that the dynamic
arrest that leads to gelation in our case is mainly due to attractive
interactions between SWCNTSs. We will model the rheological
behavior of the SWCNTs/PAA water suspensions using the
method developed for describing these physical critical gels.””
This study allows us to get some physical insight of what is
happening in the suspension close to the gel point.

2. EXPERIMENTAL SECTION

2.1. Materials. Polyacrylic acid (PAA, M,, = 450,000 g mol ™",
Sigma-Aldrich, USA) was used as received. NaOH ( > 98%) is
from Sigma-Aldrich (Sweden), HNO; (68%) and HCl (36%)
solutions are from J. T. Baker (USA). All solutions were prepared
with nanopure water (Nanopure-UV, USA; resistivity ~ 18 MQ
cm). Standard buffers (pH = 4, 7, and 10) from J. T. Baker
(Mexico) were used for electrode calibrations. The single-wall
carbon nanotubes (SWCNTs) were purchased from Nano-C
Inc. (85—90%, Nano-CPT-100, length ~ 1 ym and diameter ~ 1
nm, USA) manufactured via combustion method. They contain
iron as well as amorphous carbon impurities, so they needed a
further purification. We followed this procedure: 300 mg of
SWCNTs were suspended in 300 mL of 3 M HNO;, stirred with
a magnetic stirrer, and sonicated for 10 min using a standard bath
sonicator (Cole-Parmer, USA) to disperse large agglomerates
and to obtain a homogeneous suspension. This suspension was
refluxed for 48 h at 125 °C under magnetic stirring, and then it
was neutralized with 3 M NaOH. The resulting precipitates were
filtered and extensively washed with water until the pH was close
to the values of the nanopure water (pH =~ 6.5) to eliminate
remnants of NaNO; and NaOH coming from the purification
process. The SWCNT's were dried at 80 °C for 6 h in air and
stored in glass bottles.

2.2. Sample Preparation. PAA solutions with a different
weight fraction (1—6 wt %) were prepared by dissolving dry PAA
powder in water under magnetic stirring at 40 °C. The pH of the
PAA solutions (pH = 3, S, 7 and 9) was adjusted with HCI and
NaOH both at 1 M. pH was measured with a pH-meter (Cole-
Parmer, USA) equipped with a combined glass electrode (Cole-
Parmer, USA) previously calibrated with standard buffers. The
polymer solutions were left under magnetic stirring for 24 h to
reach equilibrium. A buffer to stabilize suspension pH was not

DOI: 10.1021/acs.jpcb.7b09112
J. Phys. Chem. B 2018, 122, 348—359


http://dx.doi.org/10.1021/acs.jpcb.7b09112

The Journal of Physical Chemistry B

used in these experiments to avoid screening of the polyacid
charges by co-ions.

The SWCNTs suspensions were prepared by suspending
purified dry SWCNTSs powder in a PAA water solution at a
specific weight fraction with the pH previously adjusted (pH = S,
7,and 9). The concentrations for SWCNT's were Cgyenrs = 0.5,
1, and 2 mg/mL, and for PAA: Cpps = 1—6 wt %. The SWCNTs
suspensions were ultrasonicated (43 kHz, QSonica, USA) at 50
W for 3 h with time cycles, 30 s on and 30 s off, in a water—ice
bath to prevent heating of the samples leading to SWCNTs
breakage.

2.3. Atomic Force Microscopy. The SWCNTs/PAA
suspensions were prepared at two different concentrations,
Cswents = 0.01 and 0.02 mg/mL at three different pH values (5,
7 and 9). 10 L of these samples were deposited via spin coating
onto freshly cleaved mica substrates and then centrifuged at 6000
rpm. The dried specimens were surveyed with a scanning probe
microscope (JSTM-4200, JEOL Ltd., Japan) with an 80 X 80 ym
scanner. To obtain topographic images of the samples, we used
the noncontact mode with silicon cantilevers (typical force
constant of 46 N/m and a tip radius of ~10 nm, Mickromash,
USA).

2.4. Electron Microscopy. We used a transmission electron
microscope (TEM; JEM-1200EX11, JEOL, Japan) working at
100 kV, and an extreme-resolution analytical field-emission
scanning electron microscope (SEM; JSM-7800F JEOL Ltd.
Japan) working at low electron acceleration voltages.””

