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List of frequently used abbreviations
AUC

area under curve

CGO

GO prepared from natural graphite from China

CNP

carbon nanoparticle

CNP@PNIPAM

CNP containing PNIPAM composite gel

CNT

carbon nanotube

ESD

mass-based equilibrium swelling degree (mgel/ mdry)

GO

graphene oxide

IPN

interpenetrating network

LCST

lower critical solubility temperature

mdry

mass of the dry polymer network

mgel

mass of the swollen polymer network

MGO

GO prepared from natural graphite from Madagascar

NSE

Neutron Spin-Echo

OZ

Ornstein-Zernike model

PNIPAM

poly(N-isopropylacrylamide) gel

Q

wave vector

R

cross-link density (mol cross-linker/ mol monomer)

RGO

reduced graphene oxide prepared from natural graphite from
Madagascar

SANS

small-angle neutron scattering

SAXS

small-angle X-ray scattering

UCST

upper critical solubility temperature

VPT

volume phase transition

VPTT

volume phase transition temperature



volume fraction of the polymer network



static correlation length

Θ

correlation length describing the structural inhomogeneities
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1.

Introduction

Responsive hydrogels are three-dimensional, cross-linked polymers that can absorb a large
amount of water and are able to react to changes in their environment. Despite their numerous
advantageous properties, they have certain drawbacks as well. Their poor mechanical
strength, for example, limits their use in load-bearing applications. Limited drug uptake and
its non-uniform distribution within the system, particularly in the case of hydrophobic drugs,
could also compromise certain applications. These challenges may conceivably be overcome
by composite hydrogels. Carbon nanoparticles (CNP) are widely used for strengthening in
polymer nanocomposites. Recently they also got into the focus of interest as components of
responsive polymer hydrogel nanocomposites. In these systems, CNPs may act not only as
reinforcing agents but due to their special structure, infrared sensitivity, and tuneable
conductivity, they can also provide new or modified sensitivity to these complex systems.
Nanotechnology developments have rapidly increased the interest in research on responsive
polymer nanocomposites resulting in an increasing number of investigations on systems
containing carbon nanofibers and nanotubes as well as graphene and its derivates. In spite of
the long investigations, the knowledge on the relationship between the structure of the carbon
fillers and the properties of the resulted composites is rather insufficient. In view of numerous
potential applications (e.g., sensors, actuators, microfluidics, drug delivery vehicles, etc.),
the lack of these details motivated the further studies in order to produce systems with
tuneable properties.
In my thesis, a systematic study of the structural and dynamical properties of carbon
nanoparticle containing poly(N-isopropylacrylamide) (PNIPAM) hydrogels is presented.
Results on the structural and dynamic properties on both the micro- and macroscale are
provided to gain a deeper understanding of the relation between the different scales.

6

2.

State-of-the-art

2.1.

Responsive polymer gels

Polymer gels are three-dimensional polymer networks filled with a fluid. Hydrogels, waterfilled polymer networks, have been in the focus of scientific attention in the last few decades
owing to their numerous beneficial properties like high water content and relatively good
deformability [1,2]. Moreover, thanks to the physiochemical similarity of their network to the
native extracellular matrix they are potentially biocompatible. Based on the physical nature of
the main interactions in the gel matrix physical and chemical gels can be distinguished.
Physical gels are formed through microcrystallization or the entanglement of polymer chains
with noncovalent bonds, including electrostatic or hydrophobic interaction, hydrogen bonding
and coordination bonds (Figure 1a). Chemically cross-linked hydrogels (chemical gels) are
permanent networks formed via covalent bonds [3,4] (Figure 1b). There is a third group of
gels, which might fit into both categories. The interpenetrating polymeric networks (IPN) are
made of two, independent physically or chemically cross-linked component (Figure 1c).

Figure 1. Physical- and chemical gels and interpenetrating polymer network.
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The gel formation might start with linking of macromolecular chains together which initially
leads to a progressively growing, branched, yet soluble polymer unit, whose final properties
depend on the starting material [5]. The mixture of such, mostly polydisperse soluble
branched polymer is called ‘sol’. Continuation of the (cross-)linking process results in
increasing the size of the branched polymer with decreasing solubility. This ‘infinite’ polymer
is the gel or network and is permeated with a finite branched polymers (Figure 1).
The transition from a system with finite branched polymer to infinite molecules is called solgel transition (or gelation) and the critical point where gel first appears is called the gel point
[6]. Gelation can take place either by physical linking (physical gelation) or by chemical
linking (chemical gelation) [5]. Chemical gels can also be prepared via direct synthesis when
the polymerisation and the cross-link formation happen at the same time, i.e., monomers or
monomer mixtures are used as initial material (Figure 1b). For determining the cross-link
density (R), which strongly affects the properties of the prepared system, the molar ratio of
the monomer and the cross-linker is used.
Hydrogels are complex systems with at least two components (polymer matrix + swelling
agent). The polymer network can (in most of the cases reversibly) take up water (swelling) or
expulse it (deswelling). The ratio of the two components in the equilibrium swollen state is
governed by the occurring interactions during the mixing of the polymer matrix and the
solvent and the structural characteristics of the polymer matrix itself [7]. The driving force of
the volume change (=swelling or deswelling) is the desire to reach the thermodynamic
equilibrium. The swelling process of gels is determined by two opposing effects, the osmotic
pressure and the elastic restraining force of the network [8]. The Gibbs free energy of the gels
is reduced by mixing it with a solvent; however, it is increased by the caused chaindeformation of the process.
∆𝐺𝑡𝑜𝑡 = ∆𝐺𝑚𝑖𝑥 + ∆𝐺𝑑𝑒𝑓

(1)

where, Gtot, Gmix, and Gdef are the Gibbs free energy of the system, the mixing and
deformation process, respectively. The permanent junctions inside the chemical gels set the
upper limit of the swelling [7]. This value, the equilibrium swelling degree (ESD) can be
calculated from the mass (ESDm) or volume (ESDV) of the dry polymer network (mdry or Vdry)
and that of the swollen gel (mgel or Vgel).
𝑚

𝑉

𝐸𝑆𝐷𝑚 = 𝑚 𝑔𝑒𝑙

𝐸𝑆𝐷𝑉 = 𝑉 𝑔𝑒𝑙

𝑑𝑟𝑦

𝑑𝑟𝑦

(2)

In thermodynamic descriptions, instead of the ESDV, its reciprocal value, the volume fraction
() of the polymer in the swollen state is commonly used.
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Similarly to the Gibbs free energy of the gels, the chemical potential of the solvent has two
components:
∆𝜇1 = ∆𝜇1,𝑚𝑖𝑥 + ∆𝜇1,𝑑𝑒𝑓

(3)

where 1 is the difference between the chemical potentials of the solvent inside and outside
of the gel. The chemical potential of the solvent as a function of the polymer’s volume
fraction is shown in Figure 2.

Figure 2. The chemical potential of the solvent as a function of the volume fraction of the
polymer at a constant temperature. e is the equilibrium volume fraction [7].
The system is in equilibrium (e) if 1=0. If 1>0, the volume of the gel should decrease,
while if 1<0, the gel needs to swell to reach the equilibrium. The ESD, and therefore, the e
can be modified by changing the temperature, the composition of the solvent or the cross-link
density of the gel.
Partially miscible polymer solutions, that behave similarly to the polymer gels, often exhibit
two solubility boundaries, the upper critical solution temperature (UCST) and the lower
critical solution temperature (LCST), which both depend on the molar mass and the pressure.
At temperatures below LCST, the system is completely miscible in all proportions, whereas
above LCST partial liquid miscibility occurs. LCST also depends on the composition, the
degree of polymerization, as well as on the polydispersity and branching. For polymer gel
systems with LCST or UCST, we can distinguish between negative and positive temperature
sensitivity, respectively. Due to the same thermodynamic driving forces responsive gels
exhibit a reversible volume phase transition (first reported by Tanaka [9]), that can be
triggered by changes in certain environmental conditions [10,11], such as the nature of the
swelling medium (composition [9], pH [12], ionic strength [12]), temperature [9,13,14], light
9

irradiation [15], electric [16] or magnetic field [17,18]. The phase transition can be continuous
or sharp (collapse), during which the transport-, mechanical and optical properties of the gel
change drastically. In the sharp volume phase transition of the responsive gel, the swelling
medium of the polymer, along with its dissolved ions, molecules or drugs, is released into the
surroundings upon a small change in the environment. This phenomenon makes the
responsive systems very attractive for vehicles in drug delivery [19–22], sensors [23,24],
actuators [25,26], microvalves [27], etc..
For applications relying on the responsiveness, the time scale of the phase transition is of
incredible importance, therefore, the precise knowledge and tuneability of the response rate of
swelling and deswelling is inevitable. Important to note that the reported shrinkage rate in
case of temperature sensitive gels is usually about an order of magnitude slower than the
swelling [28]. The swelling and shrinkage kinetics have been investigated in different
thermosensitive gel systems in detail [29–46]. The direct, numerical comparison of the
different results are sometimes difficult, as various materials and methods are in use, but all
the authors agree on the main factors which influence the response rate [47]. These are the
size and shape of the gel sample [48–51], the initial and final temperatures [46] and the
swelling agent [52–54].
Gels are neither true liquids nor true solids. On short-range scales, they exhibit thermal
fluctuations similar to those encountered in polymer solutions, but the monomer units are
hindered not only because of spatial restrictions but cross-links as well [55]. For many years
gels have been considered simply as swollen rubbers, but the experimental results were not in
agreement with the rubber elasticity theory indicating a need for a more complex approach.
Polymer gels are highly deformable and exhibit a relatively low elastic modulus.
This originates from the fact that elastic polymers do not store any potential energy in
stretched chemical bonds. When the work is done upon them, all work is ‘released’ (not
stored) and appears immediately in the polymer as thermal energy. It means that the ability of
an elastomer to do work depends only on entropy-change considerations. The energy to do
work comes entirely from thermal energy, and only the positive entropy change of the
polymer allows its internal thermal energy to be converted efficiently into work.
It was commonly accepted that the structural properties of gels could be described in terms of
the sole mesh size (i.e., the average strand connecting first neighbour cross-links along the
network). However, experimental results suggested the presence of interactions at length
scales larger than the mesh size (long-range fluctuations) [55].
10

The original theories of rubber elasticity are valid in principle for networks in the bulk as well
as in the swollen state, if the elastic elementary chains are assumed to interact only at the
cross-links. The conformations of the elementary chain are believed to be statistically
independent, so the only length scale that defines the structure is the mesh size. This is the
characteristic size of the system. These systems are ‘idealized gels’: their networks are filled
with solvent and no correlations are believed to exist beyond the scale of the mesh and they
fluctuate locally because of thermal agitation [55].
The gel structures are widely investigated by scattering techniques. Typical examples of a
small-angle neutron scattering spectra (plotted on a log-log scale) of neutral gels can be seen
in Figure 3, where the scattered intensity is plotted as a function of the wave vector (Q).
(The detailed description of this method can be found in section 2.4.) In order to produce
contrast, the networks, made of protonated polymer, were swollen in a deuterated, good
solvent.

Figure 3. Small-angle neutron scattering spectra of neutral gels at maximum swelling
(a) PVAc-toluene, (b) PDMS gels in toluene at different swelling degrees [56].
The scattering intensity from gels is much larger for the smaller wave vector values than that
from the semi-dilute solution, although their shape is similar. At low Q in the saturation
region the spectrum can be fitted satisfactorily to an Ornstein-Zernike [57] equation:

𝐼(𝑄) =

𝐼(0)
1+(𝑄𝜉)2

(4)

where I(Q) is the measured intensity, I(0) is the extrapolated intensity, and  is the correlation
length, which characterises the distance between the cross-links (~ mesh size). Some systems
exhibit an upturn at very low Q. This effect, possibly arising from interchain associations or
trapped impurities, might perturb the estimation of I(0) and [55]. As  represents the
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characteristic distance between intra-cluster and inter-cluster correlations, its value varies
strongly with the swelling degree of the networks.
As the cross-link density increases and the equilibrium mass swelling degree decreases, there
is often an increase of the scattering intensity at low Q owing to the concentration fluctuations
that are amplified by the increasing number of cross-links [55]. On the other hand, the nature
of the scattering signal is not affected strongly by the change in the cross-link density;
however, small changes in the shape of the curves reveal the increase of the correlation
length, i.e., the spatial fluctuations. This behaviour does not correspond to that of ‘idealized
gels’. The reason for the increase of the scattering intensity might be that a raise of cross-link
density amplifies the ‘thermal’ fluctuations of polymer concentration. The second option is
that quenched fluctuations of polymer concentration are formed and enhanced under the
introduction of cross-links in the system. Lastly, non-homogeneous distribution of the crosslinkers can also cause excess scattering at low Q [55].
2.1.1. Poly(N-isopropylacrylamide)
PNIPAM (Figure 4) is one of the most popular temperature sensitive responsive hydrogels,
owing to its peculiar volume phase transition temperature (VPTT) that is at ~34 °C, close to
the temperature of the human body [9,19,58].

Figure 4. Poly(N-isopropylacrylamide) (PNIPAM).
The preparation of PNIPAM can be carried out by various methods, free radical initiation of
organic solutions and redox initiation in aqueous media have been the most widely usedtechniques [59]. N,N'-methylenebisacrylamide (BA) is the most commonly used cross-linker,
which is probably a consequence of its structural similarity to NIPAM. Free radicals may be
created by -irradiation or by the above-mentioned redox initiation. Typically used initiators
are ammonium persulfate (APS) or potassium persulfate (KPS) where either sodium
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metabisulfite

or

N,N,N',N'-tetramethylethylenediamine

(TEMED)

are

used

as

the

accelerators [59–61].
The PNIPAM hydrogel shows negative temperature sensitivity, i.e., its volume decreases with
the increased temperature. Below its VPTT the hydrogel is swollen. In this state, due to the
high water content, its refractive index is close to that of the water. Above the VPTT the gel
becomes white and deswells. The VPT is an entropy-driven, reversible process [59], which is
governed by the competition between the H-bonds and the hydrophobic interactions.
During the collapse, the polymer dehydrates. The H-bonds between the water molecules and
the polymer chains are stronger than those between the water molecules in the bulk [62,63].
This is why energy input is needed for the rearrangement of the water molecules (endothermic
process), while the formation of new intermolecular interactions in the polymer system is
accompanied by energy gain (exothermic process) [62–64]. At the VPTT the endothermic
process is always more pronounced, resulting in an overall endothermic collapse [65].
The properties of the gel can be tuned by the parameters of the preparation procedure.
Takata et al. [66] found that the preparation temperature strongly influenced the swelling
behaviour of the systems. The equilibrium swelling degree increases with the preparation
temperature up to 31.5 °C, which is due to the formation of a loosely connected network by
clustering NIPAM domains. At higher temperatures, an incomplete network was formed, in
which connectivity is locally lost. The shrinkage kinetics also showed a strong dependence on
the preparation temperature. PNIPAM gels prepared above 25 °C exhibit faster VPT, which is
explained by a network model containing spatial inhomogeneities, such as topological
incompleteness and clustered structure.
The homogeneity of the formed gel structure depends as well on the cross-link density.
When a higher amount of cross-linker is present in the precursor mixture, the viscosity
increases faster, this way the diffusion of the components is hindered. Experimental data of
Chetty et al. confirmed this description [67].

2.2.

Polymer nanocomposites

Despite the already-mentioned advantages, hydrogels have certain drawbacks as well.
The poor mechanical strength, for example, limits their use in load-bearing applications.
Limited drug uptake and its nonuniform distribution within the system, particularly in the case
of hydrophobic drugs, could also compromise certain applications. High water content
combined with very wide pores often results in uncontrolled and/or undesirably rapid drug
release [68,69], which can be detrimental to targeted drug delivery systems. These challenges
13

may conceivably be overcome by composite hydrogels. Due to the great diversity and the
outstanding amount of attention in the field (>200.000 results on Google Scholar for
“polymer nanocomposites” since 2010), in this chapter, I cite only some selected,
representative articles.
Generally, polymer composites consist of at least two components and at least two phases.
The filler materials are combined with the polymeric matrix to ‘fill out’ a certain required
volume. This filling allows obtaining composites with modified properties. Moreover, the use
of fillers might decrease the price of the final composite. These are the reasons why polymer
composites are so widely used in industry nowadays.
Inorganic or organic materials that can be used as filler are classified according to the
chemical family or to the geometrical features, such as shape, size and aspect ratio.
Fillers may have a geometrical form of short fibres, flakes, platelets, spheres, or other
irregular particles [70].
The widely used micrometric fillers may apply significant limitations to the applicability of
the polymer composites by causing e.g., reductions in the strength of failure or impact
resistance or fracture toughness. It appeared that this problem could be overcome by replacing
the micro-sized fillers with fibres, platelets or spherical particles with nanosize dimensions.
Materials containing fillers having at least one dimension is in the range of 1-100 nm are
known as nanocomposites [70]. These nanoparticles can be physically entrapped within the
hydrogel matrix or chemically cross-linked to the hydrogel network via interfacial chemistry
in order to obtain nanocomposite materials with enhanced characteristics such as improved
mechanical strength or well-defined optical, thermal, electronic, and magnetic properties [71].
Nanoparticles due to size could provide numerous advanced and useful properties alone as
well, but their applicability faces difficulties for example, because of the sometimes low
biocompatibility and the difficulties in case of their handling. In turn, the preparation of
hydrogel nanocomposites can provide benefits for the application of the nanoparticles too,
such as generally enhanced biocompatibility, tuneable cell interactions, and improved control
over drug release with higher loading capacities and better release characteristics [69,72].
The general philosophy of the fabrication of high-performance composite materials is to
synergistically combine the strengths of multiple constituents and optimize the primary
mechanical properties [73]. The degree of reinforcement of the composite depends mainly on
the mechanical properties of the matrix and fillers selected for the preparation.
The advantages of nanofiller based composites over microcomposites are that the former
14

contains a higher interfacial contact area allowing more effective interactions between the
intermixed phases [70,74]. Additionally, the interactions between the filler particles within the
polymer mixture are stronger and thus may increase the mechanical strength, the thermal
stability and further factors that are relevant for the potential applications of composites.
Because of the higher surface area of nanoparticles, complex preparation procedures,
including controlled mixing/compounding and stabilization of the resulting dispersion, are
required to obtain a homogeneous dispersion in the polymeric medium [75,76].
2.2.1. Preparation
To tailor and optimize the properties of the complex systems, it is necessary to disperse the
nanoparticles homogeneously to ensure strong interaction and adhesion between the matrix
and fillers [77,78]. Till date, various routes have been published which can be used for
nanocomposite preparation. The most commonly used are the following.


Solution mixing
This is the simplest and probably most widely used method for processing
nanocomposites in which the nanoparticle and polymer are mixed with a suitable
solvent which then can evaporate in a controlled condition after forming
nanocomposite films on the surface of the substrate [77,79,80]. To achieve better
dispersion of the nanoparticles many variations has been demonstrated by researchers
such as ultrasonic agitation [81,82], surface modification by adding functional groups
for proper dispersion [83] or surfactants addition [84]. In some cases, agglomeration
takes place after solvent evaporation. To avoid this problem, the drying method should
be modified. Alternative techniques are spin casting [85] or electro-spinning [86,87].



Melt processing
The solubility of the polymers can be a limiting factor for the solution mixing
approach. For thermoplastic polymers melt processing can be a preferred
alternative [77,88–91].
This method involves melting of polymer to form viscous liquid followed by blending
with the nanoparticles. The homogeneity of the dispersion can be improved by shear
mixing

which

can

be

achieved

by

extrusion

and

injection

moulding

techniques [88,92,93]. This technique is considered as less efficient than the solution
mixing because high viscosity of thermoplastic polymers leads to hindrance in
achieving uniform dispersion [94].
15



In situ polymerization
The main difference between this method and the previous two is that this route uses
monomers instead of the polymers. The nanoparticle dispersion is mixed with the
monomer matrix usually in the presence of a solvent, which is followed by standard
methods of polymerisation. This technique may enable the grafting of polymer
molecules onto the nanoparticles, which might cause better dispersion and stronger
interactions between the nanoparticle and the host matrix. This method is applied
mainly in case of insoluble or thermally unstable polymers [77].

To prepare polymer gel nanocomposites solution mixing or in situ polymerization can be
applicable. For PNIPAM in situ polymerization is the most widely used [4,79,95–105].
These methods allow the preparation of both chemical and physical nanocomposite systems.
In the network, covalent interactions occur between neighbouring polymeric molecules, and it
is also possible to form covalent bonds between the surface groups of the filler and polymeric
molecules. Non-covalent interactions, physical cross-linking, like hydrogen bonding,
electrostatic interactions, coordination bonds and hydrophobic interaction, could also exist in
these nanocomposite hydrogels [106]. However, the quantification of these chemical and
physical interactions remains difficult [4].
2.2.2. Fillers
Among various reinforcing nano-sized components, clay, carbon nanoparticles, and
metal/ceramic nanoparticles are the most common nanofillers employed in the past two
decades to fabricate a variety of high-performance nanocomposite materials [107–115].
Clay nanoparticles (e.g., laponite, montmorillonite) possess excellent mechanical strengths
and optical transparency, they are relatively cheap and can be pre-treated and dispersed in
common solvents, even in an aqueous environment [4,107,109,116]. The 2D geometry of the
montmorillonite nanoplatelets is also beneficial for their self-assembly in organized layered
(laminated) morphologies, which are important for structural applications with unidirectional
mechanical loads. The swelling and mechanical performance of these nanomaterials can show
significant improvement compared to traditional composites [95,97,117,118]. However,
because montmorillonite is a stiff inorganic platelet filler the flexibility and biodegradability
of the laminated nanocomposite can be compromised [73].
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Silica-incorporation results in better elasticity and faster swelling [119,120], while metal,
metal-oxide [121] and carbon nanoparticle-content provide not only reinforcement but shows
special optical properties [122,123] and electrical conductivity [122] as well.
Polymer matrix based, carbon nanofiller containing, multifunctional nanocomposites have
sparked a widespread attention in the field of composite industry [77,124–126]. CNPs can
have a positive impact on the physical and chemical properties of composites; these fillers
have both low density and ease of recycling. Carbon-based nanofillers, e.g., carbon black
(CB), carbon nanotubes (CNT), carbon nanofibers and recently, graphene derivatives such as
graphene oxide (GO) and reduced graphene oxide (RGO) have been used as fillers in polymer
nanocomposites [70].

2.3.

Composite gels with carbon nanoparticles

For many years, CB consisting of almost pure elemental carbon has been the most commonly
used carbon filler in industry for the mechanical reinforcement and mechanical damping in
synthetic rubbers, and for thermal and electrical modification of polymer materials [127,128].
Carbon blacks are mainly amorphous particulate materials, with moderate physicochemical
properties in all major aspects. However, these fillers are abundant, can be readily
functionalized, and are inexpensive. The surface-to-volume ratio of carbon black is lower than
that of the activated carbon and its mechanical and electrical properties are not comparable to
its crystalline carbon cousins, thus novel carbon-based fillers have been intensively studied in
the past two decades. Graphite has also been used as a filler in polymer matrices for a long
time, mainly to improve the thermal and electrical conductivities of composites [70].
Recently, organized carbon materials such as carbon nanotubes, fullerenes, and the graphene
derivates have become much more sophisticated and popular nanostructures. These materials
are seen as one of the most promising nanofilling materials because of their low density,
extremely high aspect ratio (nanotubes, graphene), minute dimensions, outstanding
mechanical and thermal properties, good chemical inertness, and tuneable electrical
properties [108,111,129]. In biomedical applications, the possible toxicity of nanocarbons
should also be considered. GO was reported to be non-toxic and highly biocompatible,
however, CNTs demonstrated both negative and positive toxicological effects [130]. CNPs
are also able to absorb specific stimuli (e.g., light) generating a local heating effect [100,131].
Reversible and fast optical response was observed under infrared (IR) laser excitation enabled
by the strong light absorption property of nanoparticles in CNT [100,132,133] and
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GO [100,131] containing hybrid PNIPAM hydrogels, so CNPs may act not only as
reinforcing agents, but also provide new or modified sensitivity to these complex systems.
Besides all these studies done, the progress in nanocomposite development made using CNPs
is still continuing and great challenges still remain to be addressed [73,134–136]. The poor
aqueous dispersibility, stubborn contaminations, excessive aggregation, high cost, poor
control of surface chemistries, and low interfacial interactions with the polymeric matrix are
among the most critical unresolved issues. A limiting factor in the composite synthesis and
processing is the challenge of obtaining a uniform and homogeneous dispersion of the fillers
within the polymer matrix. CNTs entangle and aggregate due to their large aspect ratio and
also due to their size. Graphene derivates have also shown the restacking phenomenon caused
largely by the van der Waals forces and strong – stacking effects [129,137–139].
Apart from this, the host (polymer)-filler interfacial interactions play also a pivotal role in the
load transfer between the carbon nanofillers and the host matrix.
The mechanical properties of the nanocomposite systems are widely investigated, but
information regarding their effect on the responsive properties is less clear [140–142]. In case
of these materials, not only the properties of the polymer matrix but also the character of the
incorporated nanoparticle affects the responsive behaviour. Alam and coworkers [141] found
that the temperature dependence of the pure and silica containing composite
N-isopropylacrylamide-co-(3-methacryloxypropyltrimethoxysilane)] gel systems are not
significantly different, but the change in the time dependence is more pronounced.
The character of the shrinkage did not differ from that of the original, but the final swelling
ratio increased with the silica content. In their systems, the silica filler acted as a cross-linking
agent, which may explain the results. Xia and coworkers [140] found that the physical crosslinks formed by incorporation of clay into the gel matrix slow down the response. On the
other hand, introducing hydrophobic, short side-chains into the polymer facilitated the
deswelling process owing to formation of water-release channels.
During my PhD work, I focused on graphene oxide and carbon nanotubes containing systems,
which are presented more in details in the following chapters.
2.3.1. Carbon nanotubes
CNTs were first prepared by Radushkevich and Lukyanovich [143] in 1952, however, they
got into the focus of scientific interest only after 1991, when Iijima published his famous
papers in Nature [144,145] bringing revolutionary changes into the field. Carbon nanotubes
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are basically graphene sheets (Figure 5) rolled up into cylindrical form either with an open
end or capped with a half shape of fullerene structure.

Figure 5. (a) Multi-wall carbon nanotube (MWCNT), (b) graphene,
(c) graphene nanoplatelets and (d) graphite [146].
There are two types of carbon nanotubes: single-walled nanotubes (SWCNTs) consisting of a
single graphene layer and multi-walled nanotubes (MWCNTs) which are stacks of concentric
tubes of several graphene layers in the form of cylinders with an interspacing
of ~0.34 nm [147]. On the basis of atomic arrangement, three types of structures
can be distinguished: zigzag, armchair, and chiral structures. Properties of CNTs
are highly dependent on their structure, size, and diameter. Owing to their insolubility and
hydrophobic character, they tend to aggregate in suspensions [148], however, their
dispersibility and compatibility with polymer matrices can be improved by functionalization.
The usual specific surface area of SWCNTs and MWCNTs are 400-900 m2/g and
200-400 m2/g, respectively [149].
CNTs have highly unique mechanical, electrical and thermal properties. Even though that
their very small size makes the direct characterisation challenging [150], various experimental
techniques (e.g., scanning electron microscopy – SEM, transmission electron microscopy –
TEM, atomic force microscopy – AFM, Raman spectroscopy, nanoindentation) and
theoretical models (e.g., ab-initio model, molecular dynamics, continuum model) have been
used to describe their mechanical properties [151–153]. Theoretical studies concluded that
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depending on the diameter and the chirality of the tube, CNTs may be either metallic or
semiconducting [154] and have high thermal conductivity [155,156].
CNTs can be produced via various methods [157,158]. All of them requires a carbon-atom
source, most often graphite, hydrocarbons [159] or carbon monoxide [149], a catalyst
(typically Fe, Ni, Co, Mo, or a mixture of these), and energy. Arc discharge [144], laser
ablation [160] or chemical vapour deposition (CVD) [149] are all widely applied. Highquality CNTs are produced at laboratory scale by the laser ablation method. CVD is the most
commonly used method, especially on a large-scale, however, CNTs produced by this method
contain structural defects and impurities due to the catalyst and amorphous carbon. Several
methods can be used for purification. Non-oxidizing acids can get rid of the left-over
catalyst [161–163]. The amorphous carbon, being more reactive in oxidation reactions, can be
removed by oxidation. H2O2 [163], HNO3 [164], KMnO4 [165], etc. As these methods are not
selective, they may destroy the structure of the nanotubes, resulting in wall defects or even
shortening of the nanotubes [166]. The highly fractured outermost wall often remains
adsorbed on the carbon nanotube surface. These fractions are similar to fulvic acids and can
be removed with basic aqueous solutions [148]. This purification step is based on the
electrostatic repulsion of the negatively charged carbon surface and the deprotonated
functional groups of fulvic acid.
2.3.1.1.

CNTs in composites

CNT incorporation into polymer matrix might enhance properties of the resulted
materials [77,150,167], which usually depends on the interactions at the interface between the
CNT and the surrounding polymer matrix. Mechanical reinforcement can be performed via
transferring stress from the matrix to the CNTs. This transfer depends on the strength of the
interactions. As perfect CNTs cannot form chemical bonds [168] with the polymer matrix
without prior surface modification of the nanotubes, they are only weakly bonded. If one
considers the surface of a CNT, essentially an exposed graphene sheet, it is not surprising that
interfacial traction is a concern. Numerous researchers have attributed lower-than-predicted
mechanical properties to a lack of interfacial bonding [169,170]. On the other hand,
significant toughening of polymer matrices through the incorporation of CNTs via different
methods has also been reported [171–175] due to strong interactions between the CNTs and
the polymer matrix.
A number of studies show that the change in the mechanical properties of the nanocomposites
does not scale with the CNT content of the polymer matrix: after a critical concentration, the
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mechanical properties deteriorate with increasing critical loading of CNTs, sometimes even
below the pure matrix material [176,177].
In hydrogels, in order to conserve the advantageous properties of the polymer matrix, the
applicable amount of filler is limited. A low CNT-content was shown to improve the
properties of PNIPAM hydrogel, but the resulted nanocomposite gels were found to be more
hydrophobic, with lower contact angle and decreased mass swelling degree [178,179].
Chen et al. [178] reported that the MWCNTs can form an interpenetrating network within the
gel matrix, resulting in thinner pore walls and increased modulus in the composite. Zhang et
al. used SWCNTs for their experiments. Upon NIR-irradiation the composite systems showed
ultrafast optical response with a response time that is inversely proportional to the CNTcontent [133]. Fujigaya et al. also found a faster response with increasing CNT content.
They also determined that the VPTT does not change upon the CNT incorporation [180].
Along with formed interactions and dispersion, aspect ratio, length, and alignment of CNTs
also change the various properties of composites [77,90,181,182].
A number of studies revealed [78,81,85,183,184] that the introduction of CNTs into a
polymer matrix may result in conducting nanocomposites with new, electrical properties.
These conducting nanocomposites follow the principle of percolation theory which explains
the transition from insulator to conductor in materials. Accordingly, at low CNT-content the
composites exhibit low conductivity, but at the percolation threshold, a small increase in
loading will result in a drastic increase in conductivity, owing to the formation of continuous
conducting networks. Above this percolation transition range, the conductivity of the
composites gets saturated [135,185].
For a statistical distribution of filler particles, the excluded volume concept gives ~0.1 wt% as
a percolation threshold for CNTs with the aspect ratio of 1000, however, significantly lower
percolation thresholds have been reported experimentally. This is explained by a kinetic
percolation phenomenon, which allows for particle movement and reaggregation in the
system [135]. The numerical value of the percolation threshold depends strongly on the
applied determination method. In many cases, the percolation threshold level is obtained from
changes measured in the mechanical properties of the systems since the formed continuous
network results in a jump in the mechanical properties as well. Rheological percolation occurs
at a lower concentration than electrical percolation because filler particles can interact with
each other via polymer chains improving the mechanical properties, whereas direct contact is
required for electrical conduction [135].
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Allaoui et al. showed that the percolation threshold value for MWNT/epoxy composites is
around 0.5–1 wt% [186]. Aguilar et al. [187] found that the conductivity of the agglomerated
films was 2–4 orders of magnitude higher than the uniformly dispersed films which can be
explained by the increased density of CNT–CNT junctions. However, some studies indicate
that electrical conductivity of the matrix significantly decreases by chemical functionalization
of the CNTs due, on one hand, to the imbalance in the polarization effect and the occurring
physical structure defects [77] on the other. The exact percolation threshold depends also on
various factors such as aspect ratio, dispersion, alignment, functionalization, processing,
polymer type, etc [156,186–188].
Martin-Gallego et al. [189] compared the percolation network of CNT and graphene fillers in
the epoxy nanocomposites. They concluded that the most efficient and promising filler for
composite preparation is graphene, which will be discussed in the following section.
Important to note that the percolation threshold of the GO containing composites (reported in
the range of 0.1 – 5 weight% - Table 1) depends strongly on the properties of the polymer
matrix and the used nanoplatelets.

