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ABSTRACT: Physically associated hydrogels based on strong
hydrophobic interactions often have attractive mechanical
properties that combine processability with elasticity. However,
there is a need to study such interactions and understand their
relation to the macroscopic hydrogel properties. Therefore, we
use the surfactant sodium dodecyl sulfate (SDS) and urea as
reagents that disrupt hydrophobic interactions. The model
hydrogel is based on a segmented copolymer between poly-
(ethylene glycol) (PEG) and hydrophobic dimer fatty acid
(DFA). We show that both agents influence viscoelastic
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properties, dynamics, and relaxation processes of the model hydrogel. In particular, the relaxation time is significantly reduced
by urea, as compared to SDS, whereas the surfactant causes a decrease of the modulus of the hydrogel more efficiently. The
reversibility of the effects of SDS and urea can be exploited, for instance, by using an injectable sol that solidifies when the SDS
or urea diffuses out of the sample. Surfactant-induced processability may be advantageous in future applications of

hydrophobically assembled physical hydrogels.

B INTRODUCTION

Supramolecular hydrogels represent a group of hydrogel
materials which are characterized by the transient nature of
their networks. This is usually achieved through physical,
noncovalent interactions, such as hydrogen bonding,
interactions,* or hydrophobic associations.” Recently, there
has been an increasing interest in this class of soft materials as
they can offer some unique advantages, the most important of
which are their easy processability and shaping. This is due to
their transient character and the reversible nature of the cross-
links. As such, supramolecular hydrogels can be easily
assembled or even disassociated, depending on the conditions
applied. Consequently, they hold great potential as drug
delivery, biomimetic, self-healing, shape-memory, or adaptive
materials.”’ "

A very important category of supramolecular hydrogels is
entirely based on hydrophobic association. In such gels, the
network is held together by the self-assembly of phase-
separated hydrophobic blocks in water. Depending on the size
of the hydrophobic units, the strength of the association will
vary and therefore so will the resultant dynamics and material
properties. However, in order to fully exploit the potential of
such hydrogels, it is of crucial importance to understand the
relation between the molecular interactions and the dynamics,
structure, and macroscopic properties. One way to study
hydrophobically assembled gels is to modify the strength of the
interactions by the addition of surfactants or urea.
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The effect of surfactants, in particular sodium dodecyl sulfate
(SDS) on hydrophobically modified ethoxylated urethanes
(HEURSs), a class of associative polymers, has been studied."*
It was shown that at sufficiently high concentrations surfactant
is able to dissolve the transient network completely.
Amphiphilic surfactant molecules are able to interact with
both hydrophilic PEG segments and hydrophobic flower-like
micelles, resulting in micelle solubilization and network
disintegration. Moreover, the effect of SDS has been seen in
hydrophobically modified hydrogels as well. It was shown that
SDS is able to facilitate the diffusion of polymer chains by
interacting with hydrophobic micelles, thereby inducing self-
healing.™ >15 Urea, on the other hand, is known as a molecule
able to disintegrate hydrogen bonds and induce protein
denaturation.'®™"® In addition, it has been reported that urea
influences hydrophobic interactions, but the mechanisms by
which this occurs are still under debate. It has been proposed
that urea acts as a chaotrope, breaking the structure of water
and increasing hydrocarbon solubility.'”*° However, recent
results suggest that this indirect mechanism is not very likely to
play an important role in the denaturation process.m’22 In
particular, it was seen that in the systems based exclusively on
hydrophobic interactions, it is most likely that urea actuates a
direct way of interacting with the polymer structure. It appears
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Figure 1. Representation of the micellar structure of hydrogels. Network structure of the PEG-DFA based supramolecular hydrogels (a) in the
absence of SDS and urea and in the presence of (b) SDS and (c) urea.

that this mechanism is based on the preferential binding of
urea to the hydrophobic structures and the formation of
hydrogen bonds with water, resulting in a weakening of the
hydrophobic associations.”"

A study on the mechanisms by which SDS and urea alter the
mechanics and properties of transient hydrogels thus may
provide useful insights. The effects of SDS on some hydrogels
containin% hydrophobic modifications have been investi-
gated,s’lz’ 323 and a limited amount of research has been
done on the interaction of urea with hydrogels.'”**~>°
However, to the best of our knowledge there are no studies
in which the effects of surfactants and urea on physical
hydrogels are systematically compared. It is expected that since
the network is transient, these molecules are able to
significantly alter the strength of the associations and thereby
change the macroscopic material properties.