A few microliters drop of SWCNTSs/PAA suspension was
deposited on a standard copper TEM grid with a carbon covered
collodion layer. The excess of sample deposited on the grid was
absorbed with paper and dried at ambient conditions to be
observed with TEM. In the case of the SEM samples, previous to
its introduction in the microscope, the samples were covered
with a thin carbon layer to ensure that the sample on the grid is
conductive. The low energy incident electrons on a specimen
produce secondary electrons due to the emission of valence
electrons of the constituent atoms, at the top surface of the
sample. These emitted electrons form standard topography
images using the lower electron detector (LED), or high-
resolution topography images using the upper electron detector
(UED).

2.5. UV-Vis Measurements. UV—vis measurements were
performed with an Evolution 300 UV—vis spectrometer
(Thermo Fisher Scientific, USA) in the 200—600 nm wavelength
range. UV—vis experiments were performed for samples with
Cswenrts = 0.02 mg/mL and pH=5, 7, and 9. In all cases, Cppy =2
wt %.

2.6. Rheology Measurements. Rheological measurements
were carried out in a Kinexus ultra + rheometer (Malvern
Instruments, USA). Experiments were done using a cone—plate
geometry (4°, diam., 40 mm) at 20 °C. The PAA solutions and
SWCNTs/PAA suspensions were allowed to relax at rest for 2
days prior to the measurements. Flow curves and oscillatory
measurements were developed. In the latter, the angular
frequency range was from 10™" to 5 X 10? s™". The strain was
25% for the PAA solutions and 5% for the SWCNTs—PAA
suspensions to ensure a linear deformation.

3. RESULTS AND DISCUSSION

First, we will present how pH controls the rheological behavior of
the PAA solutions at different concentrations for the specific
degree of polymerization used here. Next, we will present the
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results when small quantities of SWCNT' are added to the PAA
solutions.

3.1. Rheological Behavior of the PAA. In the 450 kDa
PAA solution, a significant fraction of the carboxyls is ionized at
high dilution and above its isoelectric point.”® Intramolecular
segments repel each other so that the macromolecule can adopt a
loose conformation. The conformational transition driven by the
state of ionization of the carboxylic groups is reversible from a
relatively globular shape to a fully solvated open coil
conformation around pH ~ 4.5;*° this value depends on the
degree of polymerization. Thus, the rheological properties of the
solution are influenced by pH.

3.1.1. Viscosity. Figure 1 presents the apparent viscosity, 7, vs
the shear rate, 7, curves for the polyelectrolyte solutions at low
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Figure 1. Apparent viscosity for the polyelectrolyte solutions at different
pH and polymer concentration. (a) 1 vs ¥ at constant concentration
(Cpaa = 3 wt %); inset, Cpap = 6 wt %; (b) 1 vs 7 for different Cpy, at
constant pH.

concentration and different pH values. These curves are
determined by steadily increasing the shear rate. In all cases,
the solutions shear thin. Thixotropic loops do not present
hysteresis (not shown). In general, the viscosity is small and
increases with pH at a fixed concentration, (Figure 1a for 3 wt %
and 6 wt %). The curves with the lowest values that we measured
correspond to Cpap = 1 wt %; here, 7 ~ 0.2 Pasatlow y and pH =
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9 (not shown). For a fixed pH, viscosity increases with the
polymer concentration (Figure 1b). In dilute solutions, the
contribution from different coils is additive, and solution
viscosity increases nearly linear with polymer concentration
above the solvent viscosity, and after some concentration,
viscosity increases nonlinearly.”’ The behavior of the poly-
electrolyte of interest here is consistent with previous studies
25,26

developed for polyelectrolytes.””® At high pH, the polymer has a
more extended structure that promotes entangling, which also
increases as the polyelectrolyte concentration increases. When
the system is sheared, the flow forces the polymer to align,
dropping the energy dissipation, and as a consequence viscosity
decays. This is apparently the reason for shear thinning as pH and

polymer concentration increase.

S
1. (Pas)

Figure 2. 17, vs pH for different polymer concentrations. Lines are a
guide to the eye. Inset: 7, vs Cpy, at various pH values. The black dash
line at pH = S shows where 7, is no longer linearly dependent on Cpy,.