Table 1. Percolation threshold of GO derivates-based composites in the literature.

Polymer matrix
poly(vinyl alcohol)
PNIPAM

Reported percolation
threshold
0.7 weight%
5% weight ratio of
GO/NIPAM

Reference
[76]
[104]

≥0.1 volume%;
polystyrene

0.9 weight%;

[190, 197, 198]

0.09 volume%
theoretical study

<0.5 weight%

[191]

0.15 volume%

[192]

polyurethane

<0.5 volume%

[193]

poly(methyl methacrylate)

0.26 weight%

[193]

vinyl chloride/vinyl acetate
copolymer

0.12 volume%
epoxy

0.88 weight%
1 and 0.3 weight%
0.52 volume%
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[194-196, 199]

2.3.2. Graphene and its derivates
2.3.2.1.

Graphene

Graphene is the name given to a flat monolayer of carbon atoms tightly packed into a twodimensional (2D) honeycomb lattice (Figure 5), and is a basic building block for graphitic
materials of all other dimensionalities. It can be wrapped up into 0D fullerenes, rolled into 1D
nanotubes or stacked into 3D graphite [200]. Graphene was used in theoretical studies for
describing properties of various carbon-based materials. It was known as integral part of 3D
materials, like graphite or activated carbons, but was presumed not to exist in the free
state [200]. The ‘graphene gold rush’, as Andre Geim and Konstantin Novoselov called it,
reached its peak in 2010 when the Nobel Prize was attributed to them.
The popularity of graphene can be easily explained by its outstanding properties. It has a large
theoretical specific surface area (2630 m2/g), high intrinsic mobility (200 000 cm2/vs) [201],
high Young’s modulus (∼ 1.0 TPa) [202] and thermal conductivity (∼ 5000 W/mK) [203],
and its optical transmittance ( ∼ 97.7%) [204] and good electrical conductivity merit attention
for many potential applications [205]. In its structure, carbon atoms with sp2 structure are
connected to each other with covalent bonds, while every atom is left with one free electron.
These electrons form a delocalized  electron-structure, which is responsible for the unique
thermal and electrical properties. The electrons have high mobility, which makes the graphene
a zero-gap semiconductor [200].
There are now four primary ways to produce ‘pristine’ graphene. As a bottom-up method, it
can be grown on epitaxially matched metal or SiC surfaces by CVD. This method can be in
principle extended to ‘endless length, very large width’ production simply by exposing
appropriate foils to C to achieve surface deposition of either monolayer or
multilayer [205,206]. Top-down methods, on the other hand, are still more widely used.
Micromechanical exfoliation can be used to generate ‘high quality’ graphene that is
electrically isolated for fundamental studies of transport physics and other properties but does
not appear to be scalable to large area yet. It typically produces graphene “particles” with
lateral dimensions on the order of tens to hundreds of micrometers [205,206]. Exfoliation of
graphite can also be performed in solvents. This is typically done by exposure of graphite
powders in organic solvents such as DMF or NMP to high-intensity ultrasound, and while
significant progress has been made, the yield is relatively low [205,206]. The last method is to
produce graphene by the reduction of graphene oxide (Figure 6). This will be discussed in
sections 2.3.2.2.
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Figure 6. (a) Schematic chemical structures of graphene, graphene oxide, and reduced
graphene oxide. (b) Route from graphite to reduced graphene oxide [207].
2.3.2.2.

Graphene oxide

Graphene has many specific properties (e.g., excellent heat and electrical conductivity or light
sensitivity) which would be beneficial, but its hydrophobicity hinders strongly the use in
hydrogels. On the contrary, GO, which is a damaged graphene layer, decorated with vacations
and oxygen-containing functional groups, forms a stable aqueous suspension. The structure of
the GO is still under debate. The two most widely used models are the Dékány- [208] and the
Lerf-Klinowski-model

[209].

GO

is

nonstoichiometric

with

an

inhomogeneous

structure (Figure 6). The edge of the sheets is usually decorated by carbonyl- or carboxyl
groups, while in-plane mostly epoxy- and hydroxyl groups can be found. GO often contains
structural defects (single vacancies, Stone-Wales defects, etc.) [210]. The chemical structure
affects strongly the physical characteristics as well. The oxygen-containing functional groups
hinder the attraction of the separated sheets, the hydroxyl and carboxyl groups allow the
formation of H-bonds and facilitate dispersion preparation. On the other hand, due to the
corrupted sp2 structure, its properties are far from those of graphene.
The preparation of GO was first published, unconsciously, by Brodie [211] in 1859.
He described a process that involves the addition of KClO3 (in one step) to a slurry of
graphite in fuming nitric acid (HNO3). The overall mass of the resulted material increased and
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analytical methods revealed that the obtained material was built up by carbon, hydrogen, and
oxygen atoms. Forty years later, Staudenmaier [212] improved Brodie’s method by adding the
chlorate in multiple aliquots over the course of the reaction and increasing the acidity of the
mixture with concentrated H2SO4. The main drawback of this process was that it needed four
days. In 1957, Hummers and Offeman developed an alternative oxidation method by reacting
graphite with a mixture of KMnO4, NaNO3 and concentrated H2SO4 [213]. By using KMnO4
instead of KClO3 one can avoid the formation of the explosive ClO2, moreover, the reaction
can be carried out in a couple of hours. However, the formation of poisonous NO2 and N2O4
gases still cannot be avoided completely. This recipe has been improved by
Marcano et al. [214,215]. They added H3PO4 to the system and excluded NaNO3, which helps
the intercalation and causes less structural defects in the product. Importantly, it has been
recently demonstrated that the properties of the obtained GO products show strong variance,
depending not only on the particular oxidants used but also on the graphite source and
reaction conditions [214,216].
2.3.2.3.

Reduced graphene oxide

RGO (Figure 6) can have great potential in hydrogel nanocomposites as its properties are
close to that of the graphene, but its hydrophobicity is decreased [217]. Several chemical and
physical routes are available for partially restoring the honeycomb structure and removing the
functional groups of graphene oxide in order to prepare RGO [218]:


Thermal annealing:
GO can be reduced solely by heat treatment. By using rapid heating (>2000 ºC/min) it
is possible to exfoliate and reduce graphite oxide at the same step. Due to the removal
of the oxygen-containing functional groups CO, CO2, and water are produced [218].
The heat treatment is performed in various atmospheres [218] [inert (N2) or reducing
(H2, NH3)] or in vacuum. By changing the temperature, the atmosphere and the length
of the treatment, the properties of the produced RGO can be tuned in a wide range,
however, this procedure is found only to produce small-sized and wrinkled graphene
sheets [219]. This is mainly because the decomposition of oxygen-containing groups
removes also carbon atoms from the carbon plane, which splits the graphene sheets
into small pieces and results in the distortion of the carbon plane [218]. The method is
simple but consumes a great amount of energy [218,220], produced via thermal,
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microwave or light irradiation, which usually makes the process more expensive and
complicated.


Chemical reduction:
Reduction by chemical reagents is based on their chemical reactions with GO.
Usually, the reduction can be realized at room temperature or by moderate heating.
As a result, the requirement for equipment and environment is not as critical as that of
thermal annealing treatment, which makes chemical reduction a cheaper and easily
available way for the mass production of graphene compared with thermal reduction.
The reduction of graphite oxide by hydrazine was used before the discovery of
graphene [221], therefore it is not surprising, that hydrazine, along with its derivates,
e.g., hydrazine hydrate and dimethylhydrazine [190] is still the most widely used
reducing agent. The process is made by adding the liquid reagents to a GO aqueous
dispersion, which results in agglomerated graphene-based nanosheets due to the
increase of hydrophobicity [218].
Metal hydrides, e.g., sodium hydride, sodium borohydride (NaBH4) and lithium
aluminium hydride, have been accepted as strong reducing reagents in organic
chemistry, but unfortunately, they are dangerous due to their slight to very strong
reactivity with water, which is the main solvent for the exfoliation and dispersion of
GO [218].
Ascorbic acid (Vitamin C) is an efficient reducing reagent for GO, which is
considered to be an ideal substitute for hydrazine. Fernandez-Merino et al. [222]
revealed that GO reduced by Vitamin C can have a C/O ratio of about 12.5 and a
conductivity of 77 S/cm, which are comparable to those produced by hydrazine in a
parallel experiment. In addition, Vitamin C has the great advantage of its non-toxicity
in contrast to hydrazine. It is also stable in water, which makes it much more attractive
than the metal hydrides. Furthermore, the reduction in suspension does not result in
the aggregation of RGO sheets as produced by hydrazine, which is beneficial for
further applications [218].
Recently, Pei et al. [223] and Moon et al. [224] reported the use of another strong
reducing reagent, hydroiodic acid (HI). This method can be realized using GO in
suspension, powder or film in a gas or solution environment, even at room
temperature [224] giving a great advantage to this method, however, the high price of
the HI present a significant drawback.
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Further methods:
Different from the photothermal reduction mentioned above, GO can also be reduced
by photo-chemical reactions with the assistance of a photocatalyst like TiO2, ZnO or
BiVO4 [218,220]. Before the reduction, the carboxyl groups in GO sheets can interact
with the hydroxyl groups on the TiO2 surface by charge transfer, producing a hybrid
between the TiO2 nanoparticles and the GO sheets, which can be retained after
reduction.
Another emerging chemical reduction method is solvothermal reduction [225–227].
A solvothermal process is performed in a sealed container so that the solvent can be
brought to a temperature well above its boiling point by the increase of pressure
resulting from heating [228]. In a hydrothermal process, overheated supercritical water
can play the role of reducing agent and offers a green chemistry alternative to organic
solvents. In addition, its physiochemical properties can be widely changed with
changes in pressure and temperature, which allows the catalysis of a variety of
heterolytic (ionic) bond cleavage reactions in water [218].

2.3.2.4.

Graphene derivates in composites

Graphene has many specific properties (e.g., the highest possible specific surface area,
excellent heat and electrical conductivity or light sensitivity) which would be beneficial, but
its hydrophobicity hinders strongly the use in hydrogels [75]. On the contrary, GO forms
stable aqueous suspension. GO is considered to be non-toxic and highly biocompatible [130],
which favours its use in biomedical applications. Moreover, incorporation of GO gives
visible [229] or near infrared light [100,101,131] sensitivity to the composite systems, which
extends their potential, for example, as NIR controlled microvalves, artificial muscles or
actuators. However, due to the corrupted sp2 structure, its properties are far from those of
graphene. As mentioned above, several chemical and physical routes are available for
partially restoring the honeycomb structure and removing the functional groups. The resulted
RGO can have great potential in hydrogel nanocomposites as its properties are close to that of
the graphene, but its hydrophobicity is decreased. These characteristics make it the perfect
candidate as filler in hydrogel nanocomposites. As mentioned previously, the electrical and
thermal conductivity of GO is worse than those of graphene, but by applying reduction
methods RGO can be manufactured, which makes it possible to regain some of the great
physical characteristics.
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Incorporation of graphene and graphene-derivates into gel matrix may result in
nanocomposites with peculiar properties, owing to the platelet-like form of these
nanoparticles. At first glance, these mixed systems may be compared to polymer-clay
composites, in which the fillers have similar geometrical shape, and about which numerous
studies have been revealed in the recent years. Four different structural arrangement can be
distinguished [230] in nanoplatelets containing systems, depending on the distribution and
concentration of the nanosheets as well as the degree of layer separation (Figure 7):

Figure 7. Polymer - nanoplatelet composites: a) conventional miscible, b) partially exfoliated
and intercalated, c) intercalated in a crystallographically regular fashion and d) fully
exfoliated and dispersed composites [230].


Conventional miscible composite, where the platelets exist in their original
aggregated state with no intercalation of polymer matrix between the layers.
In this state, the particles can cause only marginal enhancement of properties to the
matrix [230] (Figure 7a).



Partially intercalated and exfoliated composite, where the exfoliated layers and
intercalated clusters are randomly distributed in the matrix. These systems are very
common and usually exhibit enhanced thermomechanical behaviour [230] (Figure 7b).



Intercalated composite, where the polymer is intercalated between the layers in a
crystallographically regular fashion [231,232]. The nanocomposite is interlaid by only
a few molecular layers of polymer and the properties of the particle resemble those of
the host [230] (Figure 7c).
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Exfoliated composite, where the individual layers are separated and dispersed in a
continuous polymer matrix with average distances between layers depending on the
nanoplatelet concentration. An exfoliated nanocomposite has properties governed
primarily by the matrix, but generally, exfoliated nanocomposites exhibit better
properties than intercalated ones of the same particle concentration [230] (Figure 7d).

The type of the formed structure depends on the quality of the dispersion of the nanoparticles.
Molecular dynamics calculations indicate that graphene is more hydrophobic than CNT or
fullerene [233]. For stable dispersions or pastes in water, it was found that an oxygen content
of 13-16% by weight was needed [233]. Polymer content may also improve the stability of an
aqueous CNP dispersion. The PNIPAM backbone, for example, was presumed to provide
anchoring to the RGO surfaces and solubilisation and stabilization came from the solubility of
hydrated substituted amide groups in the aqueous phase [233].
2.3.2.5.

Graphene derivates in PNIPAM

Nowadays GO containing systems are in the focus of attention [101–105,229,234–236], but
direct comparison of the results is difficult, as the preparation methods differ significantly.
The majority of the studies have addressed PNIPAM systems of relatively high crosslink
density ([cross-linker]/[monomer] > 0.1), and functionalized GO nanoparticles are often used
to ensure first order bond formation [102,103]. Studies using as-prepared GO as a filler have
also been made.
Ma et al. [104] found that the compressive strength of composite hydrogels, unexpectedly,
decreases slightly with GO content at first, reaching a minimum at GO/NIPAM ratio around
1.5%, then it increases with GO loading and reaching a maximum at GO/NIPAM weight ratio
of 5%. Thereafter the compressive strength decreases with further increase of GO content.
At low content, GO sheets are individually intercalated in the hydrogels at intervals, leading
to inhomogeneous network structure. The inhomogeneity of the network might be
unfavourable to load transfer, leading to poor mechanical performance. With the increase of
GO content, the distances between GO sheets become closer and closer since GO sheets are
dispersed in the hydrogels more densely. When the amount of GO reaches the percolation
threshold (around 5% weight ratio of GO to NIPAM), the edges of GO sheets will join
together side by side, whereupon cross-linked PNIPAM and connected GO sheets might form
an IPN network structure, resulting a more homogeneous network structure. Upon further
increasing the GO content, some parts of the sheets will overlap with each other due to the
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van der Waals force and the GO sheets will even stack together when the loading content is
high enough, weakening the efficiency of the mechanical improvement. In case of the work of
Ma and his coworkers [104], an important factor might be the applied cross-link density, since
a rather densely cross-linked system (like theirs) might not be flexible enough to let the GO
incorporate to the structure easily, therefore the reinforcing effect prevail only, when the
continuous GO network has been formed. This can explain this rather high percolation
threshold.
Zhu et al. [131] incorporated unmodified GO into PNIPAM matrix and found a completely
reversible shrinkage upon light irradiation, which makes these materials potential candidates
for microvalves. Li et al. [102] used functionalised GO in PNIPAM systems. They found that
with the increasing GO-content the swelling degree decreased and the compressive strength
increased. Upon GO-incorporation the VPTT increased as well. Lo and Jiang [103] used
glycidyl-methacrylate functionalized GO, to prepare composites with strong interactions.
They reported the decrease of the VPTT and increased NIR sensitivity of the system.
The above-mentioned results prove that the GO-incorporation can improve the properties of
the polymer matrix, which suggests that RGO incorporation may be even more promising due
to the enhanced properties of the nanoparticle itself. Few attempts have been already made to
prepare various RGO containing composite materials [237–241]. In practice, though, the
decreased hydrophilicity of RGO (with respect to GO) complicates the preparation of stable
aqueous suspensions and consequently causing an inhomogeneous distribution of RGO in the
composite [242]. Adhikari et al. [243] prepared RGO using Vitamin C and incorporated it to a
polyamine matrix at 90 °C. If the synthesis procedure of the gel is not too sensitive for the
environment, in situ reduction methods (i.e., reduction agent added to the initial precursor
mixture) may be used [244–246]. However, in situ aggregation may cause nevertheless
problems hindering the reinforcement effect of the nanoparticles. An effective way to make
RGO containing gel composites is to reduce the already incorporated GO inside the gel
matrix [217,247], however, the circumstances of the reduction (e.g., reducing agent,
temperature) should be chosen with great care in order not to affect the physical/chemical
properties of the gel. Wu et al. [247] reported that the reduction did not cause a drastic
deterioration in the gel network and oriented structure. Kim et al. [217] found that the postreduction strategy enables the reduction of GO components within the composite hydrogels
without severe aggregation of the RGO components. The results of these studies showed that
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the reduced hydrogels have high capacities for adsorption of rhodamine B and the degree of
reduction could affect the adsorption capacity.

2.4.

X-ray and neutron scattering

Scattering techniques are widely used for investigating structural and dynamic properties of
complex systems.
2.4.1. Small-angle scattering (SAS)
Small-angle X-ray and neutron scattering (SAXS and SANS, respectively) are powerful
methods for studying large-scale structures from few Angstroms up to thousands and even
several tens of thousands of angstroms. SAS techniques can give information about the size,
shape, and orientation of structures in a sample. The most important feature of these methods
is their potential for analysing the inner structure of disordered systems, and frequently their
application is a unique way to obtain direct structural information on systems with a random
arrangement of density inhomogeneities in such large-scales. The techniques are based on the
deflection of collimated radiation away from the straight trajectory after it interacts with
structures that are much larger than the wavelength of the radiation. The deflection is small
(0.1-10°) hence the name small-angle. The applied radiation (beam) can be, for example,
X-rays or neutrons.
SAXS is sensitive to inhomogeneities of the electron density whereas SANS detects the
variation of the so-called nuclear scattering length-density, but the underlying principles are
identical for both techniques. Because SAS investigates distances that are large compared to
interatomic distances, the medium is usually treated as a continuum and characterized by an
average density. Consequently, the scattering is described as arising from “scattering objects”
of some electron (or nuclear scattering length) density embedded in a medium of another
density. Scattering objects may be isolated in the sample or distributed with some type of
spatial correlations (Figure 8).
The scattered intensity I(Q) is the Fourier transform of the correlation function of the density,
which corresponds to the probability of finding a scatterer at a position (r) in the sample if
another scatterer is located at position 0. Determination of physical quantities like molecular
weight, particle volume, specific surface area, etc. is feasible only if I(Q) is measured on an
absolute scale. The experimental intensity is therefore normalized by a standard way to obtain
the absolute intensity in absolute units (cm-1).
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Figure 8. Schematic representation of the type of samples investigated by SAS [248].
Consider a neutron or the X-ray photon with an incident wave vector (kin) that is scattered by
a sample such that its outgoing wave vector is kout (Figure 9). The neutron or the photon thus
changes direction and loses (or gains) speed. In this scattering process, the neutron transfers
momentum ħQ and energy ħω to the sample,
𝑄 = 𝑘𝑖𝑛 − 𝑘𝑜𝑢𝑡
ℏ2

2
2
ℏ𝜔 = 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 = 2𝑚 (𝑘𝑖𝑛
− 𝑘𝑜𝑢𝑡
)

Figure 9. The graphical definition of the scattering wave vector [248].
32

(5)
(6)

A measurement made at a given Q0 allows us to investigate the density fluctuations of the
sample at a certain distance (D) scale (D0=2π/Q0). It is equivalent to observe the system
through a D0 diameter “window” in real space. To study objects much smaller or much larger
than D0, an other “window”, therefore an other Q-value has to be chosen. Scattering signal is
observed if the scattering density contrast inside the window is different from zero.
At the high Q domain (~0.1-1 Å-1) the ’observation window’ is very small: there is contrast
only at the interface between the two media. This is the so-called Porod’s region and gives
information about surfaces. In the intermediate zone (~0.01-0.1 Å-1) the ’window’ is of the
order of the elementary bricks in the system. This region provides information about the size,
shape and internal structure of one particle. At the low q domain, the ’window’ is very large;
therefore the structural order can be obtained here.
In spite of the similarities of the two mentioned SAS techniques, some important differences
have to be considered. Neutrons can penetrate matter far better than charged particles.
(The penetration depth of neutrons in most materials is typically of the order of centimetres.)
X-rays probe the electronic cloud surrounding the nucleus, while neutrons interact with
atomic nuclei via very short range (~fm) forces (neutrons ‘see’ the positions of the nuclei) or
with unpaired electrons via a magnetic dipole interaction [248]. Since the size of a nucleus is
typically 100 000 times smaller than the distance between centres, neutrons can travel large
distances through most materials without being scattered or absorbed. The available neutron
beam flux is much lower than X-ray. This results a weak scattering signal, which is why
neutron scattering is a signal limited technique.
The scattering of a neutron by a free nucleus can be described in terms of a cross section (σ),
which is widely used in particle physics. It is measured in barns (1 barn = 10–28 m2), that is
equivalent to the effective area presented by the nucleus to the passing neutron. σ is given by
σ = 4πb2, as if the scattering length (b) were half the radius of the nucleus as seen by the
neutron. b is not correlated with atomic number in any obvious systematic way (Figure 10)
and varies even from isotope to isotope of the same element!
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Figure 10. X-ray and neutron scattering length values of different elements.
The neutron is scattered isotropically, with equal probability in any direction, because the
nucleus essentially looks like a point scatterer. If the scattering occurs without any change in
the probe’s (neutron or photon) energy is said to be elastic. The opposite case is called
inelastic scattering.
Even for a sample made up of a single isotope, not all of the scattering lengths of the nuclei
will be equal, because the interaction between the neutron and the nucleus depends on the
nuclear spin, and most isotopes have several nuclear spin states. Generally, there is no
correlation between the spin of a nucleus and its position in a sample of matter, therefore the
scattering lengths can be averaged without interfering with the thermodynamic average, but
we have to distinguish between coherent and incoherent scattering.
In case of coherent scattering, neutron waves scattered from different nuclei interfere with
each other. It depends on the distances between atoms and on Q. It provides information
about the structure of a material.
On the other hand, in case of incoherent scattering, there is no interference between waves
scattered by different nuclei. The intensities scattered from each nucleus just add up
independently. The elastic incoherent scattering is the same in all directions; therefore it
usually appears as an unwanted background.
2.4.2. Neutron spin-echo (NSE) spectroscopy
NSE spectroscopy [249] first introduced by Ferenc Mezei in 1972, is an inelastic neutron
scattering technique that measures directly the intermediate scattering function I(Q,t) as a
function of wave vector (=momentum transfer) (Q) (Figure 9) and time (t). The NSE
technique is well suited for measuring nanosecond time scale dynamics in soft matter
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systems, with the highest energy resolution among all types of neutron spectrometers. It has
proved to be an excellent tool for investigating dynamics in polymer gels [250–254].
The fundamental idea of NSE is to follow the energy change of each individual neutron in the
scattering process. The neutron spin allows us to trace the neutron itself by using spin
manipulations which can be shown to take place in a manner of conserving energy over the
whole process, i.e., neutron energies are not perturbed by the measuring procedure [255].
The typical NSE setup can be seen in Figure 11.

Figure 11. Setup of IN11A NSE Spectrometer at the Institut Laue-Langevin in Grenoble,
France.
The NSE scan is performed in the time domain by varying magnetic field (H). The effect of
field integral inhomogeneities can easily be taken into account by calibration measurements.
The correction of the results involves a simple division instead of the deconvolution in usual
neutron spectroscopy. This way, the resolution corrections can be performed exactly in NSE,
independently of any model assumption on the scattering function and without using a fitting
procedure [255]. The Fourier time (the studied time) range is proportional to, (therefore it can
be tuned by) the cube of the used wavelength (λ) and the magnetic field integral. The longest
achievable Fourier time is limited by field inhomogeneities. For a typical NSE instrument like
IN11 or IN15 at Institut Laue-Langevin in Grenoble, the dynamical range [255] is in the order
of tmax/tmin ≈ 100.
If the field integrals in the two precession regions (before and after the sample) are equal, we
have the echo condition. On one of the precession solenoids, we have a small number of extra
turns wound, in which we can scan the phase current (Figure 12). This changes the symmetry
of the field integrals, thus we can scan around the exact echo condition and measure the
familiar echo group [255].
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Figure 12. Typical 4 point echo measurement [255].
The information we are interested in the intermediate scattering function [I(Q,t)] is given by
the echo amplitude. The most common way of determining it is the following: first, the
scattered beam polarization is measured by counting for a given time spin up (π flipper on)
and spin down (π flipper off). Once we measured the periodicity in terms of ‘phase current’
(e.g., on the straight beam), we can measure four points on the echo group placed by 90° steps
around the centre: E1, E2, E3, and E4: Based on these values the average intensity, the echo
amplitude and the phase can be determined. The final step is to divide echo amplitude with
the initial polarization [(Up-Down)/2], thus giving I(Q, t) in a normalized form [255].
If the neutrons are scattered inelastically (or quasi elastically) from the sample, the amplitude
of the echo is reduced. The reduction of the echo amplitude for different magnitudes of the
magnetic field, neutron wavelengths, and scattering angles is, what is measured in an NSE
experiment.
The scattering intensity at small angles (low Q values) usually is dominated by coherent
scattering, which is favourable for the conventional NSE techniques. A typical sample should
contain a majority of deuterated constituents (80-90%) allowing for a thickness between
2-4 mm. The resulting contrast of scattering length density compared to the hydrogenated
objects to be observed gives rise to a considerable coherent SANS intensity. For larger
momentum transfers (Q > 0.2–0.5 Å−1) incoherent scattering becomes more and more
important.
Considering the coherent scattering only, the NSE intensity I(Q,t=0) directly relates to the
SANS intensity I(Q). In a coarse analogy the SANS intensity corresponds to the scattering of
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a frozen configuration of the scattering objects (flashlight photo) whereas after a time (t) some
objects have moved, causing – on average – a more and more blurred configuration (scenery),
the scattering of which corresponds to I(Q,t). Since sharp edges and fine structures are blurred
first, the high Q parts of I(Q,t) decay faster. Confinements and permanent constraints cause
some (average) structures to be persistent, the respective scattering intensity yields a
t-independent constant level of I(Q,t). For a more complicated composite system, the SANS
intensity in a given Q-interval may stem from different structures with different
relaxations [255].
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3.

Aim of the PhD work

Responsive hydrogels have a wide range of potential applications (e.g., sensors, actuators,
microfluidics, drug delivery vehicles, etc.), which can even be extended by composite
preparation. CNPs are widely used for strengthening in polymer nanocomposites.
In responsive systems, CNPs may act not only as reinforcing agents but due to their special
structure, IR sensitivity, and tuneable conductivity; they can also provide new or modified
sensitivity to these complex systems. As the nanoparticles may interact differently with the
polymer matrix, the final properties of the composites are expected to be tuneable. This may
provide a mean to further expand their applicability.
In the literature, PNIPAM based composite systems were investigated with a variety of crosslink densities and/or with different co-monomers, as well as with diverse synthesis conditions.
Due to the huge variety of different parameters, it is not possible to directly evaluate the
individual effects of incorporated nanoparticles.
The goal of my PhD work was to investigate systematically the effect of shape and surface
chemistry of CNP incorporated to PNIPAM hydrogel systems. I studied two main groups: the
rather hydrophobic, oxidized CNTs and the hydrophilic GO. Due to its high oxygen content,
the physical properties of GO are worse than those of graphene. I investigated the effect of
ascorbic acid reduction with mild conditions on the properties of the RGO and the RGO
containing composites prepared by two different procedures.
The shape, size, surface chemistry, concentration and the preparation method, all can
influence the final character of the resulted material. In my thesis, one of the aims was to
identify the most important parameters with a significant effect on the structure and
responsiveness of the composites and explore the relation between them. The composite
materials were studied on both macroscopic and microscopic length scales to study their
structure as well as their dynamic properties. I studied how the temperature gradient
influences the kinetics of the phase transitions. Last, but not least, finding connections
between the observations on the different length scales was also an important objective.
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4.

Materials and methods

4.1.

Preparation

4.1.1. Nanoparticles
4.1.1.1.

Graphene oxide

GO was obtained by the improved Hummers’ method [214] from two natural graphite i)
Graphite Tyn, GK, China ii) Madagascar - Chinese (CGO) and “Malagasy” graphene oxide
(MGO). The GO suspension was purified and mildly exfoliated by centrifuging 5 times
(7000 g) from 1 M HCl and 6–9 times (15100 g) from doubly distilled water, in order to
remove unreacted graphite and inorganic salts. After the final washing and centrifugation
step, a light brown suspension with a GO nanoparticle content of ~1 w/w% was obtained.
4.1.1.2.

Reduced graphene oxide

To prepare RGO we modified the method of Fernandez-Merino et al. [222]. The dried MGO
nanoparticles were suspended in ascorbic acid (AA) solution in the presence of NH3 at 20 °C.
In the reaction mixture the concentration of the MGO, AA, and NH3 was 1 mg/ml; 20 mmol/l
and 1.1 mol/l, respectively. The pH of the mixture was ~13-14. After 1 week the
nanoparticles were purified by multiple washing and filtering steps. The resulted RGO was
then dried and later stored in a desiccator at ambient temperature. For nanocomposite gel
preparation RGO nanoparticles were re-suspended in water by ultrasonication (Branson
B1200R-4) for 15 min with 40 kHz in sweep mode.
4.1.1.3.

Carbon nanotubes

The dispersibility of the CNTs in aqueous medium was improved by oxidizing commercial
MWCNT (external diameter: 10-20 nm; length: 10-30 m according to the supplier) in
concentrated HNO3 (65%) (3 hours, 110 °C) in accordance with the procedure (including
purification) of ref [148]. For nanocomposite gel preparation CNT nanoparticles were
suspended in water by ultrasonication (Branson B1200R-4) for 4h with 40 kHz in sweep
mode.
4.1.2. Gel synthesis
4.1.2.1.