Recently, we have developed a supramolecular hydrogel
entirely assembled via hydrophobic interactions.” We used
large hydrophobic dimer fatty acid (DFA) segments with 36
carbon atoms, copolymerized with poly(ethylene glycol)
(PEG2000) in a one-step polycondensation reaction in the
melt. The DFA units in the segmented block copolymer
interact via hydrophobic interactions to form phase-separated
nanodomains ~3 nm in size and consisting of ~200 DFA units
that act as physical cross-linking points (micelles), giving rise
to a supramolecular hydrogel (Figure 1a). As a result, these
solid-like hydrogels displayed remarkable elasticity due to the
strong hydrophobic association.

In the present work, we characterize PEG-DFA hydrogel
swollen in aqueous surfactant and urea solutions. We compare
the effects of these agents on the dynamics, viscoelastic
properties, and mechanics of this purely hydrophobically
assembled supramolecular hydrogel. We rely on oscillatory
rtheology to study the viscoelasticity of the hydrogels. Both
SDS and urea affect the viscoelastic properties by changing the
number and the lifetime of cross-links in a concentration-
dependent manner. We find that SDS has a stronger effect on
the plateau modulus than does urea.

B EXPERIMENTAL SECTION

Materials. The segmented copolymer PE PEG2000 was
synthesized as described previously.” Poly(ethylene glycol) 2000
(PEG2000) was purchased from Merck. Tin(II) chloride anhydrous
was obtained from Alfa Aesar. Dimerized fatty acid (DFA), sodium
dodecyl sulfate (SDS), and urea were all purchased from Sigma-
Aldrich. Bulk solvents were obtained from Biosolve BV Chemicals.
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PEG was dried by azeotropic distillation with toluene before use; all
other reagents were used without further purification. The segmented
copolymer was synthesized by a polycondensation reaction in the
melt under vacuum, and its characteristics are listed in Table S1.

Hydrogel Preparation. Dry PE PEG2000 was compression-
molded at 95 °C, at 100 bar for 10 min. Teflon sheets were used to
prevent the material from sticking. Upon cooling, the disks were
removed from the mold and were used for hydrogel preparation. The
size of the prepared polymer disks was 25 mm diameter, with a
thickness of 0.5 mm. In general, hydrogels were prepared either by
immersing the disks in solution until reaching 75 wt % water content
or by adding the amount of solution to a polymer disk in order to
form the gel at the same polymer fraction. Reference samples were
prepared by using deionized water for swelling, while surfactant- and
urea-containing hydrogels were prepared by swelling dry disks with
SDS/urea aqueous solutions at designated concentrations, as
described in the main text. Prior to all measurements, hydrogels
were kept in a humid chamber for several hours to ensure complete
equilibration.

Rheology. Oscillatory shear and stress relaxation measurements
were performed on a stress-controlled rheometer (Anton Paar,
Physica MCR 501), equipped with 25 mm parallel plates and an
antievaporation accessory to maintain the samples hydrated and to
minimize water evaporation. All measurements were conducted on
hydrogels at 25 wt % polymer fraction and at a temperature of 25 °C.
The linear viscoelastic regime was determined using a strain sweep
measurement at an oscillation frequency of 1 rad/s, establishing a
strain of 0.1% as safely within the linear viscoelastic regime. As a
consequence, dynamic measurements in the frequency range between
0.1 and 100 rad/s were carried out at a strain amplitude of 0.1%.
Finally, stress relaxation experiments were performed, applying a step
strain of 0.1%.

B RESULTS AND DISCUSSION

Viscoelastic Behavior of PEG-DFA Hydrogel in the
Presence of Surfactant and Urea. In order to study how
the surfactant (SDS) and urea influence the viscoelastic
properties of the PE PEG2000 hydrogel and the lifetime of the
hydrophobic cross-links, oscillatory shear measurements were
performed.