Figure 2 presents 77, = lim #(y) as a function of pH for
y—=0

different polymer concentrations. 77, increases significantly from
low values, close to the solvent viscosity, up to more than 3 orders
of magnitude when pH is high (7—9), and when the polymer
concentration is above 4 wt %. The inset of Figure 2 presents 7,
vs Cpay at different pH values, here it is easier to observe that
above pH = 5 and at Cp, 4 ~ 4 wt % there is a change of behavior.
Below this concentration, the interaction between polymer
molecules is not significant as in the dilute regime, that is, the
viscosity is low and relatively close to the solvent viscosity. After
this concentration, viscosity increases drastically as in the
semidilute regime because polymer molecules begin to entangle
with each other. Our estimate for the overlap concentration is C*
~ 4 wt % for pH > S.

3.1.2. Viscoelastic Spectra. The shear modulus, G(t), exhibits
a significant time or frequency dependence observed in the
complex modulus G*(w) = G'(w) + iG"(w); G*(w) =
iw [$G(t) e dt. The real part is the storage, or elastic,
modulus in phase with the applied shear strain. The imaginary
part is the viscous, or loss, modulus that is in phase with j. Figure
3 presents some examples of the viscoelastic spectra of PAA
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Figure 3. Viscoelastic spectra of PAA solutions for different values of
concentrations and pH: (a) Cpyy = 3 wt %; inset, Cpps = 1 wt %; and (b)
Cpaa = 6 wt %. Closed symbols, G’ (w); open symbols, G" (w).

solutions for different concentrations and pH. In general, the
solutions are more viscous at low frequencies, and after the
crossing point, (G, ®,) they are more elastic, as in a typical
viscoelastic fluid. Both moduli increase as pH increases, at a
constant Cpy, as illustrated in Figure 3 for pH=3, 5,7,and 9. The
increment between pH = 3 and pH = S can reach an order of
magnitude, but this increment decreases between higher pH
values. Figure 4a presents the variation of G'(w) and G"(w) as a
function of Cpy,, at fixed pH = 9. As the concentration increases,
both curves move upward to larger moduli values. The whole
behavior of the viscoelastic spectra can be summarized in Figure
4b, where G, vs @, is plotted for the PAA solutions measured at
different pH and concentrations. All the crossing points collapse
in a single exponential curve. For solutions with alow Cp,, or low
pH, we find their corresponding crossing points in the lower part
of the curve, as Cpp, or pH increase they move upward along the
exponential locus. Surely, this relation between G, and w, is far
from being an accident and deserves more research to
understand its physical origin.

3.2. Mesoscale Structure of SWCNTs/PAA Suspensions.
Structure and rheology behavior are intimately related. First, we
will determine how the microstructure of the PAA polyelec-
trolyte is affected by the addition of SWCNTs at different pH
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Figure 4. Viscoelastic spectra of PAA. (a) G'(w) and G"(w) as a
function of the polyelectrolyte concentration, at constant pH = 9;
Closed symbols, G'(w); open symbols, G"(®). (b) The relation
between G, vs w, defined by the crossing points as a function of pH and
concentration. Green line, exponential fitting for all the crossing points.

values, performing UV—vis, SEM, TEM, and AFM experiments.
From these experiments, we will show that the SWCNT's are less
exfoliated in suspensions at pH = 9, and apparently, they are
forming bundles entangled with PAA molecules. Therefore, the
rheological behavior of this system will be dominated by the
mesoscale superstructure at concentrations close to the
mechanical percolation threshold at high pH.

3.2.1. UV-Vis Spectra. UV—vis has been used to determine
the degree of exfoliation of the SWCNTs in a polymer matrix.”*!
An absorbance increment corresponds to exfoliation of the
SWCNTs bundles in the suspension. Bundles are transformed by
the action of a dispersant agent from thick bundles to thin
bundles or single nanotubes. UV—vis experiments were carried
out to determine the effect of pH on the degree of exfoliation of
SWCNTs in our suspensions, and they will be a useful piece of
information to understand the rheological behavior of the
suspensions. Figure 5 presents our UV—vis measurements for the
SWCNTs/PAA suspensions at three different pH values that are
similar to those obtained for PAA in ref 7. They reveal that the
SWCNTs are more exfoliated at pH = S in comparison to pH =7
and pH = 9. As we increase pH, the degree of exfoliation decays;
visual inspection also confirmed the formation of tiny clusters.
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Figure S. UV—vis spectra of SWCNT's/PAA suspensions at different pH
values. Cswens = 0.02 mg/mL and Cppy = 2 wt %.