Pure PNIPAM gels

The PNIPAM polymer gel was synthesised from the N-isopropylacrylamide (NIPAM)
monomer and the N,N’-methylenebisacrylamide (BA) cross-linker in an aqueous medium at
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20 C by free radical polymerization. The reaction was initiated by ammonium
persulphate (APS) and N,N,N’,N’-tetramethylethylenediamine (TEMED). The cross-link ratio
(R) of the PNIPAM gel (1/150, 1/100 or 1/50) was determined as [BA]/[NIPAM]. For the
synthesis of a pure PNIPAM gel with a cross-link ratio R=[BA]/[NIPAM] = 1/150, 18.75 ml
of a 1 M aqueous solution of NIPAM and 1.225 ml of a 0.1 M solution of BA were mixed
with 4.9 ml of water and 25 l of TEMED. Finally, 1.25 ml of a 10 w/w% solution of APS
was added to the mixture, and polymerization took place at 20 C for 24 h. Films of thickness
2 and 4 mm and 10 x 10 mm isometric cylinders were prepared. All chemicals were used as
received, except NIPAM, which was recrystallized from a toluene–hexane mixture.
Doubly distilled water was used for the synthesis, purification, and measurements.
4.1.2.2.

Composite gels

To obtain CNT, GO and RGO containing nanocomposite gels (CNT@PNIPAM,
GO@PNIPAM, and RGO@PNIPAM, respectively) the aqueous CNP suspension of the
required concentration was mixed with the precursor solution. For the CNT and RGO
containing composites, ultrasonication was used to ensure homogeneity of the dispersion.
Gels with ≥20 mg GO/(g NIPAM) content (~ 2 weight% GO) were prepared by adding in
succession solid NIPAM and BA to the GO suspension. The reaction medium was stirred in
an ice-bath for 15 min after addition of each component. The total volume of the precursor
solution, including the GO suspension, was kept constant by adding the appropriate
complement of water. The precursor suspensions were polymerized and purified in the same
way as the nanoparticle-free PNIPAM gel. No external field was applied. The films were
stored in the swollen state for later use unless mentioned otherwise. The cross-link density of
the polymer matrix was kept constant in all the composite systems: [BA]/[NIPAM]= 1/150.
The CNT and GO loading was varied between 0 and 20 mg CNT/(g monomer) and 0 and
25 mg GO/(g monomer), respectively, whereas the highest reachable concentration of RGO
was only 11 mg/(g monomer) due to its poor dispersibility. The CNP content is indicated at
the beginning of the sample name.
The post-reduction treatment of GO@PNIPAM gels was made by soaking dried samples in
the AA media (composition is identical as used for GO nanoparticle reduction, described
above) for 1 week at 20 °C. The ratio of the solid (S) and liquid (L) phases was kept
constant (S/L=0.012).
The abbreviation of the samples is summarised in Table 2.
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Table 2. Nomenclature of the samples.

4.2.

Sample name

R

CNP type

Reduction of GO

PNIPAM50

1/50

-

-

PNIPAM100

1/100

-

-

PNIPAM150

1/150

-

-

(PNIPAM150)R

1/150

-

-

GO@PNIPAM

1/150

GO

-

(GO@PNIPAM)R

1/150

RGO

within the gel

CNT@PNIPAM

1/150

CNT

-

RGO@PNIPAM

1/150

RGO

prior to synthesis

Characterization of the nanoparticles

For the microscopy observations, air dried CNPs were suspended in ethanol then dropped on
the respective sample holder.
4.2.1. Atomic force microscopy (AFM)
For the AFM measurements, mica sample holders were used to study GO and RGO platelets.
The AFM images were taken at the Toyo University Bio-Nano Research Center (Kawagoe,
Japan) on an Oxford Instrument (ASYLUM Research Cypher) equipment, using AC mode,
4.88 Hz with a Micro Cantilever (Omega Lever OMCL-AC55TS-R3) needle.
4.2.2. Scanning electron microscopy (SEM)
For the SEM observation, the GO and RGO suspensions were dropped on a Si substrate.
The SEM images were taken in a SEM (SU8030) (Hitachi) equipment.
4.2.3. High-resolution transmission electron microscopy (HRTEM)
The HRTEM images were taken in the Jülich Research Centre on a FEI Technai F20
equipment. Carbon films on copper grid sample holders were used on 120 kV. The ImageJ
program was used to determine the inner and outer diameter and the number of walls of
carbon nanotubes. 5-5 values on each tube were measured.
4.2.4. Thermal analysis
Thermal analysis (TA) was carried out on an STA6000 instrument (Perkin Elmer) in highpurity (99.9995%) nitrogen with the flow rate of 20 ml/min. Samples of about 10 mg were
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heated from 30 to 300 °C with a scanning rate of 1.5 °C/min and then to 650 °C with a
scanning rate of 10 °C/min in nitrogen atmosphere. The thermogravimetric (TG) curves were
recorded.
4.2.5. X-ray photoelectron spectroscopy (XPS)
The surface chemical composition of the CNPs was determined by XPS, using an XR3E2
twin anode X-ray source (300W, VG Micro- tech) and a Clam2 hemispherical electron energy
analyser. The base pressure of the analysis chamber was about 5.10- 6 Pa. Samples were
analysed using an Mg Ka (1253.6 eV) anode, without monochromation. Wide scan spectra in
the binding energy range 1100–0 eV were measured with an energy band-pass of 50 eV for all
samples. High-resolution spectra of the C1s signals were recorded in 0.05 eV steps with
energy band-pass 20 eV. The peak fitting procedure was performed with the CasaXPS
program (Version 2.19).

4.3.

Characterization of the gel systems

4.3.1. Equilibrium swelling degree (ESD)
Gel disks with a diameter of 7 mm were cut from the film and dried. 0.03 g dry gel was
swollen in 2.5 ml water. The equilibrium swelling degree of the samples was measured using
the dry gel disks. After 1 week in pure water at 20 °C the equilibrium swelling degree was
determined as m/m0, where m and m0 are the mass of the swollen and dry samples,
respectively. The equilibrium swelling degrees at various temperatures (T) were determined
by gradually increasing the temperature of the water bath to 25, 30, 35, 40, 45 and 50 °C.
1 week of equilibration time was left between each step. The relative swelling degree was
defined as the percentage ratio of the equilibrium swelling degree at temperature T with
respect to that at 20 °C.
4.3.2. Mechanical tests
The elastic modulus was measured on fully swollen isometric (1010 mm) gel cylinders using
an INSTRON 5543 mechanical testing instrument at ambient temperature. Samples were
compressed by 10% of their initial height in steps of 0.1 mm with a relaxation time of 4×2 s
and a force threshold of 300 N. No barrel distortion was observed. The obtained data were
evaluated following the method of Horkay and Zrínyi was used [256]. Repetitive uniaxial
compression measurements on one cylinder of selected samples were performed, using the
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same parameters as well. Between the measurements, 5 minutes of relaxation was provided to
the samples in water.
Samples were also compressed until fracture in steps of 0.5 mm. The relaxation time and
force threshold was the same as in the previous paragraph.
4.3.3. Thermal analysis
TA was carried out on the instrument described in 4.2.4. Prior to the experiments the gel
samples were air-dried, ground in an agate mortar and stored in a desiccator over silica gel.
Samples of about 10 mg were heated from 30 to 650 °C in nitrogen atmosphere with a
scanning rate of 10 °C/min.
4.3.4. Solid-state magic angle spinning NMR spectroscopy
Solid-state magic angle spinning (MAS) spectra of samples were recorded on a Varian NMR
system operating at a 1H frequency of 400 MHz with a Chemagnetics 3.2 mm narrow-bore
double resonance T3 probe. The spinning rate of the rotor was 8 kHz in all cases. For the onedimensional 13C cross-polarization magic angle (CP MAS) and direct excitation (DE) spectra
SPINAL-64 decoupling with 83 kHz of strength was used. The CP MAS build-up curves
were recorded in the range of 0-4 ms with a recycle delay of 5 s, which is 5 times larger than
T1H.
4.3.5. Differential scanning microcalorimetry (DSC)
Scanning microcalorimetry measurements were made on finely ground samples in a
MicroDSCIII apparatus (SETARAM). About 10 mg of dry gel was placed in contact with
500 L of Millipore water and kept at 20 °C for 2 h to allow the gels to equilibrate in the
swollen state and to obtain a stable baseline. The samples were then heated to 50 °C with a
scanning rate of 0.03 °C/min. The instrument software was used to determine the peak
position, and calculate the specific enthalpy of the volume phase transition (HVPT).
4.3.6. Temperature jump induced shrinkage kinetics
The kinetics of the temperature responsivity of the samples were studied on gel disks of 10,
14 or 20 mm diameter and 2 mm of thickness (initial weight mi). The samples were first
swollen in water at 20±0.2 °C to reach equilibrium, then plunged into a water bath of 40±1 or
50±1 °C. The thermal shock induced shrinkage was followed by measuring regularly the
weight m(t) of the disks until they reached the equilibrium. Three parallel samples were
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measured in each case. Results are reported as 100×m(t)/mi. An exponential function with one
or two steps (Eq 7) was fitted.
𝑚(𝑡)
𝑚i

where

𝑚∞

∙ 100 = (

𝑚𝑖

) ∙ 100 + 𝐴1 𝑒

𝑡 𝑝1
𝑡1

−( )

+ 𝐴2 𝑒

𝑡 𝑝2
𝑡2

−( )

m(t)

measured weight at time t [g]

mi

weight of the initial gel fully swollen at 20 °C [g]

m

weight of the deswollen gel at the end of the experiment [g]

t

time [min]

t1, t2

fitted time constants [min]

p1, p2

fitted exponents [-]

A1, A2

pre-exponential constants [-]

(7)

4.3.7. Small-angle X-ray scattering
SAXS data were collected at the European Synchrotron Radiation Facility (ESRF, Grenoble,
France) on the beam-line ID02, with a wavelength of 12.46 keV and two samples-to-detector
distances of 0.8 and 30.7 m giving an observed Q-range of 2x10-4 Å-1 ≤ Q ≤ 0.8 Å-1.
2D data were radially averaged and standard reduction procedures (subtraction of empty cell
and solvent contribution) were applied. For equilibrium measurements, the samples were
swollen in water and then kept at the desired temperature (25, 40 or 50 °C) for 10 days prior
to the experiment.
Primary data reduction was performed by SAXSUtilites developed by M. Sztucki [257],
whereas the Irena package [258] was used to fit the obtained experimental curves.
4.3.8. Small-angle neutron scattering
SANS measurements [259] were performed on the D22 small-angle instrument at the Institut
Laue-Langevin. The gels were swollen in D2O in order to enhance the scattering contrast
between the polymer and the matrix and to minimize the incoherent background scattering.
Previous measurements [260] had shown that the swelling properties of the PNIPAM gel are
not affected by the H2O/D2O isotopic substitution. For equilibrium measurements, the
samples were swollen in heavy water and then kept at the desired temperature (25, 40 or
50 °C) for 10 days prior to the experiment. In addition, kinetic measurements have been
performed as well on selected samples, when the temperature of the thermostatic bath of the
SANS sample holder was rapidly increased from 25 °C to 50 °C. The VPT induced structural
changes were followed by collecting the scattered signal in every 18 minutes overnight. The
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incident neutron beam wavelength was 6 Å. Two sample-detector distances (17 m and 2 m)
were used to cover a Q-range of 0.004 – 0.5 Å-1. Raw SANS data were corrected for the
empty cell, dark counts, sample thickness and detector efficiency. The corrected scattering
data were normalized by the incident beam flux to obtain the scattered intensity in absolute
units. Data reduction was done with the GRASansP v.7.04 program. In case of nanocomposite
samples, the weak signal from the corresponding nanoparticle suspensions has been
subtracted in order to obtain the pure polymer signal.
4.3.9. NSE measurements
NSE measurements [261–264] were made on the IN11 and IN15 spectrometers at the Institut
Laue-Langevin. For these experiments, gel films of 4 mm nominal thickness and 3 x 4 cm
cross-section were used. Prior to the measurements, the gel samples were swollen in heavy
water and then kept for at least 3 days at 10.0, 25.0 or 30.0 ± 0.1 °C. The swollen samples
were placed in 5 mm thick sandwich-type cells with quartz windows. To exclude air and
avoid undesirable deswelling, the remaining space in the sample holder was filled with D2O.
For high temperature (40.0 and 50.0 °C) measurements, the samples already swollen in D2O
below the VPTT were placed into a water bath of the desired temperature for 1 day or for
~42 days before the measurement.
On IN11 the IN11A high-resolution set-up was used. Measurements were performed in the
transfer vector Q-range of 0.042 Å-1 ≤ Q ≤ 0.209 Å-1 and the incident wavelength of the
neutron beam was 7.83 Å and 10 Å for IN11 and IN15, respectively. These parameters
resulted a Fourier-time range of 0.1–30 ns on IN11 and 0.02–500 ns on IN15. The resolution
functions of the instruments were determined for each experimental setup using the elastic
scattering of graphite. The resulting intermediate scattering functions were corrected for the
D2O background dynamics.
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5.

Results

5.1.

Characterisation of the CNPs

Before studying the characteristics of the synthesized nanocomposites, learning about the
properties of the prepared nanoparticles is essential.
First of all, the morphology (structure, size, etc.) of the CNPs, needed to be studied. Neither
the GO nor the RGO platelets have a regular shape, as can be seen in Figure 13. The lateral
size of the GO platelets is in a rather wide 10-50 μm range, while the RGO particles are
significantly smaller (~2-12 μm). The decrease in size was not the only change in structure
upon reduction, as the number of wrinkles and folds also considerably increased.

a)

b)

Figure 13. SEM images of a) GO and b) RGO platelets. The scales of the figures are different.
Besides their lateral sizes, the thickness of the platelets also influences strongly their
properties. The thickness was studied by AFM (Figure 14). Due to the numerous wrinkles,
more than one step can be seen on the AFM images. 1-5 nm thick layers were found in the
case of GO, while lower values were expected for the RGO platelets because of the decreased
amount of functional groups. Due to the wrinkles, however, even thicker layers were observed
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by this method. For appropriate RGO observations, a different solvent should be used, which
can prevent the folding.

Figure 14. AFM images and the corresponding height values of a-b) GO and c-d) RGO
platelets. The scales of the figures are different.
In case of the used CNTs, TEM analysis was used. In comparison to the values given by the
supplier, the sizes of the nanotubes changed slightly upon the applied oxidation process.
The inner and outer diameters were in the range of 1.8 – 6.2 and 9.2 – 19.7 nm, respectively.
A great amount of structural defect was introduced into their structure (Figure 15).
The eroded tubes structure occurred due to the introduction of the oxygen-containing
functional groups.
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Figure 15. TEM images of the studied, oxidized CNT. The scales of the figures are different.
To characterize the functional groups present on the CNPs, X-ray photoelectron spectroscopy
(XPS) was used. The C/O atomic ratio are shown in Table 3.

Table 3. C/O ratios determined by XPS of the studied CNPs.
CNP

CGO

MGO

RGO

CNT

C/O ratio

2.2

1.8

3.6

11.2

The surface chemistry of the GO samples prepared from two different natural graphites was
similar. The decrease in the oxygen-content upon the reduction process can be clearly seen for
the RGO, while the applied oxidation on the CNT resulted in only a mildly oxidised surface.
The prepared CNPs have different parameters; therefore they can be used for studying the
effect of the shape and surface chemistry on the composite samples.
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5.2.

Macroscopic characterization

5.2.1. Visual observations
During my work, pure hydrogels and composite systems with various CNP/polymer ratios
were studied systematically. The first, straightforward comparison of the systems could be
done by the naked eye (Figure 16).
The pure polymer matrix in the studied cross-link ratio range swollen in water was almost
transparent. No difference was visible between the pure gels by the naked eye. Due to the
high water content, the refractive index of the swollen gels was close to that of the pure water.
The reduction process did not influence its appearance either.

a

PNIPAM150

PNIPAM100

PNIPAM50

(PNIPAM150)R

2.5CGO@PNIPAM

5CGO@PNIPAM

10CGO@PNIPAM

20CGO@PNIPAM

b

c

2.5MGO@PNIPAM

5MGO@PNIPAM

10MGO@PNIPAM

25MGO@PNIPAM

Figure 16. Images of the a) pure gel systems, b) CGO@PNIPAM composite family and
c) MGO@PNIPAM composite family.
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d

(2.5GO@PNIPAM)R

(5GO@PNIPAM)R

(10GO@PNIPAM)R

3RGO@PNIPAM

11RGO@PNIPAM

5CNT@PNIPAM

10CNT@PNIPAM

(25GO@PNIPAM)R

e

f

2.5CNT@PNIPAM

20CNT@PNIPAM

Figure 16. Images of the d) (GO@PNIPAM)R composite family, e) RGO@PNIPAM
composite family and f) CNT@PNIPAM composite family.
Nanoparticle incorporation changed the colour of the systems. GO containing gels were
brown, whereas the CNT and RGO content provided grey or even black colour. The colour
was getting deeper with the increasing amount of CNP for all types of systems. In case of GO
containing composites and the post-reduced systems, at low concentration, a rather
homogeneous CNP-distribution could be observed, aggregation occurs only at high
concentrations. On the contrary, in the RGO and CNT incorporated gels, aggregates could be
seen already at low concentrations, resulting in an inhomogeneous CNP distribution in the
whole concentration range.
5.2.2. Equilibrium swelling and mechanical properties
The influence of the composition on the ESD in pure water at 20 °C and on the elastic
modulus of the gels is shown in Figure 17.
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Figure 17. Elastic moduli (squares) and ESD values (circles) at 20 °C of the studied gel
system: a) pure PNIPAM systems with different cross-link density values b-d) GO, RGO and
CNT containing composites, respectively. The solid and dashed lines are guides for the eye.
Figure 17a shows that the increasing cross-link density resulted a more rigid gel system: the
elastic modulus increased, while the ESD decreased. Our results were in accordance with data
from the literature [67,265]. The direction of the changes was the same in the GO containing
samples, however, the shapes of the response curves were different. Increasing CGO and
MGO content drastically decreased the ESD and increased the elastic modulus (Figure 17b).
Contrary to the pure gel systems, the changes were not monotonous, a plateau was observed
in both quantities. These differences suggest that the role of the GO was more complex than a
simple chemical cross-linker in the polymer matrix.
Li and co-workers reported an increase in modulus when chemically modified GO is used as a
co-monomer [102]. This preparation method suggested the formation of covalent bonds.
On the other hand, in gels with higher cross-link density (molar ratio of [BA]/[NIPAM] =
1/35 instead of 1/150), the addition of unmodified GO to the precursor solution resulted in an
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opposite tendency in both the swelling ratio and elastic modulus [103]. It suggests that the
properties of the original polymer matrix have a great impact on the concentration
dependence of the reinforcing effect.
The two types of GO@PNIPAM systems showed similar results. The preparation route of the
CGO and MGO containing composites were the same, therefore the difference in the
numerical values comes from the slightly different properties of the CGO and MGO.
According to the literature, the GO-properties depend strongly on the initial graphite [216],
which would explain even higher differences. In the next chapters, I am not going to make
any distinction between the two types of GO.
According to the literature GO platelets in aqueous phase above a certain concentration can
form a continuous network [266,267]. In case of the composite systems, at the percolation
threshold, the GO particles form an interpenetrating network inside the matrix. Figure 17b
suggests that the percolation threshold of the GO occurs between a concentration of 5 and
10 mg GO/g dry NIPAM, i.e., roughly 0.25 - 0.5 mg/g of the swollen gel. These values
correspond to ~ 0.5-1 weight% of GO content of the composite systems, which
is in accordance with the values from the literature (percolation threshold in the range of
0.1 – 5 weight% [76,104,190–199]).
After the post-reduction treatment of the GO@PNIPAM systems, the concentration effect
trends remained almost unaffected (Figure 17c). This can be explained by either the
reinforcement is due to a simple mechanical effect (where surface chemistry and chemical
interactions play no significant role); or, if there are chemical interactions between the GO
and the polymer matrix, those interactions that determine the mechanical properties are
unaffected by the applied treatment. On the contrary to GO, when RGO (Figure 17c) or CNT
(Figure 17d) nanoparticles are incorporated directly into the pure PNIPAM gel the mechanical
and swelling properties of the nanocomposites remained practically unchanged. As these
nanoparticles are less hydrophilic, they tend to form aggregates in aqueous media, their
effective concentration within the gel matrix was much lower than the theoretical one.
In addition to that, as seen in Figure 16, they distributed inhomogenously, which can explain
their very different behaviour.
During the elastic modulus measurements, we noticed that the repetitive compression of the
same sample may have a clear impact on the measured elastic modulus on some of the
samples while it did not cause clearly noticeable deformation of the compressed cylinders.
From a future application point of view, the change in the mechanical properties upon
52

repetitive usage might be crucial; this is why we decided to perform a detailed study on the
effect of repetitive compression. As shown in Figure 18 and Table 4, the elastic modulus of
the pure PNIPAM and the RGO- or CNT-incorporated systems remained practically
unaffected after 40-times repetitive compression: the difference between the first and last
measurements was smaller than the standard deviation of the measurements (0.4).
This means that the gel system was able to relax fully and reversibly. The behaviour of RGOor CNT containing samples was not surprising though if we take into account that the
incorporation of these nanoparticles did not affect significantly the obtained swelling and
elastic properties of the composites either.

Elastic modulus (kPa)

8
7
6
(5GO@PNIPAM)R
5GO@PNIPAM
PNIPAM150
5CNT@PNIPAM
3RGO@PNIPAM

5
4
3
2
0

10

20

30

40

Number of compressions (-)

Figure 18. Results of repetitive uniaxial mechanical tests.
On the contrary, GO and post-reduced GO containing composites showed a non-reversiblebehaviour upon uniaxial compression. The decrease in the elastic modulus after 40-times
compression exceeded the statistical error (Table 4), which suggests that there is some sort of
internal structural change upon compression or the reorganisation is much slower than the
waiting time (maximum 1 day) between the modulus measurements. This phenomenon
occurred only in case of incorporated, non-aggregated nanoplatelets, which might suggest,
that the shape of the incorporated CNPs is related to the issue. The nanotube aggregates did
not show a significant change, therefore, the experienced structural change might be, for
example, orientation or even restacking of the nanoplatelets. Regardless of the shape of the

53

Table 4. Difference between the first and the 40th measured modulus values for the selected
samples.
Modulus difference

Sample
PNIPAM150

(kPa)
0.2

5CNT@PNIPAM

0.1

3RGO@PNIPAM

0.2

5GO@PNIPAM

0.8

(5GO@PNIPAM)R

0.5

CNPs, there is a second, important factor. The modulus of these gels was higher than that of
the pure polymer or the RGO and CNT incorporated samples, which means, that even for the
10% of compression required relatively high forces. The irreversible deformation might have
been caused because of the used higher forces. However, this option can be excluded,
because, at the small deformation region (strain < 0.1), the difference between the applied
stresses to the different samples are not outstanding (Figure 19).
Beside the moderate compressions applied for the elastic modulus measurements, the total
stress-strain curves were measured (Figure 19a,c,e,g). The increase of the cross-link density
did not influence significantly the strain what the gel can withstand, but the fracture strength
increased slightly with it (Figure 19a,b). Incorporation of the GO substantially improved the
compressive strength of the gels but showed no dependence on the concentration (Figure
19c,d). The withstood strain values varied in a certain region, but the correlation between the
concentration and resulted value was unclear. The post-reduction process did not influence
significantly the strain values; however, the fracture strength (especially, beyond the
percolation threshold) was diminished (Figure 19e,f). Important to note, that even after the
reduction treatment the strength of the (GO@PNIPAM)R samples was two times higher than
that of the pure gel. This change in the fracture strength was the first observed negative effect
of the reduction method. This can be explained as upon the functional group removal, there
was a change in the interactions in the matrix; therefore the stress propagation was less
efficient. Therefore, it was possible to perform the reduction process inside the gel matrix,
while keeping the advantageous properties of the initial GO@PNIPAM composites.
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Figure 19. Stress-strain curves and fracture strength values of different gel systems: a-b) pure
PNIPAM systems with different cross-link density values c-h) GO, RGO and CNT containing
composites, respectively, where the solid lines are guides for the eye.
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GO reduced prior to the gel synthesis did not modify the elastic modulus values of the formed
composites, but improved the withstood strain and the fracture strength as well. The effect of
the concentration, on the other hand, seemed to be inversely proportional, which might be
caused by the inhomogeneity of the RGO. However, clear concentration effect could not be
concluded owing to the small number of points investigated. CNT@PNIPAM gels (Figure
19g,h) tolerated also greater deformation before they break and withstood higher stress than
the pure PNIPAM, but the increment was less pronounced than in case of the GO platelets.

5.3.

Structural comparison on microscale

5.3.1. Below VPTT
To explore the structural differences caused by incorporating CNP into the polymer matrix
SAXS and SANS measurements were performed. The neutron scattering length density value
of the PNIPAM matrix was significantly different from that of the swelling medium, namely
D2O (Table 5), resulting in a strong scattering signal.
Table 5. Neutron scattering length densities of the components of the gels.
Neutron scattering length density

Component

Composition

PNIPAM

(C6H11NO)m

0.825

GO

C65O35*

5.993

CNT

C92O8*

6.750

D2O

D2O

6.364

(10-6/Å2)

* CNP compositions were estimated by XPS

In the composite samples, which were ternary systems, the signal was still dominated by the
PNIPAM signal. As seen in Table 5 the neutron scattering contrast between the CNPs and
D2O was weak, and the overall signal, therefore, originated almost exclusively from the
polymer, even in the composite systems. The corrected SANS response curves obtained at
25 °C (typical examples are shown in Figure 20) were fitted to the modified Ornstein-Zernike
(OZ) expression [57,268,269] in the range of Q > 0.01 Å-1.

𝐼(𝑄) =

𝐼(0)
1+(𝑄𝜉)𝑚
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+𝐵

(8)

where I(0) and B are Q-independent constants,  is the static polymer–polymer correlation
length and m is the Porod exponent. This empirical model is widely used for highly correlated
systems like polymer solutions and gels.
The deviation in the Q < 0.01 Å-1 region stemmed from the well-known concentration
inhomogeneities due to cross-linking in gel networks [270].

Figure 20. SANS response curves of selected samples at 25 °C after subtraction of the
corresponding backgrounds with the OZ-fits.
The curves are shifted vertically for clarity. The used factors are shown on the figure.
From
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The increase in the cross-link density resulted in a reduction in Figure 21a, which is in
agreement with the literature [271]. In chemical gels,  is usually interpreted as the size of
cross-linked nods and is inversely proportional to the cross-link density. Concerning the
composites, it is easy to see that both the type and the concentration of the CNPs have
pronounced effect on the correlation length of the polymer matrix. Even the smallest amount
of CNP present in the nanocomposites results in a significant decrease of . In case of
GO@PNIPAM systems (Figure 21b), a U-shaped curve was observed: a drop of  was
followed by an increase upon GO concentration increment. Nevertheless, even at the highest
GO concentration  remained significantly smaller than in the pure PNIPAM. The increasing
trend of  upon increasing GO loading may indicate that at higher concentrations the GO
nanoparticles come into contact with each other and/or stick together, resulting in a smaller
effective concentration, which was in agreement with the percolation theory as well. In case
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of the continuous GO network, less surface was available for forming interactions with the
polymer chains, so the formed structure in the high amount of GO containing systems was
looser, which explains the higher  value. On the other hand, the total amount of hypernodes
might not decrease in the whole systems, since the mechanical and swelling properties
showed no change at the same concentration regime. Presumably, the maximum number of
available interactions was reached around the percolation threshold.

Figure 21. Static correlation length values of the different samples determined by the OZ
model, fitted on the SANS curves: a) pure PNIPAM systems with different cross-link density
values b-d) GO, RGO and CNT containing composites, respectively. The solid lines are
guides for the eye.
After the post-reduction treatment  increased at all CNP concentrations in comparison to the
original GO@PNIPAM systems (Figure 21c). On the other hand, no significant effect was
observed in the pure CNP-free gel after the same treatment (PNIPAM150 and
(PNIPAM150)R, 101.1 and 102.9 Å, respectively). The latter suggests that the pure polymer
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matrix was not affected by the reduction procedure, i.e., the chemical cross-links were
untouched. It was in accordance with the elastic modulus and swelling degree observations
(Figure 17). However, the change in  in the nanocomposite systems after the post-reduction
treatment indicated that the hypernode structure of GO@PNIPAM system was partially
disrupted, possibly by breaking bonds between the nanoparticles and the polymer matrix.
Interesting to note, that this observation was partially in contradiction with the mechanical
and swelling properties, where the reduction treatment influenced only the fracture strength.
On the contrary to the previously described two cases, when RGO or CNT was directly
incorporated into the polymer matrix  continuously decreased upon concentration increase.
The structure modification effect at low concentrations was much less pronounced than in the
other cases (Table 6), which was possibly related to aggregation of RGO and CNT even at
low concentrations.

Table 6. Static correlation length values of pure PNIPAM150 and composites
with low CNP-content at 25 °C.

Sample

Static correlation length
(Å)

PNIPAM150

101.1

2.5GO@PNIPAM

64.5

(2.5GO@PNIPAM)R

70.5

3RGO@PNIPAM

92.7

2.5CNT@PNIPAM

91.8

SAXS is a complementary technique to SANS since in case of SANS the nanoparticles are
practically invisible and the scattering of the polymer matrix dominates the signal, whereas
with SAXS, the scattering signal of the polymer is relatively weak, therefore we can get
structural information about the incorporated CNPs. This was confirmed by that the absolute
intensity of the composites measured by SANS was very close to that of the pure gel,
however, it was significantly higher by SAXS (Figure 22).
To get the contribution of the CNPs, the corresponding scattered SANS and SAXS signals
were compared. Due to contrast differences in the techniques and the incoherent scattering of
the SANS, the SANS signal was shifted to the SAXS curves. The contrast differences of the
polymer matrix and the nanoparticles were calculated and in the overlapping Q-region, the
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proportional part of the SANS curves was subtracted from the SAXS signal. The difference of
the signals corresponded to the nanoparticles.

Figure 22. a) SAXS response curves of selected samples and b) CNT@PNIPAM composites at
25 °C after subtraction of the water backgrounds.
The curves are shifted vertically for clarity. The used factors are shown in the figures.

Figure 23 shows the scattering intensity of selected samples measured by SAXS (black
symbols) together with the SANS signal of the same sample (red symbols). In the figure, the
SANS response was multiplied by a scaling factor and a constant has been subtracted such
that at high Q the two data sets coincide. In case of the pure gel system, a fairly wide
overlapping region was found, the slight shortfall in the SANS intensity visible at low Q in
Figure 23a was an artefact of the background subtraction and could be corrected manually.
In case of the composite samples, a greater difference was obtained between the SANS and
SAXS responses, which originated from the extra scattering of the CNPs visible only by
SAXS (Figure 23b,c).
The thickness of a single GO platelet was ~ 10 Å, while the lateral dimensions were in a
micrometre size range (see Chapter 5.1.). These values correspond to a scattering vector of
Q=2/D=0.6 and ~ 6.3 × 10-5 Å-1, respectively. These values are outside of the investigated
Q regime, therefore we could not see them. The stacking of the platelets is an ordered
structure (which usually has a characteristic distance of 10 Å, with the corresponding Q value
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Figure 23. SANS and SAXS responses curves of selected samples at 25 °C.
The CNP signal is the difference between the SAXS and SANS signals.
of 0.6 Å-1) would have resulted in a peak in the SAXS curve. This was not observed.
The small bump in case of lower concentrations in Figure 24a was attributed to an artefact
due to the subtraction of low absolute values. The obtained difference curves (Figure 24),
which were the signal attributed to the CNPs in the composite matrix was fitted to the socalled Unified model in case of GO. The GO platelets are able to fold or wrinkle, which
excluded the applicability of any well-described structure factors. This fit model is based on
the unified exponential/power-law approach to small-angle scattering. The model developed
by Beaucage and co-workers [272–274] is applicable to complex systems with multiple
structural levels. Scattering from each level is considered to be composed of a Guinier-type
exponential form and a structurally limited power law.
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The used MWCNT had several characteristic lengths: the outer diameter could vary between
20-200 Å (see Chapter 5.1.) - corresponding Q values: ~0.0314-0.314 Å-1, while its length
was on the micrometre scale. However, as clearly visible on the macroscopic scale (Figure
16) it formed aggregates in aqueous media, owing to its hydrophobicity. Fitting the SAXS
response curves using cylindrical structure factors did not give satisfactory results. On the
other hand, using a size distribution function which assumes spherical nanoparticles with
interfacial interactions satisfactory fits were obtained (Figure 24). This suggests that the CNT
cylinders were forming spherical aggregates on the nanometric length scale.