The hydrogels were prepared at a polymer concentration of
25 wt %, using aqueous solutions of SDS or urea at designated
concentrations. The polymer fraction was kept constant
throughout all the measurements, unless otherwise specified.
A series of hydrogel samples were prepared, including one of
PE PEG2000 swollen in water, which was used as control.
Hydrogels were swollen in SDS solutions at six different
concentrations from around its critical micelle concentration”’

DOI: 10.1021/acs.macromol.8b00892
Macromolecules 2018, 51, 4813—4820


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00892/suppl_file/ma8b00892_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.8b00892

Macromolecules

(@)

10° 10° 10° 105
0-0-0-0-0-0-0-0-0-0-0-00-0-00
—_ [0-0-0-0-0-0-0-0-0-00-0-0-000 10-0-0-00-00-0-0-0000000 fo-0-0-0-000000000000
g 104% 104% 104% 104%
o
5 10° 10? 10° 10°
10° wlo SDS 100 SDS 0.002 g/ml 10° SDS 0.01 g/ml 10° SDS 0.02 g/ml
0.1 1 10 100 0.1 1 10 100 0.1 1 10 100 0.1 1 10 100
10° 10° 10°
810“',88883:::::::::: 104$M. 10°*
© 107 10 10°
0 SDS 0.03 g/ml 10° SDS 0.05 g/ml 0 SDS 0.1 g/ml
10 G ==g—=70—%0 1007170100 10GT 576750
(b) o (rad/s)
10° 10° 10° 10° 10°
——0008533330000000 messsesccsztoze
. — 000000000000 0000
S10° 10° "W 10°f ——oR000000000ece- | 10° 10°*
_c’,1o2 10? 10? 10 10°
(O]
10° w/o urea 10° urea 0.09 g/ml 10° urea 0.18 g/ml 10° urea 0.36 g/ml 10° urea 0.54 g/ml
0.0101 1 10 100 00101 1 10 100 0.0101 1 10 100 0.1 1 10 100 0.1 1 10 100
o (rad/s)

Figure 2. Viscoelasticity of the hydrogels in the presence of SDS and urea. Frequency sweep at y = 0.1% at 25 °C of the PE PEG2000 at (a) varying
SDS concentrations and (b) varying urea concentrations, as indicated in the panels (closed symbols, G'; open symbols, G”). Red lines are data
obtained from Fourier transforming stress-relaxation data from Figure 6b.

0.002—0.1 g/mL. Urea-containing hydrogels were swollen with
solutions at four concentrations from 0.09 to 0.54 g/mL.

The most important information about the structure and
dynamics can be obtained by measuring the frequency-
dependent dynamic moduli G'(w) and G”(w) in the frequency
range of @ = 0.1—100 rad/s and at a constant strain y = 0.1%,
where the material has a linear response (Figure S1). Figure 2
displays the viscoelastic response of the samples.

Figure 2a shows the frequency dependence of shear moduli
of the SDS-containing hydrogels. As seen in our previous
work,® in the reference hydrogel sample we notice that at the
plateau region the storage modulus G'() is larger by an order
of magnitude than the loss modulus G”(w). This indicates the
elastic, solid-like nature of the hydrogel. The large value of
G'(w) is also an indication of a high cross-link density of the
network. Moreover, G'(®w) and G”"(®) show no significant
variation upon changes in frequency, which showcases a typical
viscoelastic response of strong physical hydrogels®***” or
permanently cross-linked chemical gels.

Upon introduction of SDS in the system, it is expected that
the hydrophobic DFA micelles become weaker due to
interactions with amphiphilic surfactant molecules. This
would result in local solubilization of the micelles (Figure
1b) and a decrease of the energy barrier for escape of DFA
units from the hydrophobic cores, thus speeding up the
dynamics of the network.”” However, at SDS concentrations of
0.002 and 0.01 g/mL (corresponding to DFA to SDS weight
ratio of 7:1) (Figure 2a), the hydrogels exhibit properties quite
similar to those of the reference sample, suggesting that the
corresponding surfactant concentrations are not sufficient to
induce drastic changes in material properties at the probed
time scale. When SDS concentration was raised to 0.02 and

4815

0.03 g/mlL, different features started to appear. The hydrogel
with 0.02 g/mL SDS has a slightly narrower gap between
G'(w) and G"(w) at low frequencies, indicating that the
viscous response is becoming more significant compared to the
three previously tested samples. At 0.03 g/mL SDS the change
is even more clear; first, at very low frequency, G'(w) and
G"(w) are very close, indicating that the modulus crossover
takes place at slightly longer time scale than probed by this
experiment, and second, G'(w) is reduced nearly S-fold
compared to the samples tested at lower SDS concentrations.
According to rubber network theory, the plateau value of
G'(w) is directly proportional to the cross-link density,”” and
therefore a lowering of this modulus indicates that the cross-
link density of the network has decreased. Since reduction of
the size of the micelles would preserve the number of active
cross-links (being the number of chains that connect different
micelles), a reduction in cross-link density implies that free,
nonassociated DFA units are formed by the addition of SDS.