This behavior is similar to the case when SWCNT's are exfoliated
in water dispersions, using sodium dodecyl sulfate (SDS) as a
dispersing agent.”” Although there is no standard to determine
analytically how many exfoliated SWCNTs are in a polymer
dispersion to generate a calibration curve (absorbance vs
concentration of exfoliated SWCNTs @ A = 280 nm),”’ at
high dilution, with most of the CNTs exfoliated, we estimated
that the number of exfoliated SWCNT's at pH = § is around twice
those at pH = 9. Previous reports indicate as pH increases, the
mechanical percolation point is found first, and at a higher pH the
electrical percolation point is reached.*’

3.2.2. Electron Microscopy (TEM and SEM). Figure 6a
presents a high voltage 100 kV-TEM image of a suspension
sample (Cgwenrs = 0.05 mg/mL, Cpap = 1 wt %, pH = 9) where
entangled SWCNTs are observed inside the polymer matrix.
Here, all planes of the sample are projected on the 2D image
since electrons are traversing the whole sample thickness. In this
image, we observe SWCNTs forming thick bundles although
their concentration is relatively low. In general, a secondary
electron SEM image (LED) of specimens made of SWCNTs
(0.02 mg/mL)/PAA (2 wt %) presents a uniform flat surface
covered with globules with elongated protrusions without an
apparent structure (not shown). However, with the use of high-
resolution low voltage (3 kV) SEM secondary electrons (UED)
in samples at pH = 9, the polymer and the SWCNTSs seem to
interact to form thick rods (length of several micrometers and
diameter of ~0.5 um) or surfaces that wind themselves up as
shown in Figure 6b—d; this does not occur in specimens at low
pH. We note that these structures last long enough to be
observed, notwithstanding the samples were vacuum-dried for
inspection in the electron microscopes.

3.2.3. Atomic Force Microscopy. At low pH values (<7),
topographic images do not reveal any structure (not shown), we
observe just irregular globular domains over a relatively flat
surface. At pH = 9, our observations changed dramatically. Figure
7 is a set of amplifications of the same area in the inspected
specimen. Figure 7a presents a 50 X 50 ym topographic image
where linearly oriented bead chains are easily observed. In a
further amplification (Figure 7b, 15 ym X 15 ym) we observe
that the beads forming the chain have a diameter of ~0.5 ym and
they seem to have some structure that is revealed in Figure 7c (2
um X 2 um). Here, the beads apparently are formed by stacks of
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Figure 6. Electron microscopy images of SWCNTSs/PAA suspensions.
(a) TEM image: Cgyenrs = 0.05 mg/mL, Cpps = 1 wt % at pH =9, scale
bar = 0.5 ym. (b—d) High-resolution secondary electron SEM images
(UED): Cgwents = 0.02 mg/mL, Cpas =2 wt %, at pH = 9; scale bars = 1
pm.

rods, where these stacks are not all following the same direction.
A further amplification shows the rods in a 0.8 ym X 0.8 um
image, Figure 7d. The thickness of these rods is in the range of
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Figure 7. Topographic images at successive different amplifications with
AFM of a specimen of Cgycnrs = 0.01 mg/mL dispersed in Cppp =2 wt
% at pH = 9. Scale bars: (a) 10 ym, (b) S pm, (c) 0.5 ym, and (d) 0.2 ym.

50—70 nm and the length is difficult to observe because the rods
overlap with other stacks, but they are larger than 0.8 ym.

3.3. Rheological Behavior of the SWCNTs/PAA Sus-
pensions. 3.3.1. Viscosity. Figure 8 presents how the flow
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Figure 8. Apparent viscosity of the polyelectrolyte solutions at different
pH values (5, 7, and 9) where small quantities of SWCNTs have been
added. (a) # vs. y for a suspension with Cpys = 3 wt % and Cgyens = 2
mg/mL. Insets 77 vs 7 for Cpys = 4 wt % and Cgyenrs = 0.5 (left inset),
and for Cpy, = 4 wt %, and Cgyenrs = 1 mg/mL (right inset). (b) 77 vs 7
for a suspension with Cp, 4 = 1 wt % and Cgyenrs = 2 mg/mL. Inset 57 vs 7
varying Cgwenrs at constant Cpy = 6 wt % and pH = 9. (c) Viscosity at
low 7 for some typical examples at pH = 7. Lines are a guide to the eye.