Figure 24. Difference curves of composite gels calculated from the corresponding SANS at
SAXS curves at 25 °C: a) GO@PNIPAM and b) CNT@PNIPAM. The solid black lines are the
used fits. The curves are shifted vertically for clarity. The used factors are shown in the
figures.
The resulted characteristic length values from the Unified fit and the size distribution model
can be seen in Figure 25. These were found to be around 100 Å in the GO@PNIPAM
composites and showed very little variation with the GO concentration (Figure 25a). As was
described before, this length scale cannot be attributed to none of the primary dimensions of
the GO platelets. The GO particles are not rigid objects, which can be folded forming
wrinkles as can be seen in Figure 13 and 14. Therefore, the obtained characteristic size was
associated with the internal morphology. The fact that this size showed a rather random
variation with the GO concentration suggest that the morphology of the GO nanoparticles was
approximately the same already in the suspension state, prior gelation, and this morphology
depended probably on the physicochemical properties of GO, i.e., its interaction with the
solvent.
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Figure 25. Characteristic values of the difference curves of a) GO@PNIPAM and
b) CNT@PNIPAM at 25 °C. The solid lines are guides for the eye.
The case of CNT the spherical size distribution was fitted. The obtained diameter values were
found to be practically independent on the CNT concentration, suggesting, similarly to the
GO case, that the morphology of the CNT aggregates was determined already in the aqueous
suspension, prior to gelation. In agreement with this observation, the fitted aspect ratio (~0,2 –
0.25) and the volume fraction (~3.6 - 3.9) showed also only a very little dependence on the
CNT content.
5.3.2. Above VPTT
The structural properties of the composites might depend on the temperature above the VPTT
as well. To learn whether there is a difference in their characteristics upon the used
temperature gradient during the shrinkage I studied the systems at 40 and 50 °C as well.
These temperatures are slightly above the VPTT, therefore, the experiments are robust and
can be repeated reliably. The scattered intensity obtained from SANS measurements increased
by orders of magnitude upon gel collapse at both temperatures (Figure 26). The slope of the
curves dramatically increased at the low Q region, while at high Qs a constant, increased
background can be seen due to the enhanced amount of incoherent scattering. The
experimental curves were fitted by a combined OZ+Porod model, which implies that the
amount of intensity arising from surfaces or interfaces is more pronounced:

𝐼(𝑄) =

𝐼(0)
1+(𝑄𝜃)𝑚
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+

1
𝑄𝑚

+𝐵

(9)

where I(0) and B are Q-independent constants, Θ is the correlation length describing the
structure inhomogeneities [275] and m is the Porod exponent. As it was shown before, , the
polymer-polymer correlation length decreases upon VPT, whereas Θ increases [276].

Figure 26. SANS curves of PNIPAM150 below and above the VPTT with their corresponding
fits.
The obtained fits revealed that the VPT increases significantly the values of Θ in all cases
(Figure 27). Θ is usually interpreted as the size of the cross-linked nods [271] in polymer gels,
and can also indicate the mesh-size or blob composed of polymer chains entangled with each
other [277]. This interpretation can be used in case of a collapse. The increase of Θ can be
explained by the clumping of the polymer chains. As these measurements were done 10 days
after plunging the samples into warm water, they might not have reached the thermodynamic
equilibrium yet. Interesting to note that Θ50 > Θ40 for all the samples. This can be a
consequence of a more sudden change provoked by the higher temperature difference
(i.e., stronger driving force), in which case, a more pronounced jamming is expected,
resulting larger polymer blobs. On the contrary, when the driving force is smaller the phase
transition is less abrupt, jamming is less likely.
The dependence of the correlation length on the cross-link density remained similar below
and above the VPTT, but Θ of the less densely cross-linked systems increased by a much
higher extent. Interesting to note that the difference between Θ50 and Θ40 was almost
negligible for the PNIPAM50 gel. In case of the more densely cross-linked gels, shorter
polymer chains could move together in a more rigid system, therefore fewer possibilities were
available for the structural changes during the volume phase transition.
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Figure 27. Static correlation length () at 25°C and network inhomogeneity correlation
lengths (Θ) values at 40 and 50 °C of the different samples determined by the OZ and the
combined OZ+Porod model, fitted on the SANS response curves at the respective
temperatures: a) pure PNIPAM systems with different cross-link density values b-d) GO,
RGO and CNT containing composites, respectively. The solid lines are guides for the eye.
Θ appeared to be strongly dependent on the GO concentration, but instead of the U-shaped
curve which is observed below the VPTT for  values, a monotonous decrease could be seen
above the VPTT (Figure 27b). At higher GO-concentrations, above the percolation threshold,
the difference between the Θ50 and Θ40 was very small. Above the percolation threshold,
where a continuous GO-network was assumed, the mobility of the polymer chains was lower,
similarly to the highly-cross-linked systems. The incorporated GO could also be considered as
a ’spacer’ between the polymer blobs, this way a higher amount hindered strongly the
stacking of the polymer chains, resulting in a smaller Θ value.
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(GO@PNIPAM)R systems showed a very similar trend, however, the Θ values remained
higher than that of the original GO@PNIPAM systems (Figure 27c). The concentration
dependence could be explained by the same reasons seen at the GO containing gels, while the
increment of the values upon the post-reduction process could be justified by the reduced
hydrophilicity of the incorporated CNPs. Due to the hydrophobicity of the CNPs, the polymer
chains were more likely to stick to their surface, to avoid the water inside the system, this way
they could form more densely occupied central hubs, e.g., hypernodes. This dense structure
could cause higher measured correlation length.
RGO and CNT incorporation showed a different trend again. Θ50 showed a slight increment in
case of CNT-incorporation and remained practically independent of the RGO concentration
(Figure 27c, d). Regarding Θ40 a slight decrease could be seen as a function of the CNP
concentration for RGO nanoparticles but seemingly, the CNT-content had no effect on it.
The SAXS response curves, similarly to the SANS, showed significantly increased intensity
at higher temperatures (Figure 28), however, the difference between the curves measured at
40 and 50 °C was even smaller than it was for the SANS. A structure peak could be observed
at Q=0.56075 Å-1 in all cases. This value corresponds to an interchain distance in the
collapsed state of D=2/Q=11.2 Å [278].

Figure 28. SAXS curves of a) PNIPAM150 and b) 5CNT@PNIPAM samples after water
background subtraction at 25, 40 and 50 °C after 10 days. A structure peak could be
observed at Q=0.56075 Å-1 in the 40 and 50 °C cases.
The calculation of the CNP signal was performed in the same way above the VPTT as it was
shown in case of the low-temperature data (Figure 29) to separate the signal of the
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nanoparticles from that of the polymer matrix. The increasing intensity in the low Q region is
an artefact due to the subtraction.

Figure 29. Comparison of SANS and SAXS intensities for 20GO@PNIPAM 50 °C after
10 days. The CNP signal is the difference between the SAXS and SANS signals.
At 50 °C, owing to the collapsed state the concentration of the polymer was higher, which
resulted in that its scattering signal strength became comparable to that of GO particles.
As a consequence in case of low GO concentration, no usable signal could be extracted with
this method (Figure 30a). On the other hand, in case of CNT@PNIPAM samples, the string
scattering of the CNT aggregates still dominated the overall signal of the nanocomposites.
As a result, the obtained nanoparticle signals were satisfactory, even for low CNT
concentration (Figure 30b).
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Figure 30. Scattering signal of the nanoparticles derived from the (SAXS-SANS) difference of
the corresponding nanocomposite samples at 50 °C after 10 days of heat treatment. The solid
lines are the used fits. The curves are shifted vertically for clarity. The used factors are shown
in the figures.
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The fitting procedure was identical to the one used at low temperatures. The characteristic
length of the GO@PNIPAM systems was lower than below the VPTT, which could be
explained by the deswelling process. As the polymer chains were getting closer to each other,
they forced the GO platelets to do the same. The characteristic length slightly increased with
the GO-concentration (Figure 31a). The difference between the low- and high-temperature
characteristic length values decreased with increasing GO concentration, and in case of the
25GO@PNIPAM, the value below and above the VPTT is practically unchanged.
This can be explained by the more pronounced interpenetrating character of the network that
is formed by GO. At the highest concentration, where the platelets already form a complete
network, the 10-day incubation time was not enough to affect the characteristic length.

Figure 31. Fitted characteristic values of the difference curves of a) GO@PNIPAM and
b) CNT@PNIPAM at 50 °C after 10 days. The solid lines are guides for the eye. The dashed
lines represent the data from Figure 25.
In case of the CNT@PNIPAM systems, the observed change was the opposite (Figure 31b).
A slight increase was seen in the radius of the CNT aggregates upon the collapse, which
suggest that the nanotube-aggregates were getting closer to each other forming apparently
bigger clusters. The aspect ratio increased (~0,5 – 0.6), while the volume fraction decreased
(~2.7 - 3.0) in comparison to the fitted values below the VPTT, which also confirmed a
slightly larger, more spherical shape.
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Summary of structural observations
As a conclusion of the previously presented structural investigations, I propose the internal
structure of the composites in the following way:
The experienced complex effect of the GO implies that during the polymerisation the GO
particles might not only act as fillers in the network but also contribute to nucleating the
reaction at their surfaces forming second and/or first order bonds. With increasing GO
content, the gel is reinforced by the filler and the architecture of the network is increasingly
dominated by cross-link hypernodes, at the expense of the simple tetrafunctional cross-link
structure that prevails with the BA cross-linker alone (Figure 32). By the post-reduction
treatment, not the structure, but only the interactions between the polymer matrix and the
CNPs were influenced, which proves the efficiency of the method.
The incorporation of the RGO and the CNT occurs in aggregates which do not modify the
character of the gel structure; their effect is limited to the characteristic distances inside the
matrix.

Figure 32. Proposed internal structure of pure gels and CNP containing composites.

5.4.

Nanoparticle  polymer interactions in the composites

As it was described above, both the microscopic and macroscopic measurements suggested a
strong interaction between the GOs and the polymer matrix and a weak interaction between
the CNT or RGO and the polymer matrix. Similar suggestions have been proposed
earlier [101,240,279], however, the nature of these interactions is still unrevealed.
The possibilities are numerous, e.g., first-order bonds with the oxygen-containing functional
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groups or with the carbon lattice, secondary bonds (H-bonding) or entanglement of the
polymer chains on the platelets [101,240,279].
To gain further knowledge, thermogravimetric measurements were performed to shed light on
this question. Although the shape of the TA curves was very similar for the different type of
nanocomposite samples (Figure 33), the obtained residual masses varied with the CNP type.
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Figure 33. Thermograms of a) nanoparticles and b) the pure PNIPAM gel and
nanocomposites in N2 atmosphere. c) Calculated difference between the theoretical (TRM)
and experimental (ERM) values of the residual masses.
The thermogravimetric responses of the CNT@PNIPAM, GO@PNIPAM, (GO@PNIPAM)R
and RGO@PNIPAM composite systems were compared to reveal their differences.
To quantify these differences, the theoretical residual mass (TRM) for independent
decomposition was calculated from
𝑇𝑅𝑀(%) = 𝑐𝐶𝑁𝑃 ∙ 𝑚𝐶𝑁𝑃 + (100 − 𝑐𝐶𝑁𝑃 ) ∙ 𝑚𝑃𝑁𝐼𝑃𝐴𝑀
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(10)

where cCNP is the nanoparticle concentration in m/m%, mCNP and mPNIPAM are the residual
masses at 600 °C for the nanoparticle and the pure PNIPAM, respectively. TRM implies an
independent decomposition, i.e., no interaction between CNP and the polymer matrix.
The relative deviation of the experimental values (experimental residual mass, ERM) from
TRM was calculated by
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (%) =

𝐸𝑅𝑀−𝑇𝑅𝑀
𝑇𝑅𝑀

∙ 100

(11)

Comparing this relative deviation for the different CNPs significant differences could be
observed (Figure 33). The discrepancy in the case of GO containing gels was more than 50%.
This suggests strong, possibly even covalent bonds or secondary bonds with similar strength
between the GO sheets and the polymer chains. Post reduction had no significant effect on the
deviation of ERM, suggesting that majority of the formed interactions between GO and the
polymer matrix was not affected by the treatment. This is in line with the macroscopic
observations, i.e., elastic moduli and equilibrium swelling degree values. On the contrary, in
CNT and RGO@PNIPAM samples the relative deviation was significantly smaller (ERM was
close to the theoretical value) indicating that the interactions between the RGO sheets or the
CNT aggregates and the polymer were much weaker.
Thermogravimetric measurements were able to quantify the difference between the strength
of the interactions but did not provide information about the nature of the bond.
Solid-state NMR studies were carried out to get this information. NMR spectroscopy is an
effective technique that is widely used to characterize macromolecular, especially amorphous
and mixed systems. Cross-polarization

13

C MAS spectra of the pure, the GO-, CNT- and

RGO containing gel samples were found to be identical, no new signal was observed.
Based on this, we can practically exclude the formation of large number of new chemical
bonds. Signals from GO or RGO could not be identified because of their small amount in the
samples and their very broad signals. Varying the contact time (t), in which the magnetization
transfer occurs between the excited hydrogen atoms to the carbon atoms resulted in the crosspolarization build-up curves (Figure 34).
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Figure 34. Solid-state NMR cross-polarization build-up curves of carbonyl 13C atoms.
Solid lines are fits to Eq. 12.
The shapes of the peak intensity (I(t)) vs t curves gives information about the proton
environment of the carbon atoms and their mobility. The build-up curves were fitted to the II*- S model (Eq. 12) [280], which is typically used in case of less mobile organic molecules
like polymer gels:
3

1

− 𝑡
− 𝑡2
𝐼(𝑡) = 𝐼0 exp (−𝑡⁄ 𝐻 ) [1 − 𝜆 exp (−𝑡⁄𝑇 ) − (1 − 𝜆) exp ( 2 ⁄𝑇 ) exp ( 2 ⁄ 2 )]
𝑇1𝜌
𝑇2
𝑑𝑓
𝑑𝑓
(12)
𝐻
where I0 corresponds to the absolute amplitude, 𝑇1𝜌
is the relaxation time constant of the 1H

in contact with the lattice in the rotating frame, 𝑇𝑑𝑓 is the proton spin-diffusion constant, T2 is
the spin-spin relaxation time and  = 1/(n+1), where n is the number of 1H in the spin system.
The build-up curves and the fitted parameters were found to be the same for the isopropyl
carbons, which suggests that the hydrophobic interactions between the isopropyl groups and
the CNPs were negligible. The build-up curves of the carbonyl carbons were nevertheless
different in shape, as Figure 34 shows. Results of the fitting to I-I*-S model (Eq 12.) are
𝐻
summarized in Table 7. The obtained 𝑇1𝜌
of GO@PNIPAM and (GO@PNIPAM)R decreased

in the same extent. This indicated that the environment of the carbonyl group was more rigid
here than in the pure PNIPAM gel, implying a strong interactions between PNIPAM and GO
nanoparticles. These interactions seemed to be not affected by the post-reduction treatment.
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𝐻
On the contrary, the increase of 𝑇1𝜌
in the RGO@PNIPAM sample suggested an increased

mobility in the neighbourhood of the carbonyl groups. Change of the Tdf indicated
modification also in the moieties of 1H atoms around the carbonyl atoms.

Table 7. Fitted parameters of the I-I*-S model to the cross-polarization build-up curves of the
carbonyl carbon.*
Sample



Tdf (ms)

𝐻
𝑇1𝜌
(ms)

T2 (ms)

I0 (a.u.)

PNIPAM150

0.750.05

2.00.1

13.90.1

0.10.01

62

GO@PNIPAM

0.750.05

1.60.4

10.10.7

0.10.01

75

RGO@PNIPAM

0.750.05

1.30.4

23.22.0

0.10.01

76

(GO@PNIPAM)R

0.750.05

1.70.2

10.40.6

0.10.01

55

: = 1/(n+1), where n is the number of 1H in the spin system; 𝑇𝑑𝑓 : proton spin-diffusion
𝐻
constant; 𝑇1𝜌
: relaxation time constant of the 1H in contact with the lattice in the rotating
frame; T2: spin-spin relaxation time; I0: plateau level
Thermogravimetric and NMR observations revealed strong interactions between GO and the
polymer matrix, which were practically retained during the post-reduction treatment.
These results, however, provided no clear evidence of covalent bonds. Further evidence is
needed to reveal the real reason of the enhanced interactions. A possible explanation of the
strong interaction is that the damaged graphene structure may offer a niche for the polymer
segments growing during the polymerisation in the confinement created by the carbon
sheets [281].

5.5.

Effect of temperature

5.5.1. Local dynamics below the VPTT by Neutron Spin-Echo Spectroscopy
The dynamic behaviour of the PNIPAM matrix on the microscopic length scale was explored
by NSE. Due to the fact that the NSE is a rather time-consuming and hard-to-reach method
only some selected samples were measured. The intermediate scattering function I(Q,t) curves
obtained for the pure PNIPAM gel, as well as for samples 5GO@PNIPAM,
20GO@PNIPAM, 5CNT@PNIPAM and 20CNT@PNIPAM at 25 °C normalized by the
signal (I(Q,0)) of a fully elastic scatterer (graphite), are displayed in Figure 35. As already
noted, the scattering contrast between the CNPs and pure D2O is small. In the Q-range
covered by the NSE measurements, CNPs are in contrast matched condition, the observed
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dynamics can therefore be attributed exclusively to the motion of the chains in the polymer
gel. In all cases, the curves I(Q,t)/I(Q,0) can be fitted by a single exponential function.
I (Q, )
 exp( )
I (Q,0)

(13)

The measured relaxation rates (Γ=1/) were proportional to Q2, characteristic of diffusive
motion. The diffusion coefficient (Ddiff) was obtained directly from the linear fit Γ=Ddiff∙Q2.
The hydrodynamic correlation length of the samples (ξH) was determined from the StokesEinstein relation.

Ddiff 

kBT

6 H

(14)

where kB is the Boltzmann constant, T is the absolute temperature and  is the viscosity of the
medium (Table 8).
Table 8. Viscosity of D2O [282,283].
Temperature (°C)

Viscosity (Ns/m2)

10

1.6794e-3

25

1.095e-3

30

9.686e-4

40

7.872e-4

50

6.e4870e-4

In the pure PNIPAM150 gel (Figure 35a) the curves decayed to zero, indicative of practically
ergodic behaviour, i.e., there was no frozen-in component [270]. GO affected the elastic
properties of the composite systems on the macroscopic scale, but at the microscopic level, by
contrast, the NSE results indicate that the motion of the polymer chains was only partially
affected. Similar results were found in case of the CNT@PNIPAM samples as well. The NSE
curves appeared to decay to zero as in the pure PNIPAM150 gel.
Below VPTT in addition to the measurements at 25 °C NSE measurements were performed at
10 and 30 °C. The obtained diffusion constant showed strong temperature dependence
(Table 9), however, these variations practically followed the temperature dependence of the
solvent viscosity.
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Figure 35. Measured intermediate scattering functions (ISFs) of a) PNIPAM150, b)
5GO@PNIPAM, c) 20GO@PNIPAM, d) 5CNT@PNIPAM) and 20CNT@PNIPAM at 25 ˚C.
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Table 9. Diffusion coefficients measured by NSE below the VPTT.

Sample

Diffusion coefficient (x 10-11 m2/s)
10 °C

25 °C

30 °C

PNIPAM150

5.80

7,86

8.96

5GO@PNIPAM

-

8.08

8.42

20GO@PNIPAM

5.17

7.69

8.62

5CNT@PNIPAM

-

7.45

9.14

20CNT@PNIPAM

-

8.27

8.94

As a result, the obtained H values were only slightly affected by the temperature (Figure 36).

Figure 36. Dynamic correlation lengths of pure PNIPAM150, GO@PNIPAM and
CNT@PNIPAM composites at 10, 25 and 30˚C.

H is generally interpreted as the size of the elementary unit within the sample that is able to
move together. The measurements revealed that the CNP incorporation did not modify the
size of this unit, and in both the pure PNIPAM and the investigated nanocomposites these
units were not affected by the temperature (i.e., the swelling degree of the system).
Measurements above the VPTT have also been performed. The preliminary results are shown
in the Appendix (Chapter 8.).
5.5.2. Static studies
The relative equilibrium swelling degree was compared at different temperatures for the
various systems in order to gain information about the temperature-dependent behaviour of
the systems (Figure 37). No difference was found in the temperature dependence of the
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PNIPAM100 and PNIPAM150 systems. Similarly to the filler-free PNIPAM, the swelling of
the nanocomposite systems showed a strong temperature dependence: the relative swelling
degree nonlinearly decreases up to the VPTT and remained constant above it. While the
swelling curves of the CNT@PNIPAM and RGO@PNIPAM systems practically overlapped
with pure PNIPAM, the GO containing systems were less ready to deswell up to 35 °C.
This may partly originate from the hydrophilicity of the GO platelets, which may compensate
the strengthening hydrophobic interactions within the polymer matrix with increasing
temperature.
Relative swelling degree (%)

100
PNIPAM150
PNIPAM100
80

60

40

20

a)
0
20

25

30

35

40

45

50

Temperature (°C)
100

5GO@PNIPAM
10GO@PNIPAM
20GO@PNIPAM
5CNT@PNIPAM
10CNT@PNIPAM
20CNT@PNIPAM
PNIPAM150

80

60

Relative swelling degree (%)

Relative swelling degree (%)

100

40

20

(2.5GO@PNIPAM)R
(5GO@PNIPAM)R
(10GO@PNIPAM)R
(15GO@PNIPAM)R
(25GO@PNIPAM)R
PNIPAM150
3RGO@PNIPAM
11RGO@PNIPAM

80

60

40

20

b)

c)

0

0
20

25

30

35

40

45

50

Temperature (°C)

20

25

30

35

40

45

50

Temperature (°C)

Figure 37. Temperature dependent relative equilibrium swelling degree values of the pure
PNIPAM and composite systems.
The post-reduction had practically no influence on the swelling characteristics of the
composite gel (Figure 37b, c). The decreased hydrophilicity due to the reduction process did
not influence strongly the measured values. It suggests that the formed hypernode-structure
was not affected by the reduction treatment, which is in accordance with the data presented in
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the previous chapters. It can also be assumed that this structure was responsible for the
different deswelling upon temperature-increment below the VPTT. Above the VPTT, the
absolute equilibrium swelling degree was very similar for all the systems (1.70.4).
The differences in the relative values originate from the differences at 20 °C. There was no
significant concentration effect for any of the CNP families. The temperature-dependent
swelling was, therefore, only determined by the quality of the nanoparticles.
The results of the above described macroscopic measurements clearly show that the
temperature-sensitivity was conserved during the incorporation of the CNPs. To investigate in
details the process and reveal eventual, very fine differences differential scanning
microcalorimetry (DSC) measurements were performed. The DSC curves of pure gels of
various cross-link density can be seen in Figure 38a. The VPTT (33.90.1 °C) did not change
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Figure 38. DSC curves of selected samples: a-b) pure PNIPAM systems with different crosslink density values and c-d) GO@PNIPAM composites.
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Figure 38. DSC curves of selected samples: e-f) (GO@PNIPAM)R, g-h) RGO@PNIPAM and
i-j) CNT@PNIPAM composites.
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only the peaks widened with increasing cross-link density. As the neutron scattering
experiments were performed in heavy water, the PNIPAM150, PNIPAM100, GO@PNIPAM
and CNT@PNIPAM samples were measured in D2O as well. It was found that the shape of
the signals did not change, however, a shift of +1 °C the VPTT was observed in all cases. The
curve of the pure PNIPAM150 in D2O is shown in Figure 38a,b as a representative example.
Figure 38c,d reveals that VPTT was unaffected by the presence of GO, which implies that
although part of the polymer chains is tightly bound to the GO surface, the rest remained
freely surrounded by the solvent and was subjected to excluded volume conditions.
The post-reduction process, CNT or RGO incorporation did not affect the responsivity
either (Figure 38e-j).
In general, the VPTT of the PNIPAM-based gels could be tuned by changing their
hydrophilic/ hydrophobic balance, e.g., by co-polymerization [284,285]. Strong interactions,
for example covalent bonds between the CNPs and the polymer network would be able to
influence this balance as well. The lack of the change in the VPTT could be explained by the
low CNP concentration or the lack of the covalent bonds. The DSC measurements showed no
difference in the VPTT and the corresponding specific enthalpy (33.90.1 °C and 522 J/g,
respectively) in the systems (Figure 39).
According to the literature, the enthalpy of the phase transition and the VPTT do not depend
on the cross-link density [286]. Based on the presented DSC measurements the CNP content
has no significant effect either. The unchanged specific enthalpy values suggest that the VPT
is completed during the DSC conditions.
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Figure 39. Effect of the CNP content on the enthalpy of deswelling of the various filled
systems.
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5.5.3. Dynamic properties
5.5.3.1.

Temperature-jump induced deswelling kinetics

While the equilibrium swelling properties, the VPTT and the enthalpy of phase transition of
the different nanocomposites were only slightly influenced by the composition; the kinetics of
the response following an abrupt increase in temperature of the swelling medium revealed
significant differences and a more complex behaviour. Two temperatures were used above the
VPTT to investigate the effect of the temperature gradient on the phase transition.
Pure PNIPAM gels at 40 °C and 50 °C
The pure PNIPAM gels responded to the temperature jump with an immediate colour change,
as reported previously [9,287]. Monitoring the weight loss of the gel disks in time showed
that the swelling degree of the gels changes according to a different scheme (Figure 40).
When the PNIPAM150 was plunged to water at 40 °C, a two-step shrinking process could be
seen. In the beginning of the shrinkage, part of the water content was trapped inside the gel,
which was then slowly expulsed during the second step. When the cross-link density was
increased (PNIPAM100 or PNIPAM50), the response became slower and a stretched quasione step process could be seen. When a higher temperature-difference was used (20  50 °C)
a completely different behaviour was experienced. PNIPAM150 reached its final value in a
quasi-single-step process in about 30 minutes, while in case of the higher cross-link densities,
two, well-pronounced steps could be seen. Interesting to note, that there was only a slight
difference in the shrinkage of PNIPAM100 and PNIPAM50.

Figure 40. Semi-logarithmic plot of temperature shock (20 40 °C and 20 50 °C) induced
shrinkage kinetics of pure PNIPAM gel.
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Figure 41 visualizes the discrepancy between the mass change of the PNIPAM gel with
different cross-link densities in the course of deswelling at 40 and 50 °C. PNIPAM100 and
PNIPAM50 were compared to the PNIPAM150 as a reference. Both shrunk much slower in
the beginning of the process, at 40 and 50 °C as well. After PNIPAM100 (i.e., the less
densely cross-linked) practically finished the respective deswelling step, slight differences
could be seen between the gels with higher cross-link density.

Figure 41. Shrinkage difference obtained at 40 and 50 °C as a function of time with respect to
pure PNIPAM150. Vertical dashed line shows the position of the maxima.
To quantify the observed differences, the curves were fitted to an exponential function (Eq. 7,
Page 43). The fact that a non-linear decay function was found to satisfactorily describe the
experimental data implies the velocity of the expulsion of the solvent is not constant during
the process. To account for the two, distinct kinetic steps a combination of two exponential
decay functions were used. It was found that single exponential functions did not give a
proper fit to the experimental data; therefore, stretching/compressing exponents (p1 and p2 in
Eq 7) were introduced. The resulted exponents are shown in Figure 42. Tabular data of all the
obtained fitting parameters are given in Table 10.
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Table 10. Fitted parameters of the kinetic curves at different temperature jumps according to
Eq. 7.
Final
temperature

40 °C

50 °C

Sample

m∞
(
)
mi

A1

t1
(min)

p1

A2

t2
(min)

p2

PNIPAM150

3.3

64.7

51.9

0.64

30.0

11094

0.79

PNIPAM100

4.6

95.7

1092

0.39

0

0

0

PNIPAM50

8.6

32.6

68.0

0.50

59.1

9262

0.97

PNIPAM150

5.5

82.6

12.0

1.33

0

0

0

PNIPAM100

0.6

37.5

4.8

0.61

61.7

18319

0.67

PNIPAM50

7.5

38.7

8.1

0.83

53.4

8958

1.09

Figure 42. Exponents of the fitted deswelling curves.
The nature of the exponent, pi (i.e., stretched, single, or compressed) can reveal further
information on the kinetics [254,287–289]. Generally, in complex dynamical processes the
observation of stretched exponentials (p<1) reflects the simultaneous presence of several
processes, while an exponent p >1 (i.e., compressed exponential function) is a signature of
hyperdiffusive motion and jamming. The jamming behaviour of unloaded PNIPAM gels was
revealed earlier [287]. In the pure PNIPAM gel samples during the 20  40 °C transition the
p value was found <1 in all cases revealing a non-jamming behaviour. At higher temperature,
PNIPAM 150 and PNIPAM50 showed jamming during the first step.
Owing to the highly-stretched nature of the exponential curves and the different number of
steps observed in the different systems the comparison of the numerical value of these data
may be misleading. To overcome this problem and characterise globally the deswelling
process the integral (area under curve, AUC) has been calculated for each deswelling curve
(Figure 43), whose value can be related to the inverse of the average velocity of the water
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expulsion. If the AUC is high, the system requires more time for total deswelling.
Figure 40 shows an example on how the integration was performed. The AUC values of the
deswelling at 40 °C showed no significant dependence on the cross-link density, on the other
hand, at 50 °C, as was expected based in Figure 40, the PNIPAM150 deswelled very quickly,
its AUC was orders of magnitudes lower than for the other samples. In case of higher crosslink densities, their fast response in the first step was followed by an extremely slow structural
rearrangement, which resulted in a higher AUC value than at 40 °C.

Figure 43. AUC values of the deswelling curves in Figure 40.

Composite gels at 40 °C
In the composite systems, the immediate colour change was also observed upon immersing
into warm water, but the kinetics of the deswelling was different from that of the pure
gels (Figure 44). CNT@PNIPAM systems conserved the two-step character of the deswelling,
while GO incorporation resulted in a one-step, stretched shrinking curve.
Compared to the pure PNIPAM150, the practically hydrophobic CNTs resulted in a slightly
faster response in the first ~50 minutes (Figure 45), but afterwards, the deswelling became
slower than that of the pure PNIPAM. The p values were found <1 for practically all
concentrations and for both steps revealing that the non-jamming behaviour of PNIPAM is
not affected by the presence of CNTs. Meanwhile, the obtained time constants decreased with
increasing CNT concentration. The effect of GO was inverse compared to the CNT: the
GO@PNIPAM samples deswelled much faster than the pure gel and in a single step.
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Figure 44. Semi-logarithmic plot of temperature shock (20  40 °C) induced shrinkage
kinetics of pure PNIPAM gel (), and CNT@PNIPAM (blue symbols) and GO@PNIPAM
(red symbols) nanocomposite samples.
The 5-15 mg/g GO@PNIPAM samples behaved similarly to the pure PNIPAM in the first
~10 min (Figure 45). After this period the water was expelled faster by the pure PNIPAM but
significantly slowed down at ~300 min. GO@PNIPAM continued to deswell steadily
throughout the end of the observation. At 40 °C, only slightly above the VPTT of PNIPAM
its hydrophilic - hydrophobic transition was slow and particularly at the beginning of the
deswelling the hydrophilic GO facilitated the syneresis.
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Figure 45. Shrinkage difference of CNT@PNIPAM (blue symbols) and GO@PNIPAM (red
symbols): (Relative mass(nanocomposite)-Relative mass(PNIPAM)) obtained at 40°C as a
function of time with respect to pure PNIPAM. Vertical dashed lines show the position of the
maxima.
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After fitting to Eq. 7, the p values of the pure PNIPAM gel and the CNT@PNIPAM samples
were found <1 in all cases as well (all concentrations and for both steps), except
5CNT@PNIPAM, revealing that the non-jamming behaviour of PNIPAM was not affected by
the presence of CNTs (Figure 46). Meanwhile, the obtained time constants decreased with
increasing CNT concentration. For GO@PNIPAM systems the obtained time constants
showed only a slight concentration dependence.
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Figure 46. a) Time constants of the rate determining step and b) exponents of the fitted
deswelling curves of CNT@PNIPAM and GO@PNIPAM systems at 40 °C.
However, the direct comparison of these time scales for the different systems is not straight
forward. According to Figure 47, the total deswelling of the samples after the GO
incorporation did not affect significantly the overall shrinkage-velocity, increasing GOcontent caused only a slight slowing down, while the presence of small amount of CNTs
hindered significantly the deswelling, which is in accordance with the assumed trend based on
the time constant values.
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Figure 47. AUC values of the deswelling curves in Figure 44.
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To obtain more information on the effect of hydrophilicity, shape and concentration, the RGO
and post-reduced GO containing systems were studied as well (Figure 48, Figure 49).