The response of the samples containing 0.02 or 0.03 g/mL
SDS, is still predominantly elastic (G’ > G”), but the elastic
modulus is reduced by SDS. At even higher SDS
concentrations (SDS 0.0S and 0.1 g/mL) the response was
predominantly viscous in the entire frequency range probed, as
G"(w) was larger than G’(w). While some DFA units are
completely dissociated, reducing the modulus, the dynamics of
DFA exchange from micelles is also strongly affected by the
presence of surfactant molecules, giving rise to a liquid-like
sample. The time scale of exchange is shorter than the fastest
time scale probed in this experiment (10 ms). This is also in
accordance with our previous observation that the PE
PEG2000 gel kept in large volume of SDS 0.1 g/mL solution
dissolved completely after 5 days.’
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Figure 3. Viscous contribution in the hydrogels with SDS and urea. Loss factor tan § as a function of angular frequency, determined from the data
in the Figure 2. (a) SDS-containing hydrogels; (b) urea-containing hydrogels; (c) comparison between the reference hydrogel and samples at the

highest investigated SDS and urea concentrations.
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Figure 4. Master curves of the frequency-dependent responses. (a) Master curve obtained after shifting the frequency sweep measurements when
different amounts of SDS were added; (b) horizontal shift factor; (c) vertical shift factor, at varying SDS concentrations; (d) master curve obtained
after shifting the responses when urea was used; (e) horizontal shift factor; (f) vertical shift factor, at varying urea concentrations. The dashed red

lines in (b), (c), (e), and (f) represent the fitting.

In addition to surfactant, we also examine the effect of
another agent influencing hydrophobic associations—urea.
Urea is known as a molecule able to disrupt hydrogen bonds
and cause protein denaturation, but it has been seen that it also
affects pure hydrophobic interactions. Even though there are
different plausible mechanisms described by which urea affects
hydrophobic interactions, it is most probably due to urea’s
binding to hydrophobic species. In fact, by strong dispersion
interactions it interacts with hydrophobic cores, making
hydrogen bonding with water and urea from the next shell
(Figure 1c). That way, it penetrates in the hydrophobic core
causing the weakening of the interactions.”" Since our system is
entirely based on nondirectional hydrophobic interactions,
with no hydrogen bonds present, we aim to investigate in more
detail whether urea is able to induce changes in material
properties and correlate them to those caused by SDS. To do
s0, we prepared a series of four hydrogels swollen with aqueous
solutions of urea at different concentrations: 0.09, 0.18, 0.36,
and 0.54 g/mL. The reference sample is the same used in the
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study with SDS, swollen with pure water. The composition of
all hydrogels was kept at 25 wt % of polymer.

When urea is introduced in the system, the general shape of
the response does not change significantly between the gels
containing different amounts of urea, with G'(®) larger than
G"(w) over the whole range of frequency, indicating that all
samples are elastic and solid-like. The most prominent change,
however, is observed in the value of the plateau modulus. The
trend is the same as observed with SDS: there is a remarkable
decrease in Gplateau with increasing urea concentration, as
shown in Figure 2b.

From the frequency-dependent measurements we observe
that urea indeed appears to influence the hydrophobic
associations, as it exerts a notable effect on both the plateau
modulus and the association energy of DFA, similar to SDS.
Therefore, we believe that urea is indeed able to significantly
weaken hydrophobic interactions, probably by having strong
dispersion interactions with DFA segments, which allows for
urea’s binding to DFA micelles and eventually penetrating into
them, as proposed by Zangi et al.”’ There could also be the
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effect of increased solubility of DFA, since large hydrocarbons
have better solubility in concentrated urea solutions than in
water.”'

Additionally, we performed Fourier transformation of the
stress relaxation data to obtain G'(w) and G”(w) of the urea-
containing hydrogels, and the results are displayed in Figure 2b
as solid red lines (also shown in Figure S2). The data agree
remarkably well with the experimental frequency sweep, and
we are confident that the same holds true for the remaining
urea- and SDS-containing hydrogels. This proves the reliability
of the stress relaxation experiments reported further in the text.
The procedure of the mentioned Fourier transformation is
described in the Supporting Information.