curves, 7 vs 7, are modified varying the quantity of SWCNTs
added to the liquid mixtures, at different pH values. All curves
were determined by steadily increasing the shear rate. In all the
cases, the suspensions shear thin and thixotropic loops do not
show hysteresis (not shown). At high shear rates (7 > 100 s™"),
the viscosity of the suspensions is even smaller than those for the
pure polymer solutions (Figure 1a), as observed in Figure 8a for
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Cpaa = 3 wt % and Cgyenys = 2 mg/mL or its insets. This
behavior can be observed even at the lowest concentrations of
CNTs (Cppp = 3 wt % and Cgyenrs = 0.5 mg/mL, not shown). In
some cases, there are more than 2 orders of magnitude difference.
When the system is highly sheared, in addition to the polymer
alignment, the flow also tends to align rod-shaped colloids along
the fluid flow direction dropping, even more, the energy
dissipation as in paranematic phases; *as a consequence,
viscosity decays dramatically. The addition of SWCNTs
introduces a significant interaction between the polymer and
the SWCNTs, despite the polymer molecules being far enough
to prevent their interaction as in Cpy, = 3 wt %; the pure polymer
solution is below its C*. In general, the apparent viscosity
increases as pH increases at fixed Cpps and Cgwenrs (Figure 8a,
its inset, and Figure 8b), although at large 7, # is slightly larger at
pH =7 than at pH = 9 or they are approximately equal. The inset
of Figure 8b shows how the viscosity increases with the addition
of CNTs for Cpyp = 6 wt % and pH = 9. At low 7, the suspensions
present a dramatic change in the value of the viscosity for pH =7
and pH = 9. Viscosity increases several orders of magnitude
(~3—4) with respect to its value at large 7, as shown in Figure 8c
for some typical examples for pH = 7; for pH = 5 the viscosity
increases, but in the range of 1 order of magnitude (not shown).
This seems that the system forms a structure when it is quiescent
that does not resist deformation.

3.3.2. Viscoelastic Spectra of SWCNTs/PAA Water Suspen-
sions. Figure 9 presents measured viscoelastic spectra of
SWCNTs/PAA suspensions for different concentrations in
both components and pH. At Cpyp= 1 wt % and Cgyenrs = 1
mg/mL, the suspensions are still viscoelastic (Figure 9a). G, and
@, both increase as the pH increases, but they are smaller, even at
these low concentrations than those corresponding to the pure
polymer solution (see inset Figure 3a). In the inset of Figure 9a,
we observe a significant change in the rheological behavior at pH
= 7 and pH = 9, when more SWCNTs are added to the
suspension (Cgwents = 2 mg/mL). The crossing point
disappears, G'(@) > G”(w) for approximately three decades of
, with a ratio between them of ~10, and the elastic modulus
remains essentially constant at low frequencies. Therefore, the
suspension behaves like a solid gel.”> The same loss of
viscoelasticity occurs at other low polymer concentrations, as
in the case of Cppp= 3 wt %, with Cgyenrs = 0.5 mg/mL or
Cswents = 2 mg/mL presented in Figure 9b and its inset,
respectively. In this case, a less amount of added nanotubes is
needed to lose the crossing point; at least Cgyenrs = 0.5 mg/mL
is enough. However, in all the cases of Figure 9, at pH = 5, the
suspensions are still viscoelastic. There is a change in order of the
moduli curves as can be noted in Figure 9b. In this case, the
spectra at pH = 7 present larger values of G'(w) and G” (@) than
those corresponding to pH = 9.

At Cppp = 4 wt % with a small (Figure 10a) or a large (inset of
Figure 10a) Cgyenrs the moduli for pH = 7 and pH = 9 goes back
to the standard order (curves at pH = 9 > pH = 7); in this case
there is no cross points either. Here, at pH = 5, below the
crossover, both G’'(w) and G"(w) approximately coincide.
Figure 10b presents an example of how the moduli vary as
Cswenrs increases at fixed pH = 7 and Cppy = 3 wt %. In the insets
of Figure 9, and Figure 10, we observe that G'(®) does not vary
too much along two or three orders of magnitude. In a log—log
graph, the moduli depend linearly on the frequency with a small
slope.