Figure 48. Semi-logarithmic plot of temperature shock (20 40 °C) induced shrinkage
kinetics of pure PNIPAM gel (), and RGO@PNIPAM (green symbols) and
(GO@PNIPAM)R (purple symbols) nanocomposite samples.
The 3RGO@PNIPAM showed a similar behaviour to the CNT@PNIPAM gels. Due to the
hydrophobicity of the incorporated aggregates in the beginning of the shrinking process, the
water expulsion was faster than in case of the pure PNIPAM, but it slowed down very
suddenly. In case of the 11RGO@PNIPAM, the deswelling slowed down from the beginning
of the process.

Figure 49. Shrinkage difference of RGO@PNIPAM (green symbols) and (GO@PNIPAM)R
(purple symbols): (Relative mass(nanocomposite)-Relative mass(PNIPAM)) obtained at 40°C
as a function of time with respect to pure PNIPAM.
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The behaviour of the post-reduced systems looked very similar. At lower concentrations, the
gels shrunk similarly to the pure gel, which was followed by a significant slowing down
(Figure 48, Figure 49). At higher concentrations, the whole process was decelerated, a very
stretched curve was observed.
The obtained time constants (Figure 50) decreased with increasing post-reduced GO
concentration, similarly to the CNT@PNIPAM gels, however, the RGO@PNIPAM systems
showed an opposite trend. Most of the fitted exponents were <1, which implies the lack of
jamming and shows the complexity of the deswelling curve.
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Figure 50. a) Time constants of the rate determining step and b) exponents of the fitted
deswelling curves of RGO@PNIPAM and (GO@PNIPAM)R system at 40 °C.
The AUC values revealed (Figure 51) that the shrinkage velocity of the (GO@PNIPAM)R
was proportional to the obtained time-constants. However, despite the experienced strong
concentration dependence of the time constants of the RGO@PNIPAM systems, there was no
significant difference in the integrated values, so the overall shrinkage velocity stayed similar.
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Figure 51. AUC values of the deswelling curves in Figure 48.
Composite gels at 50 °C
The thermal response of the systems changed remarkably when the temperature gradient was
increased (2050 °C, Figure 52). As it could be seen in Figure 40, the pure PNIPAM gels
behave radically differently as well. The overall process became much faster in case of the
PNIPAM150, in accordance with previous observations [41], which polymer network is the
base of the composite materials as well. However, the unloaded and loaded PNIPAM150 gels
in the course of deswelling at 50 °C showed a very different shape (Figure 52).

Figure 52. Semi-logarithmic plot of temperature shock (20  50 °C) induced shrinkage
kinetics of pure PNIPAM gel (), and CNT@PNIPAM (blue symbols) and GO@PNIPAM
(red symbols) nanocomposite samples.

89

Compared to the curves measured at the smaller temperature jump, the CNT incorporation
resulted in a slightly faster response, but as the shrinkage of the PNIPAM was
also faster than at 40 °C, the accelerating effect of the CNT played a role only in the
first ~10 minutes (Figure 53).
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Figure 53. Shrinkage difference of CNT@PNIPAM (blue symbols) and GO@PNIPAM (red
symbols): (Relative mass(nanocomposite)-Relative mass(PNIPAM)) obtained at 50 °C as a
function of time with respect to pure PNIPAM. Vertical dashed lines show the position of the
maxima.
Their slowing effect was also more pronounced in the second part of the deswelling than it
was seen in case of the 20  40 °C temperature jump. The more CNT we had the more time
was required for the proper orientation of the polymer chains and the CNTs and thus for the
relaxation of the CNT@PNIPAM systems (Figure 54).
The effect of GO incorporation had a remarkably different consequence on the responsive
behaviour of the nanocomposites, however, it also consisted of 2 distinct steps. The presence
of the hydrophilic GO sheets slowed down the temperature response from the beginning of
the process. This may be related to the interaction between the GO platelets and the polymer
chains. The maximum deviation in Figure 53 appeared practically at the same time
(at ~30 min) for all the samples, i.e., when the pure gel already reached its final swelling ratio.
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Figure 54. Fitted Time constants of the rate determining step and exponents of the fitted
deswelling curves of CNT@PNIPAM and GO@PNIPAM systems at 50 °C.
The curves were fitted to Eq. 7 in case of the higher temperature jump as well (Figure 54).
t2 was found to increase with the CNT content indicating that higher CNT content hindered
more the relaxation of the system. The obtained p1 values for CNT@PNIPAM systems,
similarly to the pure PNIPAM, were found to be higher than 1, reflecting jamming, whereas
p2 was found to be less than unity. In case of the GO@PNIPAM gels the fitted parameter
p1<1 implies that no jamming occurs in these systems. On the contrary to CNT@PNIPAM,
t2 decreased with the GO content (Figure 54), i.e., the smallest amount of GO hindered the
deswelling the most. The overall shrinking process was characterized again with the AUC
values (Figure 55). The increasing CNT or GO content showed a slight increase in the
shrinking velocity, as it was seen from the time constant values as well.
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Figure 55. AUC values of the deswelling curves in Figure 52.
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In case of RGO and post-reduced GO containing samples during the 20  50 °C jump
(Figure 56) both systems showed a two-step deswelling curve. As we saw before, the
behaviour of the RGO@PNIPAM gel was very similar to that of the CNT@PNIPAM
systems. The shrinkage of the post-reduced samples was more hindered; the water loss in the
first step was very low.

Figure 56. Semi-logarithmic plot of temperature shock (20 50 °C) induced shrinkage
kinetics of pure PNIPAM gel (), and RGO@PNIPAM (green symbols) and
(GO@PNIPAM)R (purple symbols) nanocomposite samples.
Figure 57 shows the discrepancy of these curves from the pure PNIPAM150 gel.

Figure 57. Shrinkage difference of RGO@PNIPAM (green symbols) and (GO@PNIPAM)R
(purple symbols): (Relative mass(nanocomposite)-Relative mass(PNIPAM)) obtained at 50°C
as a function of time with respect to pure PNIPAM. Vertical dashed lines show the position of
the maxima.
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None of the measured curves showed jamming (Figure 58). The RGO-content speeded up the
water expulsion in the beginning of the shrinkage again and then it caused a significant
slowing. The increasing amount of RGO load slowed the deswelling process more. It is easy
to notice that the shrinking of the post-reduced systems was slower than that of all the other
previously investigated systems. Upon concentration change, there was no significant
difference in the rate determining time constant or in the overall shrinkage either (Figure 58,
Figure 59).
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Figure 58. a)Time constants of the rate determining step and b) exponents of the fitted
deswelling curves of RGO@PNIPAM and (GO@PNIPAM)R systems at 50 °C.
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Figure 59. AUC values of the deswelling curves in Figure 56.
In-situ SANS measurements were performed to gain insight into the structural reorganisation
occurring during the first 1200 min of the deswelling of GO@PNIPAM and CNT@PNIPAM
systems during the 20  50 °C jump. Grey shaded areas in Figure 52 show the time window
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on these measurements compared to the total deswelling time. As was shown earlier SANS
measurements can deliver information from the polymer matrix only, whereas CNPs remain
practically invisible. Figure 60a and b show the typical evolution of the scattering signal
during the kinetic measurement. Owing to the long counting times needed for the data
acquisition the time-resolution of these measurements was 18 min, which means that,
unfortunately, the first, fast decay step remains unexplored. Obtained curves were fitted to Eq.
9 to quantify the differences and to determine the network inhomogeneity correlation length
(Θ) of the systems. The VPT increased significantly the values of Θ The increase of Θ can be

Figure 60. a) Scattering signals after background corrections of 5GO@PNIPAM gel at 25 ˚C
(red) and after different amount of times at 50 ˚C (blue) with the corresponding fits and b) the
same curves are shifted vertically for clarity. The used factors are shown in the figure.
c) Time dependence of network inhomogeneity correlation length values upon shrinkage.
Solid lines are guides for the eye.
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explained by the clumping of the polymer chains. The time evolution of Θ for the
nanocomposite systems is presented in Figure 60c. In case of the GO containing composites,
the increment of the correlation length was continuous over the observed time scale indicating
that the structural evolution was stationary. On the other hand, in CNT@PNIPAM systems
two distinct regimes could be observed and the crossover time corresponded perfectly to the
beginning of the second decay step (Figure 52), i.e., the “de-jamming”.
5.5.3.2.

Interpretation of the kinetic results

When the VPT occurs at 50 °C in pure PNIPAM150 gel, the hydrophilic – hydrophobic
transition results in an abrupt collision of the polymer chains, which hinders their movement,
therefore, jamming can occur. The increasing cross-links density makes this process much
slower. The lower final temperature value results in a smaller driving force, which slows
down the shrinkage and makes the gel avoid the jamming as well.
The hydrophobic character of the CNTs fosters the water expulsion in the early stages of the
process as due to the increased hydrophobicity; the water expulsion might become
energetically more favourable. The CNT-aggregates act also as spacers in the gel, presenting
a physical obstacle for the shrinkage and thus obstructing the motion of the polymer chains.
The hindering effect of the higher CNT concentration is stronger and as the deswelling of the
gel at 50 °C is governed by a jamming process a more sudden response provokes a stronger
hindering on longer time scales. The second part of the deswelling (t > 20 min) can be
described by a stretched exponential function (p2 < 1) in all cases. It suggests that this slow
process, at 50 °C it can be called the “de-jamming”, is not anymore governed by the
previously occurred jamming. Instead, it can be illustrated by the presence of multiple
processes with relatively similar, but distinct time scales that can be attributed to a slow
reorganization of the polymer chains and CNT aggregates.
GO has a 2-dimensional shape and a hydrophilic character, which facilitates the water
expulsion at 40 °C, while at 50 °C, in the first minutes the deswelling kinetics is seemingly
not affected by their presence. However, from ~3 min a significant slowing down/deceleration
can be observed, as was shown above. The structure of the GO containing composites is
different from that of the CNT@PNIPAM systems, and as GO sheets have higher surface area
than CNTs, they give the possibility to more polymer chains to stick to their surface during
the shrinkage. The covered surface hinders the water expulsion by the hydrophilic particles at
the early stage, because a high fraction of the polymer chains is stuck to the GO surface this
way obstructing the effect of hydrophilicity. It also means that when the polymer chains are
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moving during deswelling, they have to pull the GO with them, the chains may try to move
the platelets to the opposite direction, which causes a significantly slower deswelling.
The similar process can occur in case of the CNT@PNIPAM, but the effect is less
pronounced, because of the lower number of attached polymer chains. The decrease of the
effective GO concentration beyond its percolation threshold might facilitate the movement of
the grown polymer blobs around the stacked GO platelets because the polymer chains stick to
only one side of the platelet that can allow the macroscopic gel to deswell in a faster way at
higher GO concentrations. This very slow motion of the polymer chains avoids jamming for
the GO@PNIPAM systems under all circumstances.
The results from RGO@PNIPAM and (GO@PNIPAM)R systems can shed light on the effect
of hydrophilicity and available surface area. The RGO@PNIPAM gels have aggregates,
which limit the available surface. As a result, their behaviour is very similar to the
CNT@PNIPAM composites. On the other hand, when GO was reduced inside the polymer
matrix the available surface area did not change significantly, but the hydrophilicity of the
sheets was strongly modified. Due to these properties, the deswelling of the
(GO@PNIPAM)R systems were slower than any other studied material. The deswelling rate
is inversely proportional to the concentration during the 20  40 °C jump, which means that
the effect of the lower available surface area beyond the percolation threshold is conserved
after the reduction process. Alternatively, in case of the 20  50 °C jump, there is no
significant effect of concentration, because without the facilitating effect of the hydrophilicity
of the GO platelets, the movement of the polymer chains is so strongly hindered, that it will
determine the shrinking rate alone.
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6.

Conclusions

The goal of my PhD work was to investigate systematically the effect of shape and surface
chemistry of CNPs incorporated into PNIPAM hydrogel systems. I tried to shed light on the
formed interactions and their effect on the character of the constructed hybrids. I prepared
CNT, GO and RGO containing composite PNIPAM gels and characterised them both on the
macro- and the nanoscale size range. An important part of my work was focusing on the
understanding of the responsive behaviour of the prepared composites.
The CNPs studied with various shape and surface chemistry had a different effect on the
equilibrium properties and kinetics of the prepared composite systems but did not influence
the local dynamics below the VPTT. The CNT aggregates formed in the aqueous system prior
the gel synthesis. The presence of the aggregates resulted in an inhomogeneous distribution.
While the CNT-content did not significantly influence the macroscopic properties, GO
incorporation reduced the swelling capacity and increased the elastic modulus of the gels.
This is due to the build-up of an interpenetrating GO network, which changes the architecture
of the polymer gel: the polymer matrix forms a hypernode-structure following chain
nucleation at the surface of the GO.
The structural change of the polymer matrix can be followed by its static polymer–polymer
correlation length measured by SANS. The polymer-polymer correlation length decreases
upon CNP incorporation. The decrease of  upon incorporation of GO reflected the structural
modification of the nanoparticle and was a result of the formation of a hypernodal structure
developing around the platelets. The effect of GO was not proportional to its concentration in
the gel matrix, as percolation occurs between 5 and 10 mg/ g NIPAM. As at higher
concentration GO particles may sterically hinder each other, i.e. their effective concentration
is smaller than the nominal value, the effect becomes not proportional to the nominal
concentration. In the case of the CNT@PNIPAM systems increasing concentration results in a
slight decrease in .
The structure of the incorporated nanoparticles could be followed by SAXS because in this
method the signal is dominated by the CNPs. It was found that the morphology of the GO
nanoparticles and CNT aggregates was approximately the same already in the suspension
state, prior to gelation, and this morphology probably depended on the physicochemical
properties of GO, i.e., its interaction with the solvent.
The reduction of the GO can be carried out efficiently with ascorbic acid even at room
temperature. Since this method does not modify the PNIPAM matrix based on the performed
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measurements (mechanical and swelling properties, microscopic structure), it was found to be
an efficient method for the reduction of the GO after the composite synthesis. RGO
containing composite hydrogels were prepared by two different methods: i) by incorporating
RGO directly into the polymer matrix; ii) applying a post-reduction treatment on
GO@PNIPAM nanocomposites. The effect of the CNP concentration as well as the
preparation method was investigated. Direct incorporation of RGO is strongly limited by its
reduced hydrophilicity, i.e., only a smaller concentration and a less than uniform distribution
were achieved. The more homogeneous distribution of the hydrophilic GO particles even at
higher CNP content was conserved in the post-synthesis reduction. We found that the
aggregation tendency of RGO that was reduced prior to the polymerisation resulted in a small
structural modification in the nanocomposites. Similarly to the CNT@PNIPAM gels, the
swelling and mechanical properties remained almost unchanged compared to the pure
PNIPAM gel, and the change in  remained similar to that of the CNT@PNIPAM systems.
By contrast, when GO was reduced within the gel matrix, both structural and macroscopic
properties showed a strong variation in the concentration of the CNPs. This process did not
influence the pure polymer matrix, so all observed differences can be attributed to the change
in the CNPs.
Thermogravimetric and NMR observations revealed strong interactions between GO and the
polymer matrix, which are practically unchanged after the post-reduction treatment. Our
results, however, show no clear evidence of covalent bonds. The damaged graphene structure
may offer a niche for the polymer segments growing during the polymerisation in the
confinement created by the carbon sheets. Further evidence is needed to reveal the real reason
of the enhanced interactions. At the same time, RGO interacts only weakly when incorporated
directly into the gel. The vicinity of the PNIPAM carbonyl groups is more rigid in the
GO@PNIPAM samples than in the pure PNIPAM, and this is not affected by the postreduction. On the contrary, the mobility of the polymer in the same environment increases
when RGO is incorporated directly into the polymer gel. This impliesg a softening effect.
Based on the results from different length scales the structure of the CNP containing systems
was proposed.
In addition to the structure, investigation of dynamical properties of the systems is inevitable
for any applications. The hydrodynamic properties of the network chains measured by
neutron spin-echo spectroscopy did not change upon CNP incorporation, which suggests that
the mobility of the polymer chains was not influenced by the nanoparticle-content.
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Alternatively, both microscopic and macroscopic observations show that the kinetics of the
temperature response of the systems depend strongly both on the type and concentration of
the CNPs. Moreover, it was found that the applied temperature gradient also affects the
response of the systems. The kinetics of the deswelling was found to be altered by the shape
and the hydrophilicity/hydrophobicity of the incorporated nanoparticles.
In the composite gels, the GO mediates the evacuation of water in the high temperature
collapsed state, which, in pure PNIPAM, would otherwise remain trapped in the network in
the form of microscopic droplets. This implies that the collapsed PNIPAM chains are oriented
by the GO surfaces. In the post-reduced GO containing systems, which have a similar
structure, the hydrophobic particles hindered the water expulsion, prolonging the water
expulsion. The RGO and CNT aggregates, however, accelerated the beginning of the
deswelling process and slowed down the second part of it.
The presented results show that the incorporated graphene derivates improve the mechanical
properties of the PNIPAM gel. Both their chemistry and their concentration are promising
means for tuning the thermal responsivity, thereby broadening the fields of application of
such nanocomposite systems.
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8.

Appendix

The neutron spin-echo spectroscopy (NSE) data above VPTT was measured at the end of the
project and the analysis requires more work before reaching a clear interpretation. In order to
keep the results of the project together, the present Appendix contains the preliminary
outcomes of these measurements.
Before the NSE measurements at 40 ˚C, the chosen samples were thermalized for 1 day.
The internal dynamics of the samples changed significantly upon the VPT. The movement of
the polymer units slowed down in all Q values. Due to the collapse, the swelling degree of the
gels decreased, which resulted in an increased polymer concentration. The increased amount
of hydrogen atom caused strong incoherent scattering, because of which the curves had to be
normalized. The normalized curves are shown in Figure A1.
The fitting of the final curves were performed similarly to the low temperature measurements.
The baselines were not seen, but after this short time no frozen components were assumed.
Only slight variance was observed below the VPTT, but at 40 ˚C, more difference was seen.
Based on the macroscopic deswelling measurement, where the GO@PNIPAM systems
showed a significantly faster shrinkage in the beginning of the process, the mobility of the
chains were expected to be more hindered than in case of the CNT@PNIPAM composites.
To compare the differences the dynamic correlation values were determined with the StokesEinstein equation. The values are shown at the end of the chapter.

Figure A1. Measured intermediate scattering functions of a) pure PNIPAM150 at 40 ˚C.
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Figure A1. Measured intermediate scattering functions of b) 5GO@PNIPAM,
c) 20GO@PNIPAM, d) 5CNT@PNIPAM and e) 20CNT@PNIPAM) at 40 ˚C after 1 day.
The reversibility of the observed changes was checked at 1 Q-value on one sample by
measuring the signal below the VPTT after the measurements above the VPTT. Our results
showed that the dynamics completely recovered its original behaviour once the sample is
cooled back below the VPTT. It means that the volume phase transition in case of the
5GO@PNIPAM is reversible; no permanent defect of stacking was seen.
To compare the effect of the temperature on the dynamic properties of the collapsed gel,
similar measurements were performed at 50 ˚C after 1 day of thermalisation. The observed
curves showed, again, slower dynamics than below the VPTT (Figure A2).
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Figure A2. Measured intermediate scattering functions of a) PNIPAM150, b)
5GO@PNIPAM, c) 20GO@PNIPAM, d) 5CNT@PNIPAM and e)20CNT@PNIPAM at 50 ˚C
after 1 day
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On Figure A3, the already presented below VPTT values were compared with the calculated
dynamic correlation length values above the VPTT. The increasing temperature resulted in a
larger dynamic correlation length. The polymer chains stuck together, but after 1 day, they
were still able to move. In case of the GO@PNIPAM systems, the H increased with the
increasing concentration at 40 and 50 °C as well. Macroscopically, 20GO@PNIPAM shrunk
more at both temperatures than 5GO@PNIPAM, which can explain the larger values.
CNT@PNIPAM systems shrunk rapidly at 50 °C, therefore the H values at 50 °C are smaller
than those at 40 °C in all cases.

Figure A3. Calculated dynamic correlation length values for a) GO@PNIPAM and
b) CNT@PNIPAM systems at 25, 40 and 50 ˚C after 1 day. The solid lines are guides for the
eye.
The gel dynamics were studied at 40 ˚C after ~42 days as well. As Figure A4 shows, the
dynamics of the gels significantly slowed down. Most likely there were frozen in components
owing to the long deswelling process, but the baseline could have not been determined in this
time window, therefore, accurate fitting was not possible.
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Figure A4. Measured intermediate scattering functions of a) 20GO@PNIPA150 and
b)20CNT@PNIPA150 at 40 ˚C after 42 days
In comparison to the samples which spent only 1 day at 40 °C, we can say that the curves of
the CNT@PNIPAM composites decayed slightly, but practically no movement could be seen
in case of the GO@PNIPAM systems. No Q-dependence was seen either. These observations
were in accordance with the macroscopic deswelling measurements as well, because the gels
were getting closer to the equilibrium state.
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Abstract. Comparative investigations are reported on poly(N-isopropylacrylamide) (PNIPA) gels of various carbon nanotube
(CNT) and graphene oxide (GO) contents synthesized under identical conditions. The kind and concentration of the incorporated carbon nanoparticles (CNPs) influence the swelling and stress-strain behaviour of the composites. Practically independently of the filler content, incorporation of CNPs appreciably improves the fracture stress properties of the gels. The
time constant and the swelling ratio of the shrinkage following an abrupt increase in temperature of the swelling medium
from 20 to 50 °C can be adjusted by selecting both the type and the amount of nanoparticle loading. This offers a means of
accurately controlling the deswelling kinetics of drug release with PNIPA systems, and could be employed in sensor applications where fast and excessive shrinkage are a significant drawback. Both CNTs and GO enhance the infrared sensitivity
of the PNIPA gel, thus opening a route for the design of novel drug transport and actuator systems. It is proposed that the influence of the CNPs depends more on their surface reactivity during the gel synthesis rather than on their morphology. One
of the important findings of this study is the existence of a thermally conducting network in the GO filled gels.
Keywords: polymer composites, nanocomposites, polymer gels, nanocarbon hybrids, thermal relaxation

1. Introduction

such as weak mechanical strength, which restricts
applications involving repetitive loading. Composite
hydrogels that incorporate nanoparticles in the matrix may offer a solution. Nanoparticles can either be
physically trapped within the hydrogel matrix or
cross-linked into the network structure by surface
functionalities, resulting in nanocomposite materials
that possess not only improved mechanical strength
but also well-defined optical, thermal, electronic,
magnetic, etc. properties [13].
The outstanding mechanical and conductive properties of carbon nanoparticles (CNPs), together with their
unique structure and low density, place them among
the most common fillers. Carbon nanofiber and carbon nanotubes (CNT) [14–20] as well as graphene

Smart hydrogels display a marked response under
changes in certain external factors [1, 2] such as composition of the solvent mixture [3], pH [4], temperature [5], photons, electric or magnetic fields [6]. Their
softness, biocompatibility, excellent swelling properties and ability to deform reversibly, make them
desirable as vehicles for controlled drug delivery [7,
8], sensors [9] or actuators [10]. Poly(N-isopropylacrylamide) (PNIPA) based hydrogels are among
the most studied temperature-responsive systems, as
they exhibit a volume phase transition around 34 °C,
close to the temperature of the (human) body. This
property can be of use in biomedical applications
[11, 12]. These systems nevertheless have drawbacks,
*
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and its derivatives [21–24], mainly graphene oxide
(GO), have attracted marked interest in the last few
years. In biomedical applications, however, the uncertainty surrounding the toxicity of CNTs [14]
could affect choices of nanocarbon filler. GO, by
contrast, is reported to be non-toxic and highly biocompatible [14].
In addition to mechanical reinforcement, the strong
light absorption of nanocarbons can add new functional sensitivity to composite gels [25]. Fast reversible optical response has been observed under
near infrared (NIR) laser excitation in CNT [26, 27]
and GO [25] containing composite PNIPA hydrogels.
NIR irradiation causes strong warming of the GO
composite gels, while in hydrogels without GO no
heating is observed [25].
CNP containing composite systems have been widely investigated in the recent years. In most cases, a synergetic effect is clearly observed upon incorporation
of nanofillers into a polymer matrix, although in certain cases negative synergy has been reported. The
preparation process and the type of carbon filler used
determine the interactions between the filler particles
as well as between the fillers and the polymer matrix
[28]. Investigations regarding CNT [29–31] and GO
[32–34] containing PNIPA based composite systems
show improved mechanical properties (elastic modulus and compressive strength). As these gels were investigated with a variety of cross-link densities and/or
with different co-monomers, as well as diverse conditions of synthesis, it is not possible to evaluate the
effects of the different nanoparticles.

In this paper we describe results from CNT and GO
containing PNIPA gels synthesized under identical
conditions. This allows a direct comparison of the
macroscopic (swelling and stress-strain behaviour)
and microscopic (scanning electron microscopic)
properties of these systems. The application related
performance of these composites is characterized by
their infrared sensitivity and the kinetic response of
their volume after an external temperature jump.

2. Materials and methods
2.1. Carbon nanoparticles
Typical images of the CNPs investigated are shown
in Figure 1. The dispersibility of the CNTs in aqueous medium was improved by oxidizing commercial
multi-wall CNT (external diameter: 10–20 nm; length:
10–30 µm according to the supplier) produced by
Chengdu Organic Chemicals Co. Ltd. (Sichuan,
China) in concentrated HNO3 (65%, Merck) (3 hours,
110 °C) in accordance with the procedure (including
purification) of ref [35]. The oxidation process had
practically no effect on the external diameter of the
CNTs. The C/O ratio of the CNT (from X-ray photoelectron spectroscopy XPS) and the surface area
SBET (determined from low temperature nitrogen adsorption applying the Brunauer-Emmett-Teller model)
were respectively 11.2 and 221 m2/g.
Graphene oxide (GO) was obtained from natural
graphite (from Madagascar) by the improved Hummer method [36]. The pristine GO suspension was
purified by successive centrifugation (Jouan BR4i
Multifunction Centrifuge, Thermo Scientific, USA;

Figure 1. High resolution transmission electron microscopy (HRTEM) images of oxidized CNT (a) and GO (b)
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5000 min–1) and thorough washing with 1 M HCl
and doubly distilled water. The stock suspension contained 0.2 w/w% GO. The C/O ratio and SBET meast
respectively.

2.2. Gel synthesis
The PNIPA polymer gel was synthesised from N-isopropylacrylamide (NIPA) monomer (Tokyo Chemical Industry Co., LTD., Tokyo, Japan) and N,N′methylenebisacrylamide (BA) cross-linker (Sigma
Aldrich) in aqueous medium with nominal molar
ratio of [NIPA]/[BA] = 150 at 20 °C by free radical
polymerization. The reaction was initiated by ammonium persulphate (APS, Sigma Aldrich) and
N,N,N′,N′ tetramethylethylenediamine (TEMED,
Fluka). A detailed description is given elsewhere
[37]. All chemicals were used as received except
NIPA, which was recrystallized from toluene-hexane
mixture prior to the synthesis. 2 mm thick films and
10×10 mm isometric cylinders were cast. Doubly distilled water was used in all experiments, including
both synthesis and dialysis.
To obtain composite gels the aqueous CNP suspension of the required concentration was mixed with
the precursor solution. For the CNT containing composites ultrasonication was used to ensure homogeneity of the dispersion. Gels with ≥20 mg GO/g
NIPA content were prepared by adding in succession
solid NIPA and BA to the GO suspension. The reaction medium was stirred in an ice-bath for 15 min after
addition of each component. The precursor suspensions were polymerised and purified in the same way
as the nanoparticle-free PNIPA gel. No external field
was applied. The films were stored in the swollen state
for later use, unless mentioned otherwise.

Figure 2. Preparation of gel films for SEM observation. The
upper cartoon shows how the film was broken
prior to freeze-drying. The lower cartoon shows
how the sample was fixed on the SEM sample
holder and gives the tentative thickness of the wall
and bulk regions, respectively.

Ltd., Tokyo, Japan). The size distribution of the pores
was determined from 80–100 data for each sample.

2.4. Macroscopic characterisation
To determine the equilibrium swelling degree m/m0
(where m and m0 are the mass of the swollen and the
dry gel sample, respectively), 7 mm diameter discs
cut from the dialysed swollen film were dried to constant mass in a desiccator over concentrated H2SO4,
and then re-swollen to equilibrium in excess water
at 20.0±0.2 °C.
Stress-strain studies were performed on fully swollen
isometric (10×10 mm) gel cylinders with an INSTRON 5543 (INSTRON, Norwood, USA) mechanical testing equipment at ambient temperature. Samples were compressed until fracture, in steps of
0.1 mm in the small deformation region (<10% of
their initial height) and in steps of 0.5 mm thereafter.
The relaxation time and force threshold was 4×4 s
and 300 N, respectively. The elastic modulus was determined by the method of Horkay and Zrínyi [38]
in the small deformation region.
2.5. Kinetics of temperature induced phase
transition
Prior to the measurements disks of 13 mm diameter
were cut from the swollen film and kept at 20±0.2 °C
for 2 days to allow them to reach equilibrium. The
samples were then plunged into a water bath at
50±1 °C. The shrinkage induced by the thermal shock
was recorded photographically by monitoring the diameter D of the disks. D values are given as the average of five different measurements read from the images by JMicroVision software and compared to the
initial diameter D0 of the fully swollen gels.