Furthermore, the loss tangent (tan § = G"/G’) is plotted
against the angular frequency @ (Figure 3). In Figure 3a, it is
evident that tan 6 < 0.1 for the largest part of the frequency
range, confirming the strong, elastic nature of the material
(reference gel, SDS 0.002 and 0.01 g/mL gels). However, tan &
> 0.1 at lower frequencies (@ = 0.3 rad/s), indicating a weak
dynamic, nonpermanent character of the cross-links for these
samples at longer time scales. At SDS 0.02 g/mL, tan § > 0.1 at
frequency of @ = 0.7 rad/s, whereas at SDS 0.03 g/mL it is
even more evident, as tan 6 > 0.1 at much higher frequencies
(w = 6.3 rad/s). This shows that surfactant indeed increases
the viscous contribution of the present PE PEG2000 hydrogel
and thereby its dynamics. These results thus show that
surfactant is able to influence and disturb the strong DFA
hydrophobic interactions in the material, thereby speeding up
the hydrogel’'s dynamics, as previously observed for other
similar systems.

For the samples with urea, a less pronounced concentration
dependence is observed (Figure 3b). This suggests that the
dynamics of the network is not as strongly affected by urea as it
is by the SDS surfactant. We attribute this lack of a larger
increase of viscous character to a different mechanism by
which urea interacts with hydrophobic micelles. In Figure 3c,
we show the comparison between the effects of SDS and urea,
relative to the pure PE PEG2000. The increase of tan § at low
frequencies is much more pronounced for SDS (0.03 g/mL)
compared to both the reference and urea-containing hydrogel
(0.54 g¢/mL). Therefore, we can conclude that the dynamics of
the PE PEG2000 hydrogel is greatly increased by SDS at 0.03
g/mL, whereas the effect by urea is weaker.

Interestingly, we tried to construct the corresponding master
curves by shifting the obtained frequency-dependent re-
sponses. We do so because the general shape of the response
remains remarkably similar among different samples. By
applying both, horizontal and vertical shift factors, it was
possible to obtain the master curve, as shown in Figure 4a,d. It
can be noticed from Figure 4b,e that the horizontal shift factors
scale exponentially with SDS and urea concentrations,
indicating that the activation energy (E,), corresponding to
the association energy of hydrophobic blocks, is inversely
proportional to the amount of the reagent used.

By comparing the changes in the characteristic relaxation
time (the horizontal shift factor a) to those of the modulus
(corresponding to the vertical shift factor ), it is possible to
highlight the effect of SDS and urea on these parameters. In
particular, from Figures 4b,c,e,f it can be concluded that the
changes in the relaxation time of a factor of 2 in the presence
of SDS and urea correspond to the changes in the modulus of a
factor of 2.7 and 1.7, respectively. Therefore, we notice that the
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effect of SDS on G'(w) is larger than that of urea, whereas urea
exerts stronger effect on the relaxation time compared to SDS.
In order to assess the nonlinear mechanical properties of
these gels, the samples were subjected to large amplitude
oscillatory shear measurements (LAOS), performed at varying
strain amplitudes (0.01—100%), at a constant frequency @ = 1
rad/s. Figure S1 displays the results of these measurements.
As expected from the frequency-dependent measurements,
the linear elastic modulus decreases upon addition of SDS. At
low strains, G'(w) and G"(w) are independent of strain,
indicating linear response. In this region, the gels deform
elastically, with G'(®) larger than G”(w). However, beyond a
certain strain value, the gels start to display increasingly viscous
behavior. This implies that the cross-links are broken by
mechanical force more quickly than they are able to re-form,
leading to a breakdown of the network structure. This is
obviously a reversible process, as we tested in our previous
work.® However, here we are interested in the critical strain
value and how it is affected by SDS. In the nonlinear regime,
the sample without SDS exhibited a yield strain of y= 2%,
which is in accordance with previously observed results.’
However, as SDS is added to the system, the critical yield
strain shifts to larger values. For the gel with 0.002 g/mL SDS
it goes up to ~7%, whereas for 0.01, 0.02, and 0.03 g/mL SDS
gels 7. increases to ~15%. The explanation for this is most
likely related to the solubilization of DFA micelles by SDS.
Some of the DFA micelles are becoming elastically inactive,
causing the PEG segments between the next two active cross-
links to be longer than in the reference sample (PEG 2000).
In fact, in our previous study, the same hydrogel, containing
PEG8000, showed the same critical strain of 15%, confirming
the network is more flexible. It seems that the disruption of
DFA micelles has a twofold effect on these gels: first, the chain
segment between active cross-links appears significantly longer
than PEG2000, resulting in a higher y,, and second, it results in
decreased cross-link density and therefore stiffness.
The trend of increasing y. as a function of SDS
concentration is displayed in Figure S.