3.3.3. Rheological Model for the SWCNTs/PAA Suspensions.
As mentioned, the intertube attraction in SWCNTs dispersed in
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Figure 9. Viscoelastic spectra for SWCNTs/PAA water suspensions at
different concentrations and pH. Closed symbols, G’ (w); open symbols,
G"(w). (a) Cppa= 1 Wt % and Cgyyenrs = 1 mg/mL. Inset: Cpy = 1 wt %
and Cgyents = 2 mg/mL. (b) Cpaa= 3 wt % and Cgyents = 0.5 mg/mL.
Inset: Cppp = 3 wt % and Cgyenrs = 2 mg/mL. pH =35, 7, and 9.

polymers yields to the formation of aggregates or bundles even at
a modest concentration. At the percolation concentration, a
matrix spanning network must be formed that gives rise to
elasticity, because nanotubes are arrested; as the number of
nanotubes increases the elasticity of the composite increases.
Around this percolation concentration, the rheological behavior
must be dominated by that mesoscale superstructure. SEM and
AFM surveys show that the SWCNTs/PAA suspensions
presented a mesoscopic structure as pH reached high values.
On the other hand, UV—vis spectra also indicate that exfoliated
nanotubes, that is, individual entities or very thin bundles are
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Figure 10. Viscoelastic spectra for SWCNT's/PAA water suspensions.
Closed symbols, G'(w); open symbols, G"(@): (a) Cpya= 4 wt % and
Cswenrs = 0.5 mg/mL. pH =5, 7, and 9. (b) Cppp =3 wt % and pH =7
when the Cgyenrs is varied.

present at low pH; but at high pH, they form bundles.
Furthermore, viscoelastic spectra also show that the liquid-like
viscoelastic behavior is lost in place of a solid-like at high pH
values. Here, at pH < 5, G"(w) > G'(w) at w < w, and G" (w) <
G'(w) at w > w ; when pH reaches a value > 5, G'(@) > G"(w).
At high pH, 7, also grows to huge numbers as 7 — 0 similar to
what occurs when a weak structure is formed within the fluid,
which is quiescent at rest, but it does not resist deformation.
Cross-linking materials form molecular clusters that can grow
in size. When the largest cluster diverges in size, at the
percolation concentration, a transition from liquid to solid
occurs. Materials at this transition or gel point are known as
critical gels. In general, for critical gels, the long-range
connectivity in the material can be reached by different
mechanisms. In one named chemical gelation, permanent
covalent bonds connect molecular strands into a three-
dimensional network. In the other named physical gelation,
bonds are temporary, of reversible nature, and the average
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lifetime of such bonds are long compared with the observation
time. Here, the system under study is behaving like a physical gel;
the cross-linking is due to the attractive interaction that is tuned
by pH. The overall interaction potential between the suspended
CNTs stems from a balance between the van der Waals forces
and the pH-sensitive charged moieties of the adsorbed polymeric
layer on the tubes. Also, polymers in the polymeric layer can
entangle with other polymers free or adsorbed in other polymeric
layers. Winter and co-workers have characterized critical gels
where dynamic arrest leads to gelation due to attractive
interactions.”®

Critical gels exhibit an unusually simple and regular relaxation
behavior, which expresses itself in a self-similar relaxation
modulus G(t) = St™", where G(t) is the real relaxation modulus,”®
and S and n are the two fitting material parameters that
characterize the gel. S is the “strength” of the network, since it
increases as the number of contacts or bonds between tubes; n
reflects the nature of the size distribution of the mesoscale
superstructure. A higher value of # means a broader aggregate
size distribution, consistent with a slightly more open structure.’
The values of n range between 0 and 1, and provide structural
information. The power law implies that relaxation processes
appear to be the same on all time scales. This model assumes that
the gel does not exhibit a transition to glassy behavior. Thus, in
the frequency domain, the power law behavior extends over all
the frequencies, 0 < @ < o0, because large frequencies are
completely out of the range of measurements. Consequently, the
time or frequency dependence of rheological properties is a
simple power law. Close to the gel point, G'(w) = G.@" and
G"(w) = Glw", where G. and G! represent two material
constants. Chambon and Winter”” using the Kramers—Kronig
relation found out that both exponents must be equal, n = m, and
the relation between the material parameters is G. = G/ /tan (nz/
2) in the range 0 < 1 < 1. Then, the viscoelastic moduli are related
as

G'(w) = G"(w)/tan (nr/2)

= Gw" = SI'(1 — n) cos(nz/2)w" (1)

2F,En) sin(nr/2)G,, where I'(n)
is the gamma function, and clearly G” > G’ for n > 1/, G > G" for
n<'/yand G' = G” forn="'/,. To ensure that a system is around
the gel point, using Florz’s grinciples (1o = o0, and G, =0)*"is
experimentally difficult.””*® A more general method to find the
gel point in a system consists in the calculation of the tangent of
the phase angle between the dynamical modulj, tan 6 = G"(w)/
G'(®w). When the tangent of the phase § is independent of the
frequency, we can ensure that the system is in the gel point, and
the value of n can be estimated directly, tan & = tan(nz/2), for 0 <
n < 1. Since our suspensions apparently are forming a physical
gel, we will use these arguments to find where they reach the gel
point.