2.3. Scanning electron microscopy (SEM)
Dialysed gel films fully swollen at room temperature
were frozen in liquid nitrogen and broken immediately (Figure 2) prior to lyophilization (Scanvac Coolsafe freeze dryer, Lynge, Denmark; T =25 °C, p =
10–2 mbar, 24 hours). After coating with metal alloy
(atomic ratio Au:Pd = 1.5:1), SEM images were taken
with a Hitachi SU6600 analytical variable pressure
scanning electron microscope equipped with a ZrO/W
Schottky field emission electron source and an environmental secondary electron detector (Hitachi
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ences developed along the axis, as a consequence of
sedimentation during gelation, particularly with CNT.
The pore size distributions of the CNT containing
composites are not very different from pure PNIPA.
By contrast, the influence on the pore structure of
the GO content is unmistakably stronger (Figure 5).
Interestingly, the effect at lower GO content is more
marked.
On comparing the swelling degree and the elastic
modulus of the hydrogels significant differences appear between the two sets of composites (Figure 6).
CNT reduces the swelling degree slightly but monotonically, possibly in part due to the loss of volume occupied by the carbon. CNT has practically no
effect on the elastic modulus of these gels.
A more pronounced, non-linear, effect is observed in
the GO composites. Even 15 mg GO/gNIPA content
caused an abrupt drop by ca. 33% in the swelling degree. Further increase of the GO content has no observable effect on the swelling (Figure 6a). Such behaviour arises when the concentration of filler particles reaches the percolation threshold. The elastic
modulus increases monotonically in the whole concentration range examined (Figure 6b). A similar observation has been reported by Fan et al. [39] for
sodium alginate/polyacrylamide (PAM) hydrogels
with comparable GO content (0.5–5 w/w%). PNIPA
systems with significantly higher cross-link ratio and
1–10 w/w% GO content exhibit a contrary trend
[34]. Figure 6c illustrates the influence of water content on the modulus. Incorporation of the CNPs substantially improves the compressive strength of the
gels (Figure 6d). CNT@NIPA gels tolerate greater deformation before they break, while GO@PNIPA gels
withstand higher stress at smaller deformation. The

2.6. IR sensitivity
The surface of 10×10 mm swollen gel films, placed
on a glass plate, was exposed to a CO2 laser beam
(wavelength: 10.6 µm, power: 0.500 W, spotsize:
15 mm). Thermal maps were recorded at ambient
conditions as video files by a Testo 890 thermal imaging camera (Testo, Alton, UK) for 30 seconds prior
to the irradiation, then during the 2 minute period of
laser exposure. After irradiation the cooling of the
gels was monitored for 2.5 minutes. During the irradiation the gel samples collapsed in a circular zone
of 5 mm around the centre of the incident beam. The
temperature of the irradiated gels was determined as
the average temperature of 20 positions within this
zone.

3. Results and discussion
3.1. Characterization
When CNPs were incorporated the transparent PNIPA
gel became either brown (with GO), or black (with
CNT). In CNT@PNIPA gels macroscopic heterogeneity due to aggregation can be observed (Figure 3).
A ‘wall region’ and an ‘inner region’ are clearly distinguishable in the images (not shown here). Typical
SEM images of both regions are displayed in Figure 4. In pure PNIPA films these two regions are very
similar: wide amorphous pores separated by thin polymer walls. In the composite samples the morphology
depends on the type of CNP. Both with CNT and GO
the wall and inner regions, respectively, are significantly different, indicating that the orientation of the
CNPs might be influenced by interaction with the
wall. Nevertheless, the heat transfer during the freezing
process may also lead to layer formation. In the composite gel cylinders further morphological differ-

Figure 3. Digital optical microscopic images of the lyophilized cross section of the lyophilised gel films
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Figure 4. SEM images of CNP@PNIPA gel films dried in cryogenic conditions. Scale bar 50 µm.

effect of loading on the compressive strength with
both fillers is plotted in Figure 6e. When GO is incorporated the compressive strength in PNIPA gels increases by almost an order of magnitude, and is independent of GO content; with CNT@NIPA gels the
enhancement is slightly smaller.

3.2. Deswelling kinetics
On immersion in warm water disks of CNT@NIPA
and GO@NIPA samples immediately turn white, similarly to pure PNIPA. Figure 7 shows that the presence of CNPs appreciably modifies the kinetic response of the PNIPA gel. During the temperature-
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Figure 5. Pore size distribution of the bulk of CNP@PNIPA gel films dried in cryogenic condition

Figure 6. Mass swelling degree in pure water at 20 °C (a) and elastic modulus (b) of composite gels. Solid lines are guides
for the eye. Correlation of modulus and swelling degree (c). Stress-strain curves (d). Compressive strength of composite gels (e).

jump the behaviour of the composite gels is strongly
affected by both the quality and quantity of the CNPs.
To quantify the effects the experimental shrinkage-

curves were fit to a modified exponential decay function shown in Equation (1):
t

p

-S x X
D T DY
D0 = D0 fin + A1 e
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Figure 7. Deswelling kinetics of CNT@PNIPA (a) and GO@PNIPA (b) at 50 °C. Note the order of magnitude difference in
range of the x-axis scales. Symbols are experimental data, continuous lines are fits to Equation (1).

where (D/D0)fin is the final relative diameter, A is a
pre-exponential constant and τ is the time constant of
the overall volumetric thermal response. The results
are listed in Table 1. The shrinkage curve of the pure
PNIPA could be fit by a compressed exponential
function (p > 1), indicating possible jamming behaviour, with a time constant in good agreement with
previous observations [40]. The time constants of the
CNT@PNIPA systems are shorter, i.e., CNT slightly
accelerates the response of the pure PNIPA gel [40].
(D/D0)fin correlates with the CNT content: higher
loading results in more limited shrinkage. The value
of exponent p decreases systematically and significantly with increasing CNT loading, a sign that
deswelling becomes more complex at higher CNT
concentrations (Table 1). In 24CNT@PNIPA (the
highest CNT content tested) stretched exponential
behaviour (p > 1) was found, characteristic of multiple
relaxation processes with different timescales.
Whereas 2000 s was largely sufficient for the relaxation of CNT@PNIPA composites, a timeframe of
even an order of magnitude longer was insufficient for

the GO@PNIPA gels (Figure 7). For the GO@PNIPA
samples the values of the fitting parameters (Table 1)
can be used only for qualitative comparisons, as the
absence of a measured asymptotic value of (D/D0)fin
makes the fitting parameters uncertain. It can nevertheless be concluded that, unlike CNT, the lowest GO
content has the strongest effect on deswelling kinetics.
Substantial slowing down of the thermal response is
observed at all three concentrations (Figure 8),
which resembles the effect of increased cross-linking
density in pure PNIPA gels [40]. All curve fits yielded
a stretching parameter p < 1, indicating multiple
processes.

3.3. IR sensitivity
Recent experimental and theoretical studies found
that the presence of network structure increases thermal diffusivity in PNIPA gels compared to pure water.
It was also observed that latent heat influences thermal diffusivity [41].
Carbon materials including nanoparticles are known
for their high IR absorption. As expected [25–27],

Table 1. Fitting parameters of the temperature induced phase
transition from Equation (1)
Sample
PNIPA
3CNT@PNIPA
6CNT@PNIPA
12CNT@PNIPA
24CNT@PNIPA
2GO@PNIPA
20GO@PNIPA
50GO@PNIPA

T D Y

D0

fin

[%]
51.4
55.6
71.0
76.3
84.9
90.5
76.5
34.2

A
[%]

τ
[s]

p

R2

47.5
43.2
29.1
25.4
16.0
9.5
23.7
60.1

334
348
211
241
259
1 437
1 470
53 762

2.14
2.58
1.60
1.15
0.721
0.266
0.412
0.286

0.995
0.997
0.990
0.987
0.971
0.932
0.994
0.992

(D/D0)fin: relative diameter, A: pre-exponential factor; τ: time constant of deswelling response; p: exponent; R2: coefficient of determination

Figure 8. Average temperature values of PNIPA composites
during IR laser exposure
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Figure 9. Temperature (T) profile of PNIPA composites upon IR laser exposure (t: observation time) at 20 °C (a, b), temperature profile of pure PNIPA with error bars (c)

addition of both CNT and GO results in enhanced IR
sensitivity (Figures 8 and 9). The doped systems, however, display significant differences according to the
type and concentration of nanoparticle incorporated.
Fast shrinkage on exposure to IR laser irradiation,
and quick recovery of the gels after exposure is observed in all cases. During the exposure the gel samples collapse in a circular zone of diameter 5 mm centred around the incident beam. The measured temperature fluctuations may be attributed to the low thermal conductivity of the gel, even in the presence of
CNPs (Figure 9a and Figure 9b). In both sets of systems a monotonic correlation was found between the
nanoparticle content and the temperature of the sample, but with different trend. In the CNT@PNIPA systems the temperature rise in the gels with increasing
CNT concentration was proportionally higher (Figure 8). Incorporating a small amount of GO into
PNIPA resulted in the same enhanced response as
CNT@NIPA with a similar CNT content, but further
addition of GO systematically reduced the effect.

contrast, is composed of a few strongly damaged
graphene sheets richly decorated with O. The delocalised electron system is therefore severely disrupted and most of the electrons are localised as C=C
double bonds, which are reactive in radical reactions.
The hydrophilic surface also ensures good dispersibility. Owing to their surface chemistry, the GO platelets
are well distributed in the polymerisation medium,
which allows them to form a percolating GO network, consisting of hubs that are each covalently
linked to several polymer chains; this outcome is less
probable with the CNT aggregates. This difference in
behaviour affects the response of the loaded gels during the swelling and stress-strain observations. While
GO units build up to form an interpenetrating network that is strongly connected to the polymer chains,
the CNTs act as ‘free’ aggregates. Increasing the CNT
content increases the number of aggregates in the precursor solution. Hydrophilic GO forms bulky, randomly oriented GO clusters only at high concentrations.
The difference in electron structure also leads to the
different heat conductivity and IR absorption performance of the gels when the two CNPs are present.
At low concentration CNT has only a limited influence on the deswelling kinetics. Although increasing
the CNT content may improve the heat conductivity,
higher amounts of CNT filler delay the relaxation
and increase the time constant. The chains must relax
in the vicinity of more and more aggregates. Also,
with CNTs, the higher their amount in the gel the
greater is their IR absorption.
In the GO@PNIPA systems, the complexity of the
deswelling process is reflected by the p < 1 relation
that appears already at the lowest concentration. Several process may superimpose: i) increasing the GO
units increases the number of potentially reactive

3.4. Discussion
The differences observed between the effects of the
two different types of CNPs may stem more from
their chemical behaviour than their geometrical shape.
Multiwall carbon nanotubes contain Russian dolllike concentric tubes consisting of graphite like carbon arrays. The outermost cylinder is decorated with
O-containing surface functional groups, but their concentration is relatively low. Therefore the functional
groups do not significantly modify the aromatic
graphitic structure. That is, during the PNIPA synthesis, the reactivity of the CNTs present in the radical polymerization is modest. However, as their surface is predominantly hydrophobic, they tend to aggregate, even after intense ultrasonication. GO, by
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double bonds with no increase in the NIPA and BA
concentration; ii) at a certain threshold concentration
the GO platelets percolates and forms a connected
interpenetrating network; iii) overall gel collapse is
a slow process that requires ordering or stacking of
the platelets. The strong IR absorption at low GO
concentration and weaker absorption at high concentration than with CNT is further evidence of its connected network structure. In spite of the lower intrinsic thermal conductivity of GO, its percolating network inside the gel conducts heat more efficiently
from the polymer matrix into the substrate than do
the isolated CNT clusters [42].

4. Conclusions
Incorporation of CNT and GO into PNIPA hydrogels
produces different effects on the behaviour of the hybrids. Apart from influencing the porous morphology of the composites, their effect on the swelling degree and the elastic modulus shows a different trend.
The elastic modulus of PNIPA gel is enhanced by
GO, while the swelling degree of the GO@PNIPA
systems decreases significantly. By contrast, the
swelling and mechanical properties of CNT@PNIPA
composites are similar to those of pure PNIPA. Both
types of particle substantially enhance the fracture
stress tolerance of the PNIPA hydrogel.
Significant differences are observed in the thermal
response of the two systems. The time constant and
swelling ratio of the temperature-induced shrinkage
can therefore be adjusted by selecting the type and
amount of nanoparticle loading. This could provide
a means for accurately controlling deswelling kinetics, e.g., in the drug release profile of PNIPA systems. This capacity could also be employed in sensor
applications, where fast and excessive shrinkage can
be a significant drawback. Both CNT and GO enhance the infrared sensitivity of the PNIPA gel, thus
opening a route for constructing novel drug transport
and actuator systems. The novelty of the present findings is to show that the influence on the gel behaviour of CNT and GO is different. This difference
stems both from their different chemical reactivity
during the gel synthesis and from their different
geometry. In the one case the CNTs aggregate into
separate clusters, while in the other the GO disperses
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in the gel to form a percolating, thermally conducting, network.
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Static and dynamic behaviour of responsive
graphene oxide–poly(N-isopropyl acrylamide)
composite gels
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Thermoresponsive hydrogels have enormous potential e.g., as sensors, actuators, and pollution control
remedies or in drug delivery systems. Nevertheless, their application is often restricted by physical limitations
(poor mechanical strength and uncontrolled thermal response). Composite systems may oﬀer a means of
overcoming these limitations. This paper presents a systematic study of the structure and dynamics of
graphene oxide–poly-(N-isopropylacrylamide) composite systems, and investigates the effect of the
nanoparticle filler content on the mechanical and swelling properties of the systems. A combination of
macroscopic (swelling and elastic modulus) and microscopic (differential scanning microcalorimetry, small
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angle neutron scattering and neutron spin-echo spectroscopy) investigations reveals that the architecture of
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percolating network inside the gel. Our results show that the elastic modulus of the gels is reinforced by the

the polymer network is modified by chain nucleation at the surface of the GO platelets, and these form a
filler, but the mobility of the polymer chains in the swollen state is practically unaffected. The macroscopic

www.rsc.org/softmatter

deswelling of the composites, however, is slowed by the kinetics of ordering in the GO network.

Introduction
Responsive hydrogels are three-dimensional polymer networks with
high water content.1,2 They exhibit a reversible volume phase transition (VPT) under certain conditions.3,4 This response can be induced
by changing the environment, such as the nature of the swelling
medium (composition,5 pH6), temperature,7 electromagnetic field,8
etc. Among temperature sensitive responsive hydrogels those based
on poly-(N-isopropylacrylamide) (PNIPA) are distinguished by their
peculiar volume phase transition temperature (TVPT) around 34 1C,
close to the temperature of the human body.9,10 In the VPT of PNIPA,
the swelling medium of the polymer, along with its dissolved ions,
molecules, or drugs, is released into the surroundings. This property
opens the route to various applications that require targeted delivery
of drugs. The gels are relatively deformable and – owing to their high
water content and the physiochemical similarity of the network to
the native extracellular matrix – are potentially biocompatible.
Although their properties make them excellent candidates
for applications in drug delivery,10,11 sensors,12 actuators,13,14 microvalves15 and pollution control, they have certain drawbacks.
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Their poor mechanical strength for example bars their use in
load-bearing applications. Limited drug uptake and its nonuniform distribution within the system, particularly in the case
of hydrophobic drugs, could also compromise certain applications. Furthermore, high water content combined with very
wide pores often results in uncontrolled and/or undesirably
rapid drug release,16,17 which can be detrimental in targeted
drug delivery systems.
These challenges may conceivably be overcome by composite
hydrogels. Carbon nanoparticles are widely used as polymer
fillers, with a positive impact both on the physical and the
chemical properties of composites. Moreover, their density is
low and they are easily recycled. Carbon black, consisting of
almost pure elemental carbon, has been the most commonly
used carbon filler for many years.18 Graphite has also been used
for a long time, mainly to enhance the thermal and electrical
conductivity of polymers.19 Recent developments in nanotechnology
have raised interest in polymer composites containing carbon
nanofibers and nanotubes. The carbon nanoparticles that have been
the most intensely studied in the past few years are graphene
and its derivatives.19–22 Nanocomposites containing members of
the graphene family, especially graphene oxide (GO),23–25 have
become the focus of interest. GO is considered to be non-toxic
and highly biocompatible,26 which favours its use in biomedical
applications. Moreover, incorporation of GO gives visible27 or
near infrared light sensitivity to the composite systems,28–30
which extends their potential, for example, as NIR controlled
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microvalves, artificial muscles or actuators. Potential applications
are numerous, but the detailed properties of graphene-based
composites remain to be explored. In recent years several groups
have reported on GO containing PNIPA gels [e.g. see ref. 23–25,
28 and 31–35], but direct comparison of the results is difficult, as
the preparation methods differ significantly. The majority of the
studies have addressed PNIPA systems of relatively high crosslink density ([monomer]/[cross-linker] r 100), and functionalised GO nanoparticles are often used to ensure first order bond
formation.23,24 Studies using as-prepared GO as a filler have also
been made.
In addition to the structural characteristics and direct information about drug release eﬃciency,10,36 knowledge of the dynamics of
nanocomposite systems is of crucial importance for sensing and
controlled release applications. Such investigations could, however,
prove diﬃcult at the nanoscale level, owing to the limited
number of appropriate methods. Dynamic light scattering
(DLS) is a widely used technique for investigating dynamics in
gels,37,38 but it is inapplicable to non-transparent systems, such
as those containing carbon nanoparticles. Neutron spin-echo
(NSE) spectroscopy39 can overcome these diﬃculties. The NSE
technique is well suited for measuring slow (nanosecond timescale)
dynamics in soft matter systems, with the highest energy resolution
among all types of neutron spectrometers. It has proved to be an
excellent tool for investigating dynamics in polymer gels.40–45 It
has been a fertile source of important new insights into polymer
melt–silica nanocomposite systems,46,47 but to our knowledge,
no investigation of PNIPA hydrogel composite systems using
NSE has yet been reported in the literature.
Here we present a systematic study of the structural and
dynamical properties of GO containing PNIPA hydrogels in
which results from macroscopic [elastic modulus measurements and diﬀerential scanning microcalorimetry (MicroDSC)]
and microscopic [small angle neutron scattering (SANS) and
NSE] length scales are compared.

Experimental
Graphene oxide (GO)
Graphene oxide (GO) was obtained by the improved Hummers’
method48 from natural graphite (Graphite Tyn, GK, China). The
GO suspension was purified and mildly exfoliated by centrifuging
5 times (7000g) from 1 M HCl and 6–9 times (15 100g) from doubly
distilled water, in order to remove unreacted graphite and
inorganic salts. After the final washing and centrifugation step
a light brown suspension with a GO nanoparticle content of
B1 w/w% was obtained. Its C/O ratio, determined by XPS, was 2.2.
Gel synthesis
The PNIPA polymer gel was synthesised from the N-isopropylacrylamide (NIPA) monomer (Tokyo Chemical Industry, Japan)
and the N,N 0 -methylenebisacrylamide (BA) cross-linker (Sigma
Aldrich) in aqueous medium at 20 1C by free radical polymerization.
The reaction was initiated by ammonium persulphate (APS, Sigma
Aldrich) and N,N,N0 ,N0 -tetramethylethylenediamine (TEMED, Fluka).

This journal is © The Royal Society of Chemistry 2016
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For the synthesis of a pure PNIPA gel with a cross-linking ratio
[NIPA]/[BA] = 150, 18.75 ml of a 1 M aqueous solution of NIPA
and 1.225 ml of a 0.1 M solution of BA were mixed with 4.9 ml
of water and 25 ml of TEMED. Finally, 1.25 ml of a 10 w/w%
solution of APS was added to the mixture, and polymerization
took place at 20 1C. Films of thickness 2 and 4 mm and 10 
10 mm isometric cylinders were prepared. All chemicals were
used as received, except NIPA, which was recrystallized from a
toluene–hexane mixture. Doubly distilled water was used for
the synthesis, purification and measurements.38 To obtain
hybrid gels with o20 mg of GO/g NIPA content the aqueous
GO suspension of the required concentration was mixed with
the precursor solution of the gel. The total volume of the
precursor solution, including the GO suspension, was kept
constant by adding the appropriate complement of water. Gels
with the highest filler content (21 mg GO/g NIPA) were prepared
by adding solid NIPA and BA directly to the GO suspension. The
reaction medium was stirred in an ice-bath for 15 min after
addition of each component. GO filled samples were polymerised
and purified in the same way as the nanoparticle-free system. The
nomenclature of the samples is listed in Table 1.
Macroscopic characterisation
For the swelling experiments gel disks of diameter of 7 mm
were cut from a 2 mm thick film. Prior to the experiment the
disks were dried in order to determine their dry mass (m0), and
then reswollen in excess doubly distilled water thermostated at
20.0  0.2 1C for one week. The equilibrium swelling degree
was defined as m/m0, where m is the mass of the swollen
samples.
The elastic modulus was measured on fully swollen isometric
gel cylinders using an INSTRON 5543 mechanical testing instrument at ambient temperature. Samples were compressed by 10%
of their initial height in steps of 0.1 mm with a relaxation time of
4  4 s and a force threshold of 300 N. No barrel distortion was
observed.
The macroscopic thermal response of the systems was tested
by placing the samples (30 mm  40 mm, 4 mm thick, fully
swollen in D2O at 25 1C) in closed quartz containers in an
incubation oven at 41 1C for 3 weeks.
Diﬀerential scanning microcalorimetry (MicroDSC)
Scanning microcalorimetry measurements were made on ground
samples using a MicroDSCIII apparatus (SETARAM, France). About
10 mg of dry gel sample were placed in contact with 500 ml of
Millipore water and kept at 20 1C for 2 h to allow the gels to
equilibrate in the swollen state and to obtain a stable baseline.

Table 1

Sample nomenclature

Sample name

GO content (mg GO/g NIPA)

PNIPA
5GO@PNIPA
10GO@PNIPA
15GO@PNIPA
20GO@PNIPA

0
5.25
10.50
15.75
21.00
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The samples were heated to 50 1C at 0.03 1C per min scanning
rate. Determination of the peak position and calculation of the
specific enthalpy of the volume phase transition (DHVPT) were
performed using instrument software.

incident beam flux to obtain the scattered intensity in absolute
units. Data reduction was done using the GRASansP v.7.04
program.

Neutron spin-echo (NSE) measurements

Results and discussion

49

NSE measurements were made on a IN11 spectrometer at the
Institut Laue-Langevin (Grenoble, France) in the IN11A highresolution set-up. For these experiments gel films of 4 mm
nominal thickness and 3  4 cm cross-section were used. Prior
to the measurements, the gel samples were dried, and then
reswollen in excess D2O for at least 3 days at 25.0  0.1 1C.
Previous measurements50 had shown that the swelling properties of the PNIPA gel are not aﬀected by the H2O/D2O isotopic
substitution. The swollen samples were placed in 5 mm thick
sandwich-type cells with quartz windows. To exclude air and
avoid deswelling, the remaining space in the sample holder was
filled with D2O. Measurements were performed at 25.0  0.1 1C
in the transfer vector Q-range 0.042 Å1 r Q r 0.209 Å1,
where Q = (4p/l)sin(y/2), l being the incident wavelength of the
neutrons (7.83 Å) and y the scattering angle. The Fourier-time
range covered was 0.1–30 ns. The resolution functions of the
instrument were determined for the different experimental
conditions using the elastic scattering of graphite. The NSE
method measures directly the intermediate scattering function
I(Q,t) as a function of Q and the Fourier time t, i.e., it yields
directly the time dependence of the density–density autocorrelation function.51 The resulting intermediate scattering
functions were corrected for the D2O background dynamics.
Small angle neutron scattering (SANS)
SANS measurements were performed on the D22 small angle
instrument at the Institut Laue-Langevin. The gels were swollen
in D2O in order to enhance the scattering contrast between the
polymer and the matrix, and to minimize the incoherent background scattering. The incident neutron wavelength was 6 Å.
Two sample-detector distances (17 m and 2 m) were used to
cover the Q-range 0.004–0.5 Å1. Raw SANS data were corrected
for the empty cell, dark counts, sample thickness and detector
efficiency. The corrected scattering data were normalized by the

Composite systems with various GO/polymer ratios were studied
systematically. The influence of the nanoparticle content on the
swelling ratio in pure water and on the elastic modulus of the
composites is shown in Fig. 1.
Increasing the GO content drastically decreases the swelling
degree and increases the elastic modulus (Fig. 1a). A similar
trend is observed in pure PNIPA gels on increasing the crosslink density,52 but the shapes of the responses are diﬀerent
(Fig. 1a and b). Increasing the cross-link density of the PNIPA
network (i.e., decreasing the molar ratio of [NIPA]/[BA]) monotonically changes the swelling degree and the elastic modulus,
whereas when the GO loading is increased a plateau is observed
in both quantities. Li also reported an increase in modulus
when chemically modified GO is used as a co-monomer.23 In
gels with higher cross-link density (molar ratio of [NIPA]/[BA] =
35 instead of 150), addition of unmodified GO to the precursor
solution results in an opposite tendency in both the swelling
ratio and elastic modulus.24,25 In the present systems the elastic
modulus and the observed swelling ratio are strongly correlated
(Fig. 1c). In pure PNIPA gels with diﬀerent cross-link densities,
the dependence of the modulus on the equilibrium polymer volume
fraction f (f E 1/(r  swelling ratio), taking r = 1.115 g cm3 as the
density of the dry polymer38) could be described by an apparent
power law with an exponent of B2.07, as expected under good
solvent conditions.52–54 In the GO@PNIPA systems the exponent
is B3.2 (Fig. 1c), which could perhaps be interpreted as a sign of
the theta solvent condition.55 This interpretation, however, is
inconsistent with the rest of the observations. During the
polymerisation the GO particles not only contribute to nucleating
the reaction at their surfaces but also act as a filler in the network.
With increasing GO content, the gel is reinforced by the filler and
the architecture of the network is increasingly dominated by crosslink hypernodes, at the expense of the simple tetrafunctional crosslink structure that prevails with N,N 0 -methylenebisacrylamide

Fig. 1 Equilibrium mass swelling degree in pure water at 20 1C and the elastic modulus of (a) GO@PNIPA hybrid gels and (b) the pure PIPA gel from
ref. 52. Note that a high [NIPA]/[BA] molar ratio means low cross-link density. Broken lines are guides for the eye. (c) Correlation between the elastic
modulus and the observed equilibrium swelling degree in GO@PNIPA systems. Solid line is a power law fit with an exponent of 3.2.
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Fig. 2 Diﬀerential scanning calorimetry results of PNIPA and GO@PNIPA
gels. Curves are shifted vertically for clarity.

alone. At the percolation threshold, the GO particles establish
an interpenetrating network inside that of the polymer. Fig. 1a
suggests that the percolation threshold of the GO occurs at a
concentration of 10 mg g1 dry PNIPA, i.e., roughly cp E 0.5 mg g1
of the swollen gel.
The MicroDSC measurements show that TVPT (33.8 1C) is
unaﬀected by the presence of GO (Fig. 2), which implies that,
while part of the polymer chains are tightly bound to the GO
surface, the rest remain freely surrounded by solvent and
subject to excluded volume conditions. This picture is corroborated by the fact that in the pure PNIPA gel the enthalpy of
the phase transition is unaﬀected by changes in cross-link
density,52 whereas when the GO content is increased DHVPT
decreases monotonically (Table 2). The observed decrease in
enthalpy by 18.9 J g1 in the 20GO@PNIPA sample implies that
21 mg of GO reduce the number of free chains by 27%. This
means that GO immobilises more than 10 times its own mass
of PNIPA.
On the macroscopic scale the thermal responses of the two
systems are substantially diﬀerent (Fig. 3). Whereas the pure
PNIPA gel reaches its fully deswollen state after less than 2 h of
incubation at 41 1C, almost no size change is observed in the
GO@PNIPA systems within this timescale. By contrast, at
longer times the highest GO content sample responds most
strongly to the temperature increase, with a final size smaller
than that of pure PNIPA. This is an unexpected result, since it is
known that pure PNIPA gels in their high temperature deswollen
state contain a significant fraction of trapped microscopic water
droplets.56 The present finding implies that the GO, by matching
the hydrophobic/hydrophilic character of PNIPA, mediates the
expulsion of the trapped water. However, the timescales are
diﬀerent in the two cases. In the pure PNIPA gel deswelling is

Fig. 3 Images of PNIPA and GO@PNIPA samples below (25 1C) and above
(41 1C) the volume phase transition temperature at diﬀerent incubation
times.

governed by simple mechanical expulsion of the solvent,57
whereas deswelling in the filled system is slowed by the kinetics
of the collapse and stacking of the GO filler network. It should
nevertheless be emphasized that the smaller final swelling ratio
of the filled gels is the consequence not of the cross-linking by
the GO but rather of the improved evacuation of water from the
network. This implies that, in the collapsed state, the PNIPA
chains are oriented by the GO surfaces.
To explore the structural diﬀerences caused by incorporating
GO into the polymer matrix, small angle neutron scattering
(SANS) measurements were performed on selected samples. In
scattering experiments the detected signal depends on the
contrast between the particle and the solvent. In the case of
neutron scattering this contrast is defined by the diﬀerence in
scattering length density (r) between the components. The value
of r of the PNIPA matrix is significantly diﬀerent from that of the
swelling medium, namely D2O (Table 3), resulting in a strong
scattering signal. In the composite samples, which are ternary
systems, the signal is still dominated by the PNIPA signal. As
seen in Table 3 and Fig. 4a the neutron scattering contrast
between GO and D2O is weak, and the overall signal therefore
originates almost exclusively from the polymer, even in the
composite systems.
Small diﬀerences are visible in the shapes of the SANS
response curves of the three investigated systems (Fig. 4a).
The continuous lines through the background-subtracted data
(Fig. 4b) are the modified Ornstein–Zernike (OZ) expression
(eqn (1)),55,58 which yields a good fit to all three curves in the

Table 2 Peak position (TVPT) and specific enthalpy (DHVPT) of the volume
phase transition from DSC measurements

Sample

TVPT (1C)

DHVPT (J g1 dry sample)

PNIPA
5GO@PNIPA
10GO@PNIPA
20GO@PNIPA

33.8
33.8
33.8
33.8

70.4
65.3
54.6
51.5

This journal is © The Royal Society of Chemistry 2016

Table 3

Neutron scattering length densities (r) of the components

Component

r (106/Å2)

PNIPA (C6H11NO)n
GO C65O35
D2 O

0.825
5.993
6.364
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Table 4 Characteristics of the samples from neutron scattering experiments measured at 25 1C

Sample

Ddiﬀ  1011
(m2 s1)

xH (Å)

x (Å)

Power law
exponent

PNIPA
5GO@PNIPA
20GO@PNIPA

7.03  0.14
7.41  0.24
8.10  0.30

28.4  0.01
26.9  0.08
24.6  0.9

92.0  1.09
90.0  1.11
66.7  0.67

1.6
1.7
1.6

The exponent p = 5/3 in eqn (1) is also consistent with the
excluded volume interaction for polymer chains in good
solvent.54,55 In summary, the concentration dependence of
the correlation length x and the excluded volume character of
the exponent p imply that the network chain statistics of the gel
on a length scale of 1/Q o 100 Å are not aﬀected by the GO.
The dynamic behaviour of the PNIPA matrix was explored by
neutron spin-echo (NSE) spectroscopy. The NSE method measures the energy transfer of neutrons at extremely high energy
resolution as a phase shift in the Larmor precession of the
neutron spins in a magnetic field.51 The intermediate scattering function I(Q,t) is defined by eqn (2), as a function of Q and
the Fourier time t:
IðQ; tÞ ¼ N 1

X



expðiQ  rk ðtÞÞ exp iQ  rj ð0Þ

(2)

k;l

Fig. 4 (a) SANS response curves of PNIPA (dashed lines), 5GO@PNIPA
(dots) and 20GO@PNIPA (continuous lines) gels swollen in D2O, at 25 1C.
Crosses are the SANS response of a GO suspension (concentration
equivalent to that of the 20GO@PNIPA sample) in D2O at 25 1C. (b) SANS
response of the swollen gels (PNIPA (triangles), 5GO@PNIPA (circles) and
20GO@PNIPA (squares)) after subtraction of the corresponding backgrounds (D2O or GO + D2O signal). The curves are shifted vertically for
clarity. Solid lines are fits to the modified Ornstein–Zernike model. Shaded
areas in both figures show the Q-range of the NSE study.

range Q 4 0.01 Å1. The deviation in the lowest Q region
(Q o 0.01 Å1) stems from the well-known concentration
inhomogeneities due to cross-linking in gel networks.59 In the
OZ model the scattered intensity can be described by
IðQÞ ¼

Ið0Þ
p

þB

(1)

½I þ ðQxÞ2 2
where I(0) and B are Q-independent constants, x is the static
polymer–polymer correlation length and p is the fractal dimension of the polymer coils. While x exhibits only a very small
change at low GO content, it decreases by nearly 30% in
20GO@PNIPA (Table 4). Fig. 7 shows this variation as a function of swelling ratio (i.e., inverse polymer concentration). The
power law dependence is stronger than that predicted by
scaling theory (x p c1.1 as opposed to x p c0.75 indicated
by scaling theory54). In our nanocomposite systems, however,
the composition of the samples is not identical, and the data
therefore do not represent the same sample at different degrees
of swelling.
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where N is the number density of the system and h. . .i means an
ensemble average. The I(Q,t) curves obtained for the pure
PNIPA gel, as well as for samples 5GO@PNIPA and 20GO@
PNIPA, normalized by the signal (I(Q,0)) of a fully elastic
scatterer, are displayed in Fig. 5. As already noted, the scattering contrast between the GO and pure D2O is small. Moreover,
in the Q-range covered by the NSE measurements, the signal of
the GO is matched with the solvent (see the shaded area in
Fig. 4a). The observed dynamics can therefore be attributed
exclusively to the motion of the chains in the polymer gel.
In all three cases the curves I(Q,t)/I(Q,0) can be fit by a single
exponential function
IðQ; tÞ
/ expðGtÞ:
IðQ; 0Þ

(3)

In the pure PNIPA gel (Fig. 5a) the curves decay to zero,
indicative of practically ergodic behaviour, i.e., there is no
frozen-in component.59 Fig. 1 shows that GO aﬀects the elastic
properties of the composite systems on the macroscopic scale.
At the microscopic level, by contrast, the NSE results indicate
that the motion of the polymer chains is only partially aﬀected.
For 20GO@PNIPA, the intermediate scattering functions
(Fig. 5c) decay to a baseline value of 0.05, which corresponds
to 5% immobile fraction. The GO content of this sample is
about 2 w/w% of the dry content, i.e., 0.1 w/w% of the swollen
gel. Comparison of these findings with the microcalorimetry
results of Table 1 suggests that the GO hypernodes may also
partly immobilize the gel network immediately surrounding
them. In the case of 5GO@PNIPA the NSE curves appear to
decay to zero (Fig. 5b), as in the pure PNIPA gel. The GO content

This journal is © The Royal Society of Chemistry 2016

View Article Online

Open Access Article. Published on 28 July 2016. Downloaded on 03/01/2017 10:36:45.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Paper

Soft Matter

Fig. 6 Relaxation rates (G) vs. Q2 for pure PNIPA, 5GO@PNIPA and
20GO@PNIPA. Solid lines are linear fits.