15} POTPP o.... b
=10}
X K
N bd
5p
®
05 1

2 3
SDS conc. (g/ml) * 102

Figure S. Yielding strain against SDS concentration. Values are
determined from the strain sweep experiment (Figure Sla).

As opposed to SDS, in urea-containing hydrogels, we failed
to observe a clear increasing trend of the critical strain y, as a
function of urea concentration. The critical strain for all
measured samples is in the range of 1—3%. The lack of y.
increasing with urea might be due to the fact that urea, when
interacting with the micelles, is not dissolving them
significantly in order to result in apparent longer PEG
intermicellar segments which give rise to a more flexible
network and increased y..
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Influence of SDS and Urea on Stress Relaxation. Stress
relaxation of the hydrogels was studied to get more insight into
the lifetime of the cross-links at varying SDS and urea
concentrations.

Here, we discuss how the stress relaxes in these physical
hydrogels, when a step strain y = 0.1% is applied. Several
samples were tested, and the results are displayed in Figure 6.
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Figure 6. Stress relaxation responses in the presence of SDS and urea.
Stress relaxation of PE PEG2000 hydrogel at varying (a) SDS and (b)
urea contents, plotted as relaxation modulus G(t) versus time, at step
strain of 0.1%. The specific samples are listed in the panels.

It is evident that as SDS and urea concentrations increase,
there is also a faster stress relaxation. This is due to a more
dynamic network, which is able to rearrange at both structural
and conformational levels in order to release the stress. The
DFA micelles lifetime is reduced, allowing them to break and
re-form faster. Also, this partial disassociation of the micelles
leads to detachment of PEG chains from the micellar core,
which results in a more flexible system and allows for relaxation
of the stress through the network more quickly compared to
the reference hydrogel.

Since the network is transient and there are distributions of
chain lengths, topology, and DFA micelle sizes, the systems in
question are most likely characterized by a distribution of
relaxation times and not by a single relaxation process.
Moreover, there is also the relaxation process related to DFA
associations. The same has been seen in other transient
networks.”¥*” Therefore, as has been often successfully applied

to viscoelastic materials with transient cross-links,*>** we fit
the obtained data using a stretched exponential, as
(Y
G(t) = Ae(7) (1)

where 7 is the mean relaxation time, corresponding to the
average residence time of a hydrophobic unit in the micelle,
is the exponent associated with the moments, as described
previously,”” and A is the initial value of the relaxation modulus
G(t). The resulting fits are shown as solid red curves in Figure
6, while derived fitting parameters are listed in Table 1.

It has been shown that stress relaxation requires dissociation
of mechanically active chains bound to micelles.*® Since SDS
and urea cause solubilization of single DFA units and
weakening of the DFA domains, we expect this to result in a

faster stress relaxation. Indeed, it is clear from the figure that
the relaxation time 7 decreases as the amount of SDS present is
raised, meaning that the lifetime of the hydrophobic
associations in the sample swollen with SDS 0.03 g/mL is
much shorter compared to the reference hydrogel. The mean
relaxation time for the sample without SDS is 270 s, whereas it
drops to 102 s when SDS 0.03 g/mL is used. This implies that
the stress is dissipated more quickly, which is in line with
previous rheological experiments. When urea is present,
because of the urea-dependent weakening of hydrophobic
interactions and the increased solubility of hydrocarbons, we
obtain the same effect on the stress relaxation as seen for the
surfactant system. In fact, the urea-free hydrogel is
characterized by a mean relaxation time of 270 s, whereas
0.18 g/mL urea hydrogel has a mean relaxation time of 47 s.