Figure 11 shows some examples of how the experimental
measured tan § = G” (w)/G'(w) depends on w for different Cpy,,
and Cgyents When the pH is varied. We included the case of pure
PAA just for contrasting the results obtained with the
suspensions. In Figure 11a and its inset, we observe that tan §
for pure PAA is not a constant because it is far from forming a gel
at these concentrations. However, when we add a small amount
of SWCNTs (0.5 mg/mL) to the polymer (Cpys =2 wt % or 3 wt
%), the behavior of the curve tan § vs @ turns out to be
completely different. For pH = 7 and pH = 9, tan 6 is small but

Here,n<1,0<w < o00,and S =
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Figure 11. tan § vs w for pure PAA (closed symbols) and SWCNTs/
PAA suspensions (open symbols) as a function of pH. (a) Cpys =2 wt %
and Cgyenrs = 0.5 mg/mL. Inset: Cppp = 3 wt % and Cgyenrs = 0.5 mg/
mL. (b) Cpaa =2 wt % and Cgyyenys = 1 mg/mL. Inset: Cpyp = 1 wt %
and Cgyenrs = 2 mg/mL. pH = 5, 7, and 9.

essentially constant along three orders of magnitude of @. For
pH = 5, tan J is small, but it is not a constant. Apparently, the
system is close to gel point when pH > 7, at these concentrations.
The same is observed when we increase Cgycnrs @S seen in
Figure 11b (Cppp =2 wt % and Cgyenrs = 1 mg/mL), or its inset
for the case of Cppy = 1 wt % and Cgyenrs = 2 mg/mL; here it is
possible to see that we are close to the gel point when pH > 5.
However, lowering the concentration of CNTs, Cgwenrs < 1
mg/mL when Cpy, = 1 wt %, we are not close to the gel point
because tan 0 as a function of @ is not a constant even at pH > 5
(not shown). Several combinations of Cps, up to 6 wt % and
CNTs present a similar pattern (not shown).

Depending on how good the system behaves as the proposed
model, n will be a constant that does not depend on the
frequency at the gel point. The suspensions that present less
variation in the experimental tan & vs @ plots were used to
calculate the best horizontal line fit along three orders of
magnitude in @ to give the exponent n, using tan § = tan(nz/2).
Predictions of the moduli were made using G'(w) = G.'®" and
G"(w) = G."w", where the fitting parameters S, G., and G.” were
obtained (eq 1). Figure 12 presents the predicted and
experimental moduli for those cases very close to the gel point
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Figure 12. Predicted and experimental shear moduli (G'(@) closed
symbols G”(®) open symbols) for three cases closer to the gel point as a
function of the frequency that turned out to be at pH = 9. Straight lines
correspond to model G'(w) = G.'®" and dashed lines correspond to
G'(w) = G 0"

that turned out to be the suspensions with pH = 9 for Cpp, = 1 wt
% and Cgwents = 2 mg/mL. Here, the prediction of G'(w) is
excellent and for G”(w) is reasonable for 2 orders of magnitude
in w; the parameters are given in the figure. The same occurs for
the case of Cppy = 2 Wt %, but here the gel point seems to be
closer when Cgyenrs = 2 mg/mL than when Cgyenys = 1 mg/
mL, both at pH = 9. As expected, the S value is higher for Cgycnrs
= 2 mg/mL indicating that the number of contacts between
nanotubes is larger, and as a consequence more elastic. On the
other hand for Cgyenys = 1 mg/mL, although S is still large,
elasticity is lower than before. The experimental n values we
found are small (n = 0.07—0.08), but relatively close to those
found in other physical gels for instance, thermoplastic
elastomeric polypropylene (n = 0.13—0.18),** and fd virus-
PNIPAM (n = 0.08—0.130).*° For physical gels, n values are
usually much smaller than those for chemical gels that usually are
larger than 0.5, revealing that the size distribution of the
mesoscale superstructure is not as open as in the chemical gels.
Therefore, we consider that our results for the system of interest
here are in agreement with those of physical gels close to the gel
point.