Fig. 5 Experimental intermediate scattering functions from NSE with the
corresponding single exponential fits for the pure PNIPA hydrogel,
5GO@PNIPA and 20GO@PNIPA composites, measured at 25 1C.

of this gel is about 0.5 w/w%. This implies a baseline of 0.005,
which is beyond the accuracy of the measurements.
The measured relaxation rates (G = 1/t) are proportional to
Q2 (Fig. 6), characteristic of diﬀusive motion. The diﬀusion
coeﬃcient (Ddiﬀ) is obtained directly from the linear fit
G = DdiﬀQ2.

(4)

Fig. 7 Static (x) and hydrodynamic (xH) correlation lengths from SANS and
NSE measurements at 25 1C, as a function of the mass swelling degree of
the gels. Solid lines are power-law fits to the data.

On combining these observations with macroscopic results
we can conclude that GO forms a strong bonding with the
PNIPA chains. As the GO concentration is low even at the
highest loading, it does not aﬀect the overall movement of

With increasing GO content, owing to the lower degree of
swelling, Ddiﬀ increases slightly (Table 4). The hydrodynamic
correlation length of the samples (xH) is determined from the
Stokes–Einstein relation
Ddiff ¼

kB T
6pZxH

(5)

where kB is the Boltzmann constant, T is the absolute temperature, and Z is the viscosity of the medium (ZD2O,25 1C = 1.095 
103 N s m2 60). Like the static correlation length, xH decreases
with increasing GO content (Table 4), albeit with a smaller
exponent (xH p c0.43) than predicted by scaling theory (Fig. 7),
but consistent with dynamic light scattering measurements on
pure PNIPA gels.52 This suggests that the dynamics of the
polymer chains is hindered only marginally by the GO sheets.

This journal is © The Royal Society of Chemistry 2016

Fig. 8 Representation of the structure of pure PNIPA and GO containing
PNIPA hydrogels.
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the polymer chains. However, it does hinder their motion in the
immediate surroundings. The reason for this may be that some
of the PNIPA chains remain linked to the GO surface, even in
the swollen state (Fig. 8).

Paper
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Conclusions
Graphene oxide (GO) containing composite PNIPA gels were
prepared and characterized both on the macro- and the nanoscale size range. Increasing the GO content reduces the swelling
capacity and increases the elastic modulus of the gels. The
relationship between the two properties can be described
approximately by a power law with exponent B3.2. This unusual behaviour is attributed to changes in the architecture of
the polymer gel with the build up of an interpenetrating GO
network in which the polymer matrix develops through chain
nucleation at the surface of the GO. This picture is consistent
with MicroDSC measurements, which show that the volume
phase transition temperature of the mobile PNIPA segments is
unaﬀected by the presence of GO, while, conversely, as the
amount of bound polymer increases with increasing GO content, the enthalpy of the volume phase transition decreases.
The fraction of hindered chains that are prevented from
participating in the VPT amounts to more than ten times the
mass of the GO filler. In the composite gels, the GO mediates
the evacuation of water in the high temperature collapsed state,
which, in pure PNIPA, would otherwise remain trapped in the
network in the form of microscopic droplets. This implies that
the collapsed PNIPA chains are oriented by the GO surfaces.
The neutron scattering observations in the swollen state show
that, as the gel deswells with increasing GO content, the static
polymer–polymer correlation length x decreases according to
scaling theory. The shape of the neutron scattering response is
also fully consistent with scaling predictions for excluded
volume interactions. The hydrodynamic properties of the network chains measured by neutron spin-echo spectroscopy are
also consistent with those of the unfilled polymer gels. The
correlation functions obtained from this technique also display
a static component that corresponds to about 5% of the network chains in the gel that are immobilised on the GO surface.
It may be speculated that the platelet structure of the GO filler
modifies the hydrodynamic flow field in the vicinity of the
polymer chains. Numerical comparison between the neutron
spin-echo measurements and the MicroDSC measurements
suggests that not all the hindered PNIPA chains are necessarily
immobilized on the surface of the GO. Crowding of the chains
near the surface could give rise to partial associations, which
would contribute to the reduction in enthalpy at the transition.
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8 S. Reinicke, S. Döhler, S. Tea, M. Krekhova, R. Messing,
A. M. Schmidt and H. Schmalz, Soft Matter, 2010, 6, 2760.
9 K. Depa, A. Strachota, M. Šlouf and J. Hromádková, Eur.
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R. Thoelen and T. Wagner, Phys. Status Solidi A, 2015, 212,
1368–1374.
35 D. Kim, H. S. Lee and J. Yoon, RSC Adv., 2014, 4, 25379.
36 J. Kost and R. Langer, Adv. Drug Delivery Rev., 2012, 64, 327.
37 E. Geissler, Dynamic Light Scattering from Polymer Gels, in
Dynamic Light Scattering, ed. W. Brown, Clarendon Press,
Oxford, 1993.
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Reduced graphene oxide (RGO) containing composite hydrogels, based on poly(N-isopropylacrylamide) (PNIPA) were prepared by two diﬀerent methods: (i) by incorporating RGO directly
into the polymer matrix; (ii) applying a post-synthesis reduction of the graphene-oxide (GO)
already incorporated into the polymer. The samples were compared by various microscopic
(small angle neutron scattering, diﬀerential scanning calorimetry, 1H NMR spectroscopy,
thermogravimetry) and macroscopic (kinetic and equilibrium swelling properties and mechanical
testing) techniques. Results from microscopic and macroscopic measurements show that the
dispersity of the nanoparticles as well as their interaction with the polymer chains are inﬂuenced
by their surface chemistry. Incorporation of nanoparticles limits the shrinkage and slows down
the kinetics of the thermal response. Both thermogravimetric and solid-state NMR measurements
conﬁrmed strong polymer – nanoparticle interaction when hydrophilic GO was used in the
synthesis. In these cases, the slow thermal response may be explained by the decrease of the free
volume inside the nanocomposite matrix caused by a hypernodal structure. Our results imply that
both the chemistry and the concentration of incorporated graphene derivatives are promising in
tuning the thermal responsivity of PNIPA.

1. Introduction
Responsive hydrogels are in the focus of scientiﬁc attention in the last few decades owing to their numerous beneﬁcial properties
like high water content [1,2] and relatively good deformability. Moreover, thanks to the physiochemical similarity of their network to
the native extracellular matrix they are potentially biocompatible. Their responsiveness originates from a reversible volume phase
transition (VPT) that can be triggered by changes in certain environmental conditions [3,4] like composition [5] or pH [6] of the
swelling medium, temperature [7], electromagnetic ﬁeld [8], etc. This makes them very attractive for example in drug delivery
[9,10], or as sensors [11], actuators [12,13], microvalves [14]. Poly(N-isopropylacrylamide) (PNIPA) is one of the most popular
temperature sensitive responsive hydrogel, owing to its peculiar volume phase transition temperature (VPTT) that is at ∼34 °C, close
to the temperature of the human body [9,15]. Despite the above mentioned advantages hydrogels have several limitations as well
(e.g. poor mechanical strength). Carbon nanoparticles (CNP) are widely used for strengthening in polymer nanocomposites. Recently
they also got into the focus of interest as components of polymer hydrogel nanocomposites, as the CNPs may act not only as
⁎

Corresponding author.
E-mail address: czakkelo@ill.fr (O. Czakkel).

http://dx.doi.org/10.1016/j.eurpolymj.2017.02.046
Received 24 October 2016; Received in revised form 23 January 2017; Accepted 28 February 2017
Available online 02 March 2017
0014-3057/ © 2017 Elsevier Ltd. All rights reserved.

European Polymer Journal 93 (2017) 717–725

B. Berke et al.

reinforcing agents, but also provide new or modiﬁed sensitivity to these complex systems.
Graphene has many speciﬁc properties (e.g. excellent heat and electrical conductivity or light sensitivity) which would be
beneﬁcial, but its hydrophobicity hinders strongly the use in hydrogels. On the contrary, graphene oxide (GO), which is a damaged
graphene layer, decorated with vacations and oxygen containing functional groups, forms stable aqueous suspension. However, due
to the corrupted sp2 structure, its properties are far from those of graphene. Several chemical and physical routes are available for
partially restoring the honeycomb structure and removing the functional groups [16]. The resulted reduced graphene oxide (RGO)
can have great potential in hydrogel nanocomposites as its properties are close to that of the graphene, but its hydrophobicity is
decreased [17].
Nowadays GO containing systems are in the focus of attention [18–21] and few attempts have been already made to prepare
various RGO containing composite materials [22–26] as well. In practice, though, the decreased hydrophilicity of RGO (with respect
to GO) complicates the preparation of stable aqueous suspensions and consequently causing inhomogeneous distribution of RGO in
the composite [27]. If the synthesis procedure of the gel is not too sensitive for the environment, in situ reduction methods (i.e.
reduction agent added to the initial precursor mixture) may be used [28,29]. An eﬀective way to make RGO containing gel
composites is to reduce the already incorporated GO inside the gel matrix [17,30], however the circumstances of the reduction (e.g.
reducing agent, temperature) should be chosen with great care in order not to aﬀect the physical/chemical properties of the gel.
The preparation of RGO containing, PNIPA based, temperature sensitive hydrogels is challenging. As the free radical
polymerisation of NIPA is extremely sensitive to the reaction circumstances, the application of even the mildest reducing agent
for an eventual in-situ reduction of GO is excluded. On the other hand, incorporation of RGO nanoparticles into the gel matrix is
limited owing to the above mentioned reduced hydrophilicity of RGO. In this work we report a novel alternative route to circumvent
this challenge. In our paper we show that a treatment with L-ascorbic acid solution, which was proven to be an eﬃcient and
environmental friendly reducing agent of GO [31,32], can be used as a post treatment of GO containing PNIPA hydrogel
nanocomposites to reduce GO within the gel matrix. In order to compare the microscopic and macroscopic character of the diﬀerently
prepared GO and RGO containing nanocomposite systems, small-angle neutron scattering (SANS), kinetic and equilibrium swelling
properties, macroscopical mechanical tests and diﬀerential scanning calorimetry (DSC) measurements were performed on the gels of
various nanoparticle content. Our results from solid state NMR spectroscopy and thermal analysis help to shed light on the
interactions that are formed between the nanoparticles and the gel matrix.
2. Materials and methods
2.1. Nanoparticle synthesis
Graphene oxide (GO) was obtained by the improved Hummers’ method [33] from natural graphite (originated from Madagascar).
The GO content of the light brown suspension was ∼1 w/w%. The C/O ratio of this GO, determined by XPS, was 1.8.
To prepare RGO we modiﬁed the method of Fernandez-Merino et al. [32]. The dry nanoparticles were suspended in L-ascorbic
acid (AA) solution in the presence of NH3 at 20 °C. In the reaction mixture the concentration of the GO, AA and NH3 was 1 mg/mL;
20 mmol/L and 1.1 mol/L, respectively. After 1 week of soaking the nanoparticles were puriﬁed by multiple washing and ﬁltering
steps. The resulted RGO was then dried and later stored in a desiccator at ambient temperature. The C/O ratio of RGO, determined by
XPS, was 3.6. For nanocomposite gel preparation RGO nanoparticles were re-suspended in water by ultrasonication (Branson
B1200R-4) for 15 min with 40 kHz in sweep mode.
2.2. Gel synthesis
The pure PNIPA were synthesised from N-isopropylacrylamide (NIPA) monomer (Tokyo Chemical Industry, Japan) and N,N′methylenebisacrylamide (BA) cross-linker (Sigma Aldrich) in aqueous medium at 20 °C by free radical polymerization, as reported
previously [34,35]. N,N,N′,N′-tetramethylethylenediamine (TEMED) and ammonium persulphate (APS) were used to initiate the
system. In the precursor solution the molar ratio of NIPA/BA, NIPA/APS and NIPA/TEMED was 150, 34,2 and 112, respectively.
GO and RGO containing nanocomposite gels (GO@PNIPA and RGO@PNIPA, respectively) were prepared according to the method
described earlier [34,35]. The GO loading was varied between 0 and 25 mg GO/g monomer, whereas the highest reachable
concentration of RGO was only 11 mg/g monomer due to its poor dispersibility.
The post-reduction treatment of GO@PNIPA gels were made by soaking the dried samples in the AA media (composition is
identical as used for GO nanoparticle reduction, described above) for 1 week at 20 °C. The ratio of the solid (S) and liquid (L) phases
was kept constant (S/L = 0.012).
In all cases 2 mm thick ﬁlms and 10 × 10 mm isometric cylinders were prepared. All chemicals were used as received, except
NIPA, which was recrystallized from a toluene-hexane mixture. Doubly distilled water was used for the synthesis, puriﬁcation and
measurements, unless stated diﬀerently. The nomenclature of the prepared samples is given in Table 1.
2.3. Methods
Equilibrium swelling degree of the samples was measured on dried gel disks with a diameter of 7 mm, cut from the 2 mm thick
ﬁlm. After 1 week in pure water at 20.0 ± 0.2 °C the equilibrium swelling degree was determined as m/m0, where m and m0 are the
mass of the swollen and dry samples, respectively. Elastic modulus of the fully swollen samples was measured on isometric gel
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Table 1
Nomenclature of the presented samples.
Sample name

Nanoparticle content (mg/g monomer)

Reduction of GO

PNIPA
GO2.5@PNIPA
GO5@PNIPA
GO10@PNIPA
GO15@PNIPA
GO25@PNIPA
(PNIPA)R
(GO2.5@PNIPA)R
(GO5@PNIPA)R
(GO10@PNIPA)R
(GO15@PNIPA)R
(GO25@PNIPA)R
RGO3@PNIPA
RGO11@PNIPA

–
2.5
5
10
15
25
–
2.5
5
10
15
25
3
11

–
–
–
–
–
–
–
Inside the gel matrix
Inside the gel matrix
Inside the gel matrix
Inside the gel matrix
Inside the gel matrix
Prior to gel synthesis
Prior to gel synthesis

cylinders with an INSTRON 5543 mechanical testing equipment at ambient temperature. Samples were compressed by 10% of their
initial height in steps of 0.1 mm with a relaxation time of 4 × 4 s and force threshold of 300 N. No barrel distortion was observed
[36]. The reported equilibrium swelling degree and elastic modulus data are result of averaging 3 parallel measurements.
XRD measurements were carried out on dry gel disks. An X’pert Pro MPD (PANanalytical) multi-purpose powder X-ray
diﬀractometer were used.
SANS measurements were performed on the D22 small angle instrument at the Institut Laue-Langevin. The gels were swollen in
D2O in order to enhance the scattering contrast between the polymer and the matrix, and to minimize the incoherent background
scattering. The incident neutron wavelength was 6 Å. Two sample-detector distances (17 m and 2 m) were used to cover a Q-range of
0.004–0.5 Å−1. Raw SANS data were corrected for the empty cell, dark counts, sample thickness and detector eﬃciency. The
corrected scattering data were normalized by the incident beam ﬂux to obtain the scattered intensity in absolute units. Data reduction
was done with the GRASansP v.7.04 program. In case of nanocomposite samples the weak signal from the corresponding nanoparticle
suspension has been subtracted in order to obtain the pure polymer signal.
Solid-state magic angle spinning (MAS) spectra of samples were recorded on a Varian NMR system operating at a 1H frequency of
400 MHz with a Chemagnetics 3.2 mm narrow-bore double resonance T3 probe. The spinning rate of the rotor was 8 kHz in all cases.
For the one-dimensional 13C CP MAS (cross-polarization magic angle) and DE (direct excitation) spectra SPINAL-64 decoupling with
83 kHz of strength was used. The CP MAS build up curves were recorded in the range of 0–4 ms with a recycle delay of 5 s, which is 5
times larger than T1H.
Thermal analysis (TA) was carried out on an STA6000 instrument (PerkinElmer) in high-purity (99.9995%) nitrogen with the
ﬂow rate of 20 mL × min−1. Prior to the experiments gel samples were air-dried, ground in an agate mortar and stored in a
desiccator over silica gel. Samples of about 10 mg were heated from 30 to 650 °C in nitrogen atmosphere with a scanning rate of
10 °C min−1. The thermogravimetric (TG) curves were recorded. For the RGO and GO nanoparticles a slower scanning rate of
1.5 °C min−1 was applied below 300 °C.
Scanning microcalorimetry measurements were made on ﬁnely ground samples in a MicroDSCIII apparatus (SETARAM). About
10 mg of dry gel were placed in contact with 500 μL of Millipore water and kept at 20 °C for 2 h to allow the gels to equilibrate. The
samples were heated to 50 °C with a scanning rate of 0.03 °C/min. The instrument software was used to determine the peak position.
The kinetics of the temperature responsivity of the samples were studied on gel disks of 13 mm diameter (D0) and 2 mm of
thickness. The samples were ﬁrst swollen in water at 20 ± 0.2 °C to reach equilibrium, then plunged into a water bath of 50 ± 1 °C.
The thermal shock induced shrinkage was followed by measuring regularly the diameter D of the disks during 33 h. Three parallel
samples were measured at each case. Values of D were read in ﬁve positions for each sampling. Results are reported as 100 × D/D0.
3. Results and discussion
The microscopic structure of the samples was explored by small angle neutron scattering (SANS) measurements [37]. As was
shown earlier [35] SANS measurements can deliver structural information from the polymer matrix, whereas CNPs remain practically
invisible. The corrected curves (typical examples are shown in Fig. 1a) were ﬁtted to the modiﬁed Ornstein-Zernike (OZ) expression
[38,39] in the range of Q > 0.01 Å−1. The deviation in the Q < 0.01 Å−1 region stems from the well-known concentration
inhomogeneities due to cross-linking in gel networks [40]. In the OZ model the scattered intensity can be described by

I (Q ) =

I (0)
+B
1 + (Qξ )n

(1)

where I(0) and B are Q-independent constants, ξ is the static polymer–polymer correlation length and n is the fractal dimension of the
polymer coils. As can be seen in Fig. 1b, both the type and the concentration of the CNPs have pronounced eﬀect on the correlation
length ξ of the polymer matrix. Even the smallest amount of CNP present in the nanocomposites results in a signiﬁcant drop of ξ. In
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Fig. 1. (a) Representative SANS response curves (symbols) of nanocomposite systems with diﬀerent CNPs. Solid lines are ﬁts of Eq. (1). Note that the curves are shifted
vertically for clarity. (b) Inﬂuence of CNP content on the static correlation lengths at 25 °C. Solid lines are guides to the eye.

chemical gels, ξ is usually interpreted as the size of cross-linked nods [41], and is inversely proportional to the cross-link density. In
our previous work [35] we found, that at high GO content the architecture of the network is dominated by crosslink hypernodes and ξ
is signiﬁcantly smaller than in pure PNIPA gel. Here we present a detailed concentration study, which reveals that the eﬀect of the
incorporated CNPs is complex. In case of GO@PNIPA and (GO@PNIPA)R the increase in CNP concentration resulted in an increase in
ξ as well. Nevertheless, even at the highest CNP concentration ξ remains signiﬁcantly smaller than in the pure PNIPA. The increasing
trend of ξ upon increasing CNP loading may indicate that at higher concentrations the GO nanoparticles sterically hinder each other,
resulting a smaller eﬀective concentration. As a consequence, they give rise to less hypernodes thus their structure modiﬁcation eﬀect
is also smaller. Interesting to note, that XRD measurements excluded the formation of long-term reorganization of the nanosheets in
the nanocomposites, so the decreased eﬀective concentration cannot be explained by stacking of the GO sheets. After the postreduction treatment ξ increased at all CNP concentrations (comparison of red squares and blue rhombi datasets in Fig. 1b). On the
other hand, no eﬀect was observed in the pure CNP-free gel (red square and blue rhombi at 0 CNP concentration in Fig. 1b) after the
same treatment. The latter suggests that the pure polymer matrix is not aﬀected by the reduction procedure, i.e. the chemical
crosslinks are untouched. However, the change in ξ in the nanocomposite systems after the post-reduction treatment indicates that
the hypernode structure of GO@PNIPA system was partially disrupted, possibly by breaking bonds between the nanoparticles and the
polymer matrix. On the contrary to the other two cases, when RGO was directly incorporated into the polymer matrix ξ decreased
upon concentration increase. The structure modiﬁcation eﬀect at the lowest concentration is much less pronounced than in the other
two cases, which is possibly related to aggregation of RGO even at low concentrations.
Beside the microscopic structure, the macroscopic properties of the nanocomposites are also signiﬁcantly diﬀerent. Similarly to
earlier ﬁndings [34,35,42], the incorporation of GO eﬀectively improved the mechanical properties and simultaneously decreased
the swelling degree (Fig. 2a and b). After the post-reduction treatment these properties remained almost unaﬀected. This may be
because either the reinforcement is due to a simple mechanical eﬀect (where surface chemistry and chemical interactions play no
role); or, if there are chemical interactions between the GO and the polymer matrix, those interactions that determine the mechanical
properties are unaﬀected by the applied treatment. On the contrary to GO, when RGO nanoparticles are incorporated directly to the
PNIPA gel the mechanical and swelling properties of the nanocomposites remain practically unchanged. As RGO tends to form

Fig. 2. (a) Elastic moduli and (b) Swelling degree (m/m0) of the composite gels. (c) Representative pictures of pure PNIPA and the diﬀerent nanocomposites swollen in
water at 20 °C. The scalebar applies to all images.
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Fig. 3. (a) Thermograms of the pure PNIPA gel, GO nanoparticles and a GO-containing nanocomposite in N2 atmosphere. (b) Calculated diﬀerence between the
theoretical (TRM) and experimental (ERM) values of the residual masses.

aggregates in aqueous media, its eﬀective concentration within the gel matrix is much lower than the theoretical one, and in addition
to that, it is not homogenously distributed (Fig. 2c). This can explain the observed, very diﬀerent behaviour of the RGO@PNIPA
samples.
As was described above, both our SANS and macroscopic measurements suggest a strong interaction between the CNPs and the
polymer matrix. A similar suggestion has been proposed earlier as well [25,42,43], however the nature of these interactions is still
unrevealed. The possibilities are numerous, e.g. ﬁrst order bonds with the oxygen containing functional groups or with the carbon
lattice, secondary bonds (H-bonding) or entanglement of the polymer chains on the platelets [25,42,43]. To gain further knowledge,
we have performed TA measurements which may help to shed light on this question. Although the shape of the TA curves was very
similar for all the nanocomposite samples (Fig. 3a), the obtained residual masses varied with the CNP type.
To quantify these diﬀerences, the theoretical residual mass (TRM) for independent decomposition was calculated from
(2)

TRM (%) = cCNP ·mCNP + (100−cCNP )·mPNIPA

where cCNP is the nanoparticle concentration in weight percentage, mCNP and mPNIPA are the residual masses at 600 °C for the
nanoparticle and the pure PNIPA, respectively. TRM implies an independent decomposition, i.e. no interaction between CNP and the
polymer matrix. The relative deviation of the experimental values (experimental residual mass, ERM) from TRM was calculated by

Relative deviation (%) =

ERM −TRM
·100
TRM

(3)

Comparing this relative deviation for the diﬀerent CNPs signiﬁcant diﬀerences can be observed (Fig. 3b). The discrepancy in the
case of GO containing gels was more than 50%. This suggests strong, possibly even covalent bonds between the GO sheets and the
polymer chains. However, in our previous work we showed, that the eﬀect of GO is more complex [35] than acting as a simple
crosslinking agent. Post reduction had no signiﬁcant eﬀect on the deviation of ERM, suggesting that majority of the formed
interactions between GO and the polymer matrix are not aﬀected by the treatment. This is in line with the macroscopic observations.
On the contrary, in RGO@PNIPA samples the relative deviation is signiﬁcantly smaller (ERM is close to the theoretical value)
indicating that the interactions between the RGO sheets and the polymer are much weaker.
As any future application of these systems rely on their responsiveness, the kinetics of an induced volume phase transition were
also investigated. By following the shrinkage of the samples caused by a sudden increase of temperature from 20 to 50 °C it was found
that similarly to the macroscopic and microscopic structure, both the type and concentration of the CNPs have strong eﬀect (Fig. 4).
In all cases the shrinkage of the nanocomposite gel disks was less than that of the pure PNIPA gel after 1000 min, but the
diﬀerence, as well as the shape of the shrinkage curves were diﬀerent for the diﬀerent systems. It is interesting to note that within the
reported observation window the shrinkage curves of the GO@PNIPA and RGO@PNIPA datasets exhibit two distinct steps, while only
a single step was observed in the pure PNIPA and in the CNT loaded systems. In cases where strong interaction is presumed between
the CNPs and the polymer matrix (GO@PNIPA and (GO@PNIPA)R) the slower response may be explained by the decrease of the free
volume inside the nanocomposite matrix [34,44] that is caused by the increasingly hypernode-like structure. The prolonged
shrinkage of the samples suggests a complex process involving the deswelling of the gel matrix, the realignment of the CNP particles
and the relaxation of the polymer chains [34,35]. This realignment of the CNPs may be responsible as well for the observed plateaus
in the shrinkage curves and leading to a 2 step process.
Comparing the eﬀect of the GO concentration on the kinetic behaviour of the systems (Fig. 4d), a trend (i.e. the curves are going
through an extreme value at medium GO loading) similar to what is observed in the structure (Fig. 1b). In other words, at medium GO
concentrations the nanocomposites can shrink less for a given temperature jump in a given time window, which can be explained by
the structural diﬀerences of the systems. The ξ values are the smallest at medium GO concentrations meaning that the hypernode
721
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Fig. 4. (a–c) Kinetics of temperature jump (20–50 °C) induced shrinkage of pure and nanocomposite hydrogels. (d) Relative diameter values 1000 min after the
temperature jump. Solid lines are guides to the eye. The insets in ﬁgure (a) show the images of GO25@PNIPA sample at 0 and 2000 min, respectively.

structure is the most pronounced. This causes a signiﬁcant decrease in the free volume within the gel matrix, which can hinder the
expulsion of water during the volume phase transition. The above mentioned description holds for the post-reduced systems ((GO@
PNIPA)R) as well, suggesting that the decreased hydrophilicity of the RGO is still enough to provide the water with a way out of the
polymer matrix. Nevertheless, the deswelling ratios remained slightly higher in these samples in the present time-window. Unlike the
other two, RGO@PNIPA samples behave diﬀerently. Compared to pure PNIPA the timescale of the kinetic response is only slightly
aﬀected (Fig. 4c), but the deswelling ratio remains higher after 1000 min. The inﬂuence of CNP concentration, however, is reversed,
i.e. D/D0 increases with increasing RGO concentration. This may be a result of the presence of large RGO aggregates in the system
that may obstruct the adhesion of the PNIPA chains.
In general, the VPTT of the PNIPA-based gels can be tuned by changing its hydrophilic/hydrophobic balance, e.g., by copolymerization [45,46]. Our DSC measurements show no diﬀerence in the VPTT and the corresponding speciﬁc enthalpy (33.9 ±
0.1 °C and 52 ± 2 J/g, respectively) in the systems (Fig. 5a). The unchanged speciﬁc enthalpy values suggest that the VPT is
completed during the DSC conditions, which is not the case within the 1000 min period of the macroscopic thermal stress
experiments. The lack of temperature depression can be explained by the low CNP concentration.
Nevertheless, incorporation of CNP even in low amount alters the relaxation as revealed by the change of the peak widths, which
can be quantiﬁed by the full width at half maximum (FWHM). Fig. 5b shows the correspondence between ξ and the peak widening.
Moreover, in line with earlier macroscopic observations [35], it reveals the diﬀerence between the eﬀect of crosslink density change
in pure PNIPA samples and nanoparticle loading on the kinetics of the VPT.
Solid-state NMR investigations were carried out to get more information on the possible eﬀects of GO/RGO on the properties of
PNIPA composites. NMR spectroscopy is not only an important analytical method, but it is an eﬀective technique that is widely used
to characterize macromolecular systems, especially amorphous and mixed systems. Cross-polarization 13C MAS spectra of the gel
samples were found to be the same, no new signal can be observed. On the basis of this ﬁnding, we can exclude the formation of large
number of new chemical bonds. Signals of GO or RGO cannot be identiﬁed because of their small amount in the samples and their
very broad signals. Varying the contact time (t), in which the magnetization transfer occurs between the excited hydrogen atoms to
the carbon atoms results the cross-polarization build-up curves. The shapes of the peak intensity (I(t)) vs t curves gives information on
the proton environment of the carbon atoms and their mobility. The build-up curves have been ﬁtted according to the I-I∗-S model
(Eq. (4)) [47]
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Fig. 5. (a) Diﬀerential scanning calorimetry results of pure PNIPA and composite gels. Curves are shifted vertically for clarity. Broken vertical line indicates the peak
position of pure PNIPA. (b) Full width at half maximum (FWHM) of the endothermic peaks from DSC as a function of the correlation length ξ of the polymer matrix
(see Fig. 1b). Dashed lines are guides to the eye.

⎡
⎛ 3
⎞
⎛ 1
⎞⎤
I (t ) = I0 exp(−t / T1Hρ ) ⎢1−λ exp(−t /Tdf )−(1−λ )exp ⎜− t / Tdf ⎟ exp ⎜− t 2 / T22⎟ ⎥
⎝ 2
⎠
⎝ 2
⎠⎦
⎣

(4)

where I0 corresponds to the absolute amplitude, T1Hρ is the relaxation time constant of the 1H in contact with the lattice in the rotating
frame, Tdf is the proton spin-diﬀusion constant, T2 is the spin-spin relaxation time and λ = 1/(n + 1), where n is the number of 1H in
the spin system. The build-up curves and the ﬁtted parameters have been found to be the same for the isopropyl carbons, which
suggests that the hydrophobic interactions between the isopropyl groups and the CNPs are negligible. The build-up curves of the
carbonyl carbons are nevertheless diﬀerent in shape, as Fig. 6 shows. Results of the ﬁtting to Eq. (4). are summarized in Table 2. The
obtained T1Hρ decreases at the GO@PNIPA and at the (GO@PNIPA)R in the same extent. This decrease indicates that the surrounding
of the carbonyl group is more rigid then in pure PNIPA, which can be explained by strong interactions between PNIPA and GO
nanoparticles. These interactions seem to be not aﬀected by the post-reduction treatment. On the contrary, the increase of T1Hρ in the
RGO@PNIPA sample suggests an increased mobility in the environment of the carbonyl groups. Change of the Tdf indicates changes
also in the moeties of 1H atoms in the environment of carbonyl atoms.
4. Conclusions
Reduced graphene oxide (RGO) containing composite hydrogels, based on poly(N-isopropylacrylamide) were prepared by two
diﬀerent methods: (i) by incorporating RGO directly into the polymer matrix; (ii) applying a post-reduction treatment on graphene
oxide (GO) containing polymer nanocomposites. The eﬀect of the carbon nanoparticle (CNP) concentration and the preparation
method was investigated. Direct incorporation of RGO is strongly limited by its reduced hydrophilicity, i.e., only a smaller

Fig. 6. Solid-state NMR Cross-polarization build-up curves of carbonyl
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C atoms. Solid lines are ﬁts of Eq. (4) to the data points.
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Table 2
Fitted parameters from the I-I*-S model to the cross-polarization build-up curves of the carbonyl carbon.
Sample

λ

PNIPA
GO@PNIPA
RGO@PNIPA
(GO@PNIPA)R

0.75
0.75
0.75
0.75

±
±
±
±

0.05
0.05
0.05
0.05

Tdf (ms)

T1Hρ (ms)

2.0
1.6
1.3
1.7

13.9
10.1
23.2
10.4

±
±
±
±

0.1
0.4
0.4
0.2

±
±
±
±

0.1
0.7
2.0
0.6

T2 (ms)

I0 (a.u.)

0.1
0.1
0.1
0.1

62
75
76
55

±
±
±
±

0.01
0.01
0.01
0.01

λ: = 1/(n+1), where n is the number of 1H in the spin system; Tdf : proton spin-diﬀusion constant; T1Hρ : relaxation time constant of the 1H in contact with the lattice in
the rotating frame; T2: spin-spin relaxation time; I0: plateau level.

concentration and hardly uniform distribution were achieved. The more homogeneous distribution of the hydrophilic GO particles
even at higher CNP content was conserved in the post-synthesis reduction. We found that the aggregation tendency of RGO reduced
prior to the polymerisation resulted in small structural modiﬁcation in the nanocomposites. The swelling and mechanical properties
remained almost unchanged compared to the pure PNIPA gel. On the other hand, when GO was reduced within the gel matrix both
structural and macroscopic properties showed strong variation on the concentration of the CNPs. Thermogravimetric and NMR
observations revealed strong interactions between GO and the polymer matrix, which are practically retained after the post-reduction
treatment. Our results however show no clear evidence of covalent bonds. The damaged graphene structure may oﬀer a niche for the
polymer segments growing during the polymerisation in the conﬁnement created by the carbon sheets [48]. Further evidences are
needed to reveal the real reason of the enhanced interactions. At the same time RGO interacts only weakly when incorporated directly
into the gel. The vicinity of the PNIPA carbonyl groups is more rigid in the GO@PNIPA samples than in the pure PNIPA and this is not
aﬀected by the post-reduction. On the contrary, the mobility of the polymer in the same environment increases when RGO is directly
incorporated into the polymer gel, implying a softening eﬀect.
GO loading slows down the macroscopic shrinkage of the gel and the time scale of the response is extended. This behaviour is
conserved after the post-reduction treatment. Direct incorporation of RGO into the polymer matrix hardly aﬀects the timescale of the
macroscopic response, but the observed shrinkage is smaller than in pure PNIPA gels.
The polymer-polymer correlation length (ξ), decreases upon CNP incorporation due to the hypernodal structure developing
around the CNPs. As at higher concentration CNPs may sterically hinder each other, i.e. their eﬀective concentration is smaller than
the nominal, the eﬀect is not proportional to the nominal concentration. Correlation between DSC results and the ξ values revealed
that the eﬀect of nanoparticle incorporation on the VPT is signiﬁcantly diﬀerent than the eﬀect of altering the crosslink-density of
pure PNIPA gel.
Our results show that the incorporated graphene derivatives improve the mechanical properties of the PNIPA gel. Both their
chemistry and their concentration are promising means for tuning the thermal responsivity broadening the application ﬁelds of such
nanocomposite systems.
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Thermosensitive hydrogels have enormous potential, e.g. in sensors, actuators, microﬂuidics or drug delivery
systems. In these applications the tuneability of their response rate is a key parameter and is therefore of great
interest. However, the applicability of these systems is subject to limitations, which may be overcome by enhanced nanocomposite materials. This paper presents a systematic study of the thermal response of graphene
oxide (GO) – and carbon nanotube (CNT) – poly(N-isopropylacrylamide) composite systems, and investigates the
eﬀect of the nanoparticle ﬁller content, both on the nanoscale and the macroscopic level. While the equilibrium
swelling properties of the diﬀerent nanocomposites are only slightly inﬂuenced, the kinetics of the response of
the swelling medium following an abrupt temperature increase from 20 to 40 or 50 °C can vary within wide
limits depending on the type or the amount of nanoparticle loading, as well as on the temperature diﬀerence.

1. Introduction

mechanical properties of the pure hydrogel systems has motivated
several studies aiming to prepare nanocomposite gel systems with enhanced properties. These systems have been extensively studied
[49–52], however, our knowledge on the tuneability of their response
and in particular the response kinetics is very limited. The response rate
and volume change of the pure hydrogels are generally regarded as
diﬀusion-controlled processes, and thus determined by a collective
diﬀusion coeﬃcient of water through the hydrogel matrix [46]. This
suggests, that the higher the temperature (i.e., faster diﬀusion), the
faster the response becomes. Information regarding nanocomposite
systems is less clear [53–55], as not only the properties of the polymer
matrix, but also the character of the incorporated nanoparticles aﬀect
their behaviour. Ashraful Alam and coworkers [54] found that the
VPTT of the pure and silica nanoparticle containing composite N-isopropylacrylamide-co-(3-methacryloxypropyltrimethoxysilane)] gel systems are not signiﬁcantly diﬀerent, but the change in the time-dependence is pronounced. The character of the shrinkage was found to be
similar in both cases, but the ﬁnal deswelling ratio increased with silica
content. Furthermore, they found that introduction of inorganic silica
nanoparticles as a cross-linking point could inhibit the formation of the
dense hydrophobic skin layer and improve the permeability of the resultant hydrogels. Xia and coworkers [53] found that the physical crosslinks formed by incorporation of clay into the gel matrix slow down the
response. On the other hand, introducing short hydrophobic side-chains
into the polymer facilitated the deswelling process owing to formation

Hydrogels with environmental sensitivity [1–4] can react to changes
in their surroundings, which makes them ideal candidates for actuators
[5–8], sensors [9,10], microﬂuidics [11,12] and drug delivery systems
[13–17]. Their response can be triggered by several means, e.g., change
of the swelling medium [18,19], temperature [20], electromagnetic
ﬁeld [21], etc. Moreover, in many cases the response depends on the
nature of the surrounding media (composition, pH [22–25]) and can be
altered by factors such as copolymerisation [26,27]. Poly(N-isopropylacrylamide) gel (PNIPAM) is one of the best known temperature
sensitive polymers and is distinguished by its peculiar volume phase
transition temperature (VPTT) around 34 °C, close to the temperature of
the human body [13,28].
From the applications point of view, a detailed understanding on the
tuneability of the swelling and deswelling processes is inevitable.
Although several studies have been reported on the swelling and
shrinking kinetics of diﬀerent temperature sensitive systems [29–46],
the direct numerical comparison of the results is sometimes diﬃcult,
because of diﬀerences in materials, methods and conditions of sample
preparation [47,48]. However, all authors agree on the main factors
that inﬂuence the response rate [24]: i) the size and shape of the gel
sample; ii) the initial and ﬁnal temperatures; iii) the solute concentration. It is important to note that the reported shrinkage rate is about an
order of magnitude slower than that of the swelling [8]. The poor
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2.3. Methods

of water-release channels.
Zhu and coworkers [56] found that when the temperature is increased graphene oxide (GO) containing systems shrink faster than pure
PNIPAM hydrogels in the ﬁrst 5 min of observation, but later their
deswelling rate becomes slower than that of the pure gel.
In our previous works on temperature responsive nanocomposites
[57,58] we reported the dependence of the swelling and elastic properties on carbon nanoparticle (CNP) content at isothermal conditions, in
the fully swollen state of the systems (T = 20 °C). We showed that
carbon nanotubes (CNT) and GO incorporated into the gel matrix aﬀect
diﬀerently the mechanical and swelling properties, as well as the infrared light (IR) sensitivity of the system [57]. Increasing CNT content
decreased the swelling degree slightly, but monotonically, without inﬂuencing the elastic modulus. By contrast, a strong non-linear eﬀect
was observed both on the elastic modulus and the swelling degree with
GO containing gels below a certain GO content (10–15 mg GO/g
NIPAM). Further addition of GO had no observable eﬀect as the concentration of the nanoparticles already exceeded their percolation
threshold [58]. In this paper, we focus on the temperature dependent
swelling properties as well as on the kinetics of the temperature jump
induced deswelling at various CNP/polymer ratios. For a deeper understanding, in addition to the macroscopic measurements, results from
nanoscale structural observations (measured by small-angle neutron
scattering – SANS) are reported as well.

The equilibrium swelling degree (ESD) of the samples was measured
using the dry disks. 0.03 g dry gel was swollen in 2.5 mL H2O. After
1 week in pure water at 20 °C the equilibrium swelling degree was determined as m/m0, where m and m0 are the mass of the swollen and dry
samples, respectively. The equilibrium swelling degrees at various
temperatures (T) were determined by gradually increasing the temperature of the water bath to 25, 30, 35, 40, 45 and 50 °C. 1 week of
equilibration time was left between each step. A relative swelling degree was deﬁned as the ratio of the equilibrium swelling degree at
temperature T with respect to that at 20 °C, expressed as a percentage.
The elastic modulus was measured on fully swollen isometric gel
cylinders with an INSTRON 5543 mechanical testing equipment at
∼20 °C. Samples were compressed by 10% of their initial height in
steps of 0.1 mm with a relaxation time of 4 × 4 s and force threshold of
300 N. No barrel distortion was observed [61]. The reported equilibrium swelling degree and elastic modulus data were obtained as the
average of three parallel measurements.
SANS measurements [62] were performed on the D22 small angle
instrument at the Institut Laue-Langevin, Grenoble, France. The incident neutron wavelength was 6 Å. Two sample-detector distances
(17 m and 2 m) were used to cover the Q-range 0.004–0.5 Å−1. The gels
were swollen in D2O in order to enhance the scattering contrast between the polymer and the matrix, and also to minimize the incoherent
background scattering. Fig. S1 conﬁrms that the swelling properties of
the PNIPA gel are practically unaﬀected by the H2O/D2O isotopic
substitution. For equilibrium measurements, the samples were kept at
25 °C for 10 days prior to the experiment. In addition, kinetic measurements were performed, in which the temperature of the thermostatic bath of the SANS sample holder was rapidly (in less than 2 min)
increased from 25 °C to 50 °C. The VPT induced structural changes were
monitored by collecting scattering data sets every 18 min overnight.
These kinetic experiments were performed with the 17 m setup alone.
Raw SANS data were corrected for the empty cell, dark counts, sample
thickness and detector eﬃciency. The corrected scattering data were
normalized by the incident beam ﬂux to obtain the scattered intensity
in absolute units. Data reduction was done with the GRASansP v.7.04
program. For the nanocomposite samples, the weak signal from the
corresponding nanoparticle suspension was subtracted in order to obtain the pure polymer signal.
The kinetics of the shrinkage was also studied macroscopically. Gel
disks of 14 mm diameter and 2 mm of thickness were swollen in water
at 20 ± 0.2 °C to reach equilibrium, then plunged into a water bath at
either 40 ± 1 or 50 ± 1 °C. The thermally induced shrinkage was
tracked by measuring regularly the mass of the disks until they reached
equilibrium. Three parallel samples were measured in each case. The
results are expressed as 100 × m(t)/mi, and the measured data were
ﬁtted to an exponential function:

2. Materials and methods
2.1. Nanoparticle synthesis
Graphene oxide (GO) was obtained by the improved Hummers’
method [59] from natural graphite (Graphite Tyn, GK, China). The GO
suspension was puriﬁed thoroughly with aq. HCl and doubly distilled
water, in order to remove unreacted graphite and inorganic salts. A
light brown suspension with a GO content of ∼1 w/w% was obtained.
The atomic C/O ratio of GO determined by X-ray photoelectron spectroscopy (XPS), was 2.2.
Carbon nanotubes (CNT) with improved water dispersibility were
obtained by oxidizing commercial multi-wall CNT with concentrated
HNO3 (65%, Merck) (3 h, 110 °C) [60]. The pristine CNT (external
diameter: 10–20 nm; length: 10–30 μm) was purchased from Chengdu
Organic Chemicals Co. Ltd. (Sichuan, China). According to TEM images,
the oxidation had practically no eﬀect on the external diameter [57].
The atomic C/O ratio of the CNT (XPS) and the apparent surface area
were respectively 11.2 and 221 m2/g.

2.2. Gel and composite synthesis
The pure PNIPAM was synthesised from N-isopropylacrylamide
(NIPAM) monomer (Tokyo Chemical Industry, Japan) and N,N′-methylene bisacrylamide (BA) cross-linker (Sigma Aldrich) in aqueous
medium at 20 °C by free radical polymerization, as reported previously
[58]. The reaction was initiated by ammonium persulphate (APS, Sigma
Aldrich) and N,N,N′,N′-tetramethylethylenediamine (TEMED, Fluka).
All chemicals were used as received, except NIPAM, which was
recrystallized from a toluene-hexane mixture. Doubly distilled water
was used for the synthesis, puriﬁcation and measurements, unless
otherwise stated. GO and CNT containing nanocomposite gels (GO@
PNIPAM and CNT@PNIPAM, respectively) were prepared according to
the method described earlier [57,58]. The nanoparticle load varied
between 0 and 20 mg nanoparticle/g monomer.
In all cases ﬁlms (thickness of 2 mm) and isometric cylinders
(10 × 10 mm) were cast. Gel disks of diameter 7 mm were cut from the
ﬁlm and dried for the swelling degree measurements.

p

1
m (t )
m
− t
− t
·100 = ⎛ ∞ ⎞·100 + A1 e ( t1 ) + A2 e ( t2 )
mi
m
⎝ i⎠
⎜

p2

⎟

(1)

where
m(t)
mi
m∞
t
t1, t2
p1, p2
A1, A2

measured mass at time t [g]
mass of the initial gel fully swollen at 20 °C [g]
mass of the deswollen gel at the end of the experiment [g]
observation time [min]
ﬁtted time constants [min]
ﬁtted exponents [–]
ﬁtted pre-exponential constants [–]

3. Results and discussion
To compare the temperature dependence of the equilibrium
181

European Polymer Journal 99 (2018) 180–188

B. Berke et al.

Fig. 1. Temperature dependent relative equilibrium swelling degree (RESD) of the
composite systems.

Fig. 3. Relative mass diﬀerence with respect to pure PNIPAM (i.e., Relative
massnanocomposite-Relative massPNIPAM) during deswelling at 50 °C as a function of time.
Vertical dashed line shows the position of the maxima. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

swelling degree (ESD) the gel samples were equilibrated in a water
bath. ESD was determined at gradually increasing temperatures up to
50 °C, leaving 1 week of equilibration time between each step. It was
found that, similarly to the ﬁller-free PNIPAM gel [63], the behaviour
of the nanocomposite gels show a strong temperature dependence: the
ESD decreases nonlinearly with increasing temperature until the VPTT
is reached, then stays practically constant above it (Fig. 1). While the
curves of the CNT@PNIPAM systems practically overlap with pure
PNIPAM, the GO containing samples deswell less readily below VPTT.
The hydrophilic GO platelets may counteract the temperature induced
hydrophobic interactions of the polymer chains. Above VPTT the relative equilibrium swelling degree is practically equal in all the systems
(1.7 ± 0.4).
When the same temperature increase (20 °C → 50 °C) was applied in
a single step, i.e. the gel samples equilibrated at 20 °C were plunged into
a 50 °C water bath, the observations revealed a more complex picture.
The pure PNIPAM gel responded to the temperature jump with an

immediate change in albedo, as reported previously [64,18]. Monitoring the mass loss of the gel disks with time showed that the swelling
degree reached its ﬁnal value in a quasi-single-step process within
about 30 min (Fig. 2, squares). In the composite systems the instantaneous albedo change was also observed, but the deswelling kinetics were remarkably diﬀerent (Fig. 2).
Fig. 3 visualizes the discrepancy between the sizes of the unloaded
and loaded PNIPAM gel in the course of deswelling at 50 °C. Compared
to the pure PNIPAM, the practically hydrophobic CNTs result in a
slightly faster response in the ﬁrst ∼10 min (Fig. 3). Their presence,
however, aﬀects the aggregation of the polymer chains, resulting in a
pronounced, slow second decay step (Fig. 2a). The greater the CNT
content, the longer is the time is required for complete relaxation of the
CNT@PNIPAM systems. The presence of the hydrophilic GO sheets

Fig. 2. Semilogarithmic plot of the temperature jump (20 → 50 °C) induced deswelling kinetics of pure PNIPAM gel (■), and (a) CNT@PNIPAM (blue datasets) and (b) GO@PNIPAM (red
datasets) nanocomposite samples. Lines are ﬁts to Eq. (1). Grey areas show the time-window where kinetic SANS measurements were performed. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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satisfactorily describes the experimental data implies non-uniform expulsion (most probably both in time and space) of the solvent. To account for the two distinct kinetic steps a combination of two exponential decay functions was used. Since simple exponential functions
did not give a satisfactory ﬁt to the experimental data, additional exponents (p1 and p2 in Eq. (1)) were introduced. The time constants of
the slower, rate determining process, which was always the second term
in Eq. (1), and the stretching exponents are shown in Fig. 4. Tabular
data of all the obtained ﬁtting parameters are given in the
Supplementary Material (Table S1).
The time constants t2 obtained from the ﬁt to Eq. (1) were found to
increase with CNT content, once again indicating that higher CNT
content increasingly hinders the relaxation of the system. The nature of
the exponent pi (i.e. stretched, single, or compressed) can reveal further
information on the kinetics [64–67]. Generally, in complex dynamical
processes the observation of stretched exponentials (p < 1) reﬂects the
concomitance of several processes, while an exponent p > 1 (i.e.,
compressed exponential function) is the sign of hyperdiﬀusive motion
and jamming. The jamming behaviour of pure PNIPAM gels was revealed earlier [64]. The values of p1 obtained for CNT@PNIPAM systems were found to be higher than 1, as in pure PNIPAM, reﬂecting
jamming, whereas p2 was found in each case to be less than unity.
In contrast, for the GO@PNIPAM samples, both of the ﬁtted parameters p1 and p2 are smaller than 1, implying that no jamming occurs in
these systems. Moreover, t2 decreases with increasing GO content
(Fig. 4a), i.e., the smallest amount of GO hinders the deswelling the
most.
When the VPT occurs in the pure PNIPAM gel, the hydrophilic –
hydrophobic transition results in an abrupt collision of the polymer
chains, which hinders their movement during the syneresis, and
therefore jamming ensues. It was shown earlier that the elastic modulus
is independent of the CNT content, [57] which implies that below
VPTT, CNTs do not prevent the free motion of the interpenetrating
polymer chains (Fig. 5b).
At the same time the incorporated ﬂexible rod-like CNTs form aggregates in the nanocomposite gels [57]. Above VPTT CNTs, owing to
their hydrophobicity, foster syneresis in the early stage of the deswelling. Nevertheless, the necessary reorganisation of the polymer chains
slows down later. The CNT-aggregates present a physical obstacle to the
shrinkage and thus obstruct the relaxation of the polymer chains. This
explains why the hindering eﬀect enhances with increasing CNT concentration.

Fig. 4. (a) Time constants of the rate determining step (t2) and (b) stretching/compressing exponents (p1, p2) obtained from ﬁts of Eq.1 of the deswelling curves measured for
20 → 50 °C temperature jump. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

slows the temperature response practically from the start of the process
(Fig. 2b, Fig. 3). It is notable that the maximum deviation in Fig. 3
appears at practically the same time (∼30 min) for all the samples, i.e.,
the time required by the pure gel to reach its ﬁnal deswelling ratio.
To quantify the observed diﬀerences the curves were ﬁtted to an
exponential function (Eq. (1)). The fact that a non-linear decay function

Fig. 5. Suggested internal structure of (a) pure gels, (b) CNT@PNIPAM and (c) GO@PNIPAM composites in swollen state. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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GO@PNIPAM is reversed with respect to the CNT@PNIPAM systems. At
higher GO concentrations the GO platelets can stack before polymerisation takes place, and the surface area available to anchor
polymer chains is thereby reduced. The fraction of free polymer is thus
greater and macroscopic deswelling is faster at higher GO concentrations.
In-situ SANS measurements were performed to gain insight into the
structural reorganisation during the ﬁrst 1200 min of the deswelling. As
noted earlier [58,68] SANS measurements may deliver information
from the polymer matrix alone, as the CNTs remain practically invisible. Fig. 6a shows the typical evolution of the scattering signals
during the kinetic measurement. The grey shaded areas in Fig. 2 show
the time window of these measurements compared to the total observation period. Owing to the long counting times needed for data
acquisition the time-resolution of these measurements is 18 min, which
means that the ﬁrst, fast decay step remains unexplored. The corrected
SANS response curves obtained at 25 °C were ﬁtted to the modiﬁed
Ornstein-Zernike (OZ) expression [69,70] in the range of
Q > 0.01 Å−1.

I (Q) =

I (0)
+B
1 + (Qξ )m

(2)

where I(0) and B are Q-independent constants, ξ is the static polymer–polymer correlation length and m is the Porod exponent. In
swollen gels ξ is usually interpreted [71] as the size of the cross-link
nodes in polymer gels, and may also indicate the mesh-size or blob
composed of polymer chains entangled with each other [72]. At 25 °C in
our nanocomposite systems ξ decreases with increasing CNT content,
while GO incorporation, as reported earlier [68], has a more complex
inﬂuence. GO reaches a percolation threshold [58] at around 5 mg/g
NIPA. As a result, after a strong initial decrease, ξ increases with increasing GO concentration (Fig. 6b). At higher GO concentrations,
owing to stacking of the nanoplatelets, the interaction of GO with the
polymer is no longer proportional to concentration. Thus, the structure
formed in the systems containing a higher amount of GO is looser (i.e.,
the fraction of the free polymer chains is higher), which explains the
larger value of ξ.
Above VPTT, as the internal structure of the gels changes, the corresponding scattering responses change signiﬁcantly as well. The occurring phase separation enhances the spatial inhomogenities and gives
rise to strong surface scattering, i.e. the intensity rise in the low-Q region. To take into account this the ﬁtted model is modiﬁed to include a
Porod-like component, resulting combined OZ + Porod model

I (Q) =

I (0)
1
+ m +B
1 + (QΘ)m
Q

(3)

where Θ is the correlation length describing the structural inhomogeneities [73]. As we have already seen, the polymer-polymer
correlation length ξ decreases above VPT, whereas Θ increases [74]. For
the nanocomposite systems the variation of Θ with time is displayed in
Fig. 6c. In the case of the GO@PNIPAM composites the correlation
length increases monotonically over the observed time-scale, indicating
that the structural evolution is stationary. In the CNT@PNIPAM systems, by contrast, two distinct regimes are observed. The cross-over
between these regimes coincides with the beginning of the second
decay step of the deswelling kinetics (Fig. 2a). This moment is associated with “de-jamming”, in which the mutually adhesive polymer
chains can move again and rearrange.
A similar set of macroscopic experiments was performed with a ﬁnal
temperature closer to VPTT. The thermal response of all the systems
changes remarkably during the 20 → 40 °C transition (Figs. 7 and 8). In
agreement with other observations [41] the overall process in the pure
PNIPAM gel becomes much slower, and deswelling takes place in two
clearly distinguished steps. The ﬁrst, already slower than at 50 °C, and
involving much more limited mass loss, is followed by a second, very
slow relaxation step. Fitting the experimental deswelling curves reveals

Fig. 6. (a) Scattering signal, after background correction, of 5GO@PNIPAM gel at 25 °C
(red curve, 0 min) and after diﬀerent times spent at 50 °C. Lines are ﬁts to Eqs. (2) and (3).
For clarity a ﬁgure with vertically shifted curves is shown in the Supplementary Material
(Fig. S2); (b) static polymer-polymer correlation length (ξ) of GO@PNIPAM and CNT@
PNIPAM systems at 25 °C; (c) time-dependence of the network inhomogenity correlation
length (Θ) upon shrinkage. Solid lines are guides for the eye. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

The plate-like GO, by contrast, is hydrophilic and thus their presence does not aﬀect the beginning of the deswelling (Fig. 3). However,
after ∼3 min it becomes signiﬁcantly slower than in the pure PNIPAM.
Since GO acts as a multiple cross-linker [58] (Fig. 5c), its hydrophilic
character becomes increasingly hydrophobic as the polymer chains
collapse on the surface. Moreover, during the relaxation the polymer
chains must drag the GO platelets along with them. This slows the
deswelling substantially. However, the very slow motion of the polymer
chains prevents jamming. The eﬀect of nanoparticle concentration in
184
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Fig. 7. Semilogarithmic plot of shrinkage kinetics of pure PNIPAM gel following a (20 → 40 °C) temperature jump (■), and (a) CNT@PNIPAM (blue datasets) and (b) GO@PNIPAM (red
datasets) nanocomposite samples. Lines are ﬁts to Eq. (3). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 8. Shrinkage diﬀerence with respect to pure PNIPAM, (Relative massnanocompositeRelative massPNIPAM), at 40 °C as a function of time. Vertical dashed lines show the position of the maxima. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)

that under these conditions the deswelling in pure PNIPAM is entirely
free of jamming (Fig. 9b). This may be the result of the much slower
motion of the polymer chains.
In contrast to the 20 → 50 °C transition, the presence of CNT accelerates the ﬁrst step, and the second decay step becomes much more
pronounced. After about 50 min the deswelling becomes slower than
that of pure PNIPAM. For practically all concentrations and for both
steps it was found that p < 1, revealing that the non-jamming behaviour of PNIPAM is unaﬀected by the presence of CNTs. Meanwhile,
with increasing CNT concentration the time constants decrease, in
contrast to the case 20 → 50 °C. A comparison of the shrinkage kinetics
caused by the temperature jumps 20 → 40 °C and 20 → 50 °C is shown
for selected systems in Fig. S3.
The GO@PNIPAM samples deswell in a single step. For the ﬁrst
∼10 min the 5–15 mg/g GO@PNIPAM samples behave similarly to
pure PNIPAM (Fig. 8). After this period pure PNIPAM expels the water,

Fig. 9. a) Time constants and b) exponents of the rate determining step of the deswelling
curves measured for 20 → 40 °C temperature jump of the composite systems. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

but slows down at signiﬁcantly ∼300 min. GO@PNIPAM continues to
deswell steadily throughout the observation. At 40 °C, only slightly
above the VPTT of PNIPAM its hydrophilic - hydrophobic transition is
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4. Conclusions
A series of CNT and GO containing PNIPAM based nanocomposites
has been investigated. Both microscopic and macroscopic observations
show that the kinetics of the temperature response of the systems depends strongly on the type and concentration of the CNPs as well as on
how far the equilibrium temperature is from the VPTT. The surface
reactivity during the polymerization, the hydrophobic/hydrophilic
character and the shape (platelet vs. aggregates) of the CNPs all contribute to their inﬂuence. The kinetics of deswelling is found to be altered by the morphology and the hydrophilic/hydrophobic character of
the incorporated nanoparticles. During the 20 → 50 °C temperature
jump the CNT aggregates slightly accelerate the prompt response, resulting in a jammed system similarly to unloaded PNIPAM. The accelerated early-stage response is followed by strongly hindered deswelling at longer timescales. The second part of the deswelling
(t > 20 min) can be described by a stretched exponential function
(p2 < 1), suggesting that this slow process is no longer governed by
jamming. Instead, it may be considered as a set of slow multiple reorganisation processes of the polymer chains with relatively similar, but
distinct timescales. Under similar conditions the mechanism of the
phase transition of the GO@PNIPAM samples is diﬀerent, as the multiple crosslinks formed on the GO platelets strongly decelerate the relaxation. The kinetics is also strongly inﬂuenced by how far the ﬁnal
temperature is from the VPTT of the polymer matrix. In the vicinity of
the VPTT the overall deswelling of pure PNIPAM gel becomes much
slower and transforms into two clearly distinguished steps. Under the
same conditions CNT@PNIPAM systems behave similarly to unloaded
PNIPAM, i.e., deswelling in 2 distinguished steps; whereas in GO@
PNIPAM the mediation capacity of the hydrophilic GO platelets shrinks
the samples in a single, jamming-free process. Our observations conﬁrm
that incorporated carbon nanoparticles are able to tune the kinetics of
the temperature induced swelling properties in their PNIPAM composites. This eﬀect and its mechanisms are equally inﬂuenced by the type,
surface chemistry and the concentration of the crystalline nanoparticles
employed.
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slow and particularly at the beginning of the deswelling the hydrophilic
GO facilitates the syneresis. With GO@PNIPAM the time constants also
show an inverse concentration dependence with respect to the 20 →
50 °C transition (Fig. 9).
A comparative assessment of the time constants for the systems
studied here is not straightforward and could be misleading owing to
the diﬀerences in exponential behaviour of the curves. To overcome
this problem and characterise the overall deswelling process we use the
integrated area under the deswelling curves (AUC) (Fig. 10). With the
baseline of the integration as shown in Fig. S4 of the Supplementary
Material, higher AUC corresponds to more hindered deswelling.
The AUC values corresponding to the two diﬀerent ﬁnal temperatures exhibit more than two orders of magnitude diﬀerence for PNIPAM
itself, i.e. the relaxation is much more inhibited at 40 °C, than at 50 °C.
At 50 °C, incorporation of the nanoparticles results in a similarly radical
eﬀect (Fig. 10a). Although increasing the GO content slightly compensates this hindrance, its eﬀect is weaker than that of the CNT. Closer
to the VPTT (40 °C, Fig. 10b) the impact of the CNPs is less spectacular
but the relaxation is generally blocked by their increasing concentration. These trends imply that the hydrophilic – hydrophobic interaction
of pure PNIPAM is much more hindered in the vicinity of the VPTT than
at 50 °C. While the CNPs have only a moderate eﬀect at 40 °C, their
impact at 50 °C is more spectacular.

Appendix A. Supplementary material
Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.eurpolymj.2017.12.016.
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