The gel of SWCNT's/PAA can be visualized by a cartoon given
in Figure 13 that summarizes all our findings. In the suspension at
pH =5, CNTs are exfoliated and dispersed by the almost neutral
coil-like polymer molecules adsorbed on them, as determined by
the UV—vis spectrum. The contacts between CNT's are mainly
through polymer entangling, and the suspension is viscoelastic.
As pH increases, the polymer is charged, and the solution is not
such a good solvent for the CNTs (pH > S). Here, bundles are
formed, and at some point, they mechanically percolate along the
fluid and become arrested. As a consequence, the rheological
behavior must be dominated by the formed mesoscale
superstructure. In particular, viscoelasticity is lost, and the
suspension becomes more elastic. At even higher pH, the
surroundings for CNTs are worse, and bundles grow to a larger
extent as determined by UV—vis, up to the point that they can be
observable by SEM and AFM. In particular mixtures, the
suspension reaches the gel point, where a power law can model
the relaxation moduli in the frequency domain. In this
suspension, pH can tune the gel formation making the solvent
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Figure 13. Schematics of the structure of SWCNTs/PAA suspensions as
pH increases from low pH (top) to high pH (bottom).

less attractive to the CNTs, so they prefer to form interconnected
bundles and flocs at low concentration. If we calculate in our
suspensions the volume fraction (1 X 107 to 8 X 107*) and
aspect ratio of SWCNTs (10°), we can localize our system in the
holistic picture of geometric packing limits as reported in ref 1 for
a broad range of rod microestructures for which elasticity has
been measured. The suspensions are located in a region where
CNT rods are not sufficiently crowded to arrest due to excluded
volume interactions alone; however, attractive interactions
between them are required to form a connected structure.
Then, in this map, the resultant heterogeneous structures may be
fractals or bundles. We suspect that our nanotube mesoscale
superstructure dispersed in the polymer is made by heteroge-
neous rod fractal clusters. More research is needed to get more
insight of the structure of these dark suspensions, although the
size of the SWCNT's poses a problem for SANS or SAXS in the
range of gL ~ 1.

4. CONCLUSIONS

The shear viscosity and viscoelastic spectra were measured for
both water solutions of poly(acrylic acid) without and with
dispersed single-wall carbon nanotubes, around the overlap
concentration of the polymer, at different pH values. In the
former case, the polyelectrolyte is charged as pH increases, and
due to the electrostatic repulsion between charged not
protonated carboxyl groups, extended polymer structures are
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formed exhibiting a viscoelastic rheological behavior. However,
the crossing points collapse in a single exponential curve no
matter the concentration and pH as mentioned in Figure 4b; as
far as we know, it has not been observed before and it deserves
further investigation to understand this fact. In the latter case,
small quantities of SWCNTs were dispersed in the polyelec-
trolyte, making this study one of the very few focusing on the
dilute regime rheology of CNTs dispersed in a polymer matrix.
At low pH, the nanotube bundles exfoliate making it possible to
embed the nanotubes as individual entities or as very thin
bundles into the polymer matrix. As pH increases, the added
nanotubes apparently form bundles surrounded by a polymer
forming a weak mesoscopic network; this occurs at low
poly(acrylic acid) and carbon nanotubes concentrations, where
the suspensions are highly viscous at very low shear rates and
shear thin dramatically at high shear rates. At a very low
concentration of carbon nanotubes and for pH > §, at the
percolation concentration, the matrix spanning network
increases elasticity because the CNTSs are arrested. The
suspensions lose their viscoelasticity, up to a point to lose the
crossing points between the G'(w) and G”(®) curves.

At a very low concentration of carbon nanotubes and polymer
(£C*), due to the presence of the mesoscale superstructure
formed by nanotubes and polymer, we found that the system
behaves as a critical gel. For the first time, as far as we know; it was
noticed that close to the gel point these suspensions exhibit a self-
similar relaxation modulus (G(t) = St™" or as a power law G*()
a @" in the frequency domain) where pH is the tuning parameter
between viscoelasticity and solid gel behavior. The exponent
values were evaluated for a couple of suspensions close to their
gel points. The power law relaxation moduli description is
excellent, for three and two orders of magnitude in  for G’ (®)
and G” (), respectively. However, the bonds maintaining the gel
structure are soft, as in physically interconnected solid gels,
because the system can flow when shear is applied to the
suspension. We suspect that our mesoscale superstructure
formed by nanotubes in the polymer is made of heterogeneous
rod fractal clusters. Further studies are underway.
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