From the obtained parameters it is possible to correlate the
change in relaxation time to the change in modulus between
different samples. When the relaxation times are changed by a
factor of 2 in SDS and urea-containing hydrogels, the moduli
change by a factor of 2.9 and 0.8, respectively. Therefore, the
stress relaxation data suggest that SDS has a very significant
effect on the modulus. This is due to the amphiphilic structure
and detergent-like properties of SDS, hence its ability to
solubilize and isolate single DFA units more effectively than
urea. On the one hand, urea displays a weaker effect on the
modulus, but, on the other hand, it exhibits a more
pronounced effect on the relaxation time than does SDS.
The effect of urea on the stress relaxation can be explained by
the fact that it is able not only to increase the solubility of large
hydrocarbons’' but also to interact with DFA micelles and
weaken the hydrophobic interactions.”’ The trends in the
variation of relaxation time and modulus caused by SDS and
urea are comparable to those observed from the superimposed
frequency measurements discussed above, thus indicating
consistency between the frequency-dependent and the stress
relaxation measurements.

Qualitative Assessment of Reversibility and Applica-
tion. When PE PEG2000 hydrogel was treated with SDS, it
became more viscoelastic, and it was liquid-like if swollen with
0.05 or 0.10 g/mL SDS. The liquid state is expected to go back
to its original, elastic and solid-like state upon removal of
surfactant. Gelation by removal of SDS was tested on a
solution in 0.05 g/mL SDS. The liquid-like nature of this
system was demonstrated by casting the solution directly onto
a glass plate. Figure 7a shows that the hydrogel flows and has
no fixed shape. However, if the same hydrogel was injected
directly into a large volume of water, the material maintained
the elongated shape assumed during injection. Because of
diffusion of SDS into the water, a gel with fixed shape was
formed (Figure 7b), of which the shape persistence after
approximately 5 min is shown in contrast with the freely
flowing behavior of the parent solution in Figure 7c. The use of
SDS can thus be a useful way to increase processability of the
material for specific applications and to restore gel-like

Table 1. Fitted Parameters Based on Stretched Exponential for PE PEG2000 Hydrogels at Various SDS and Urea Amounts

sample (g/mL) A [Pa] 7 [s] p P
no SDS 180000 270 0.239 0.99
0.002 SDS 87000 243 0.319 0.99
0.03 SDS 46000 102 0.257 0.99
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sample (g/mL) A [Pa] 7 [s] p ?
no urea 180000 270 0.239 0.99
0.09 urea 143000 70 0.251 0.99
0.18 urea 77000 47 0.251 0.99

DOI: 10.1021/acs.macromol.8b00892
Macromolecules 2018, 51, 4813—4820


http://dx.doi.org/10.1021/acs.macromol.8b00892

Macromolecules

=g

Figure 7. Surfactant-induced processability. (a) Hydrogel at SDS 0.05
g/mL being injected onto a glass plate; (b) the same hydrogel being
injected in water; (c) comparison between the two samples. Red dye
was used for easier visualization of samples.

properties afterward. Similar observations regarding mechan-
ical properties were described by Okay and co-workers.”*
The most striking differences between the SDS- and urea-
containing hydrogels are related to the degree to which these
agents influence the plateau modulus and the relaxation time.
This is evident from frequency-dependent measurements as
well as from stress relaxation experiments. In Figure 8, a direct
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Figure 8. Main effects on viscoelastic behavior of hydrogels caused by
SDS and urea. (a) Relaxation time derived from data in Figure 6; (b)
plateau modulus, taken at @ = 100 rad/s, plotted as a function of
SDS/urea concentration.

comparison between the effects of SDS and urea on the
modulus and relaxation time is shown. Both relaxation time
and plateau modulus decrease when the concentration of
interacting agents is increased. However, the effect on the
plateau modulus caused by SDS is much stronger than that of
urea (Figure 8b).

These differences between surfactant and urea can be
explained by a different way in which they interact with the
network, as depicted in Figure 1. SDS micelles solubilize
isolated DFA units from the aggregates, leading to a decrease
in network density. Urea does not form micelles and has a
weaker capacity to solubilize isolated DFA units, but it does
weaken hydrophobic interactions and in that way lowers the
activation energy for removal of DFA units from DFA
aggregates, which results in shorter relaxation times.

B CONCLUSIONS

We have studied in detail the viscoelastic properties and
changes in dynamics of a purely hydrophobic supramolecular
hydrogel when external chemical stimuli are applied, such as
the presence of surfactant molecules or urea in the background
liquid. Worth noticing is the fact that the surfactant SDS in
particular was able to drastically decrease the plateau modulus
of the PEG-DFA hydrogel. Our results strongly indicate that
these significant changes caused by SDS are due to its ability to
interact with and isolate DFA segments. Moreover, our work
shows that urea indeed alters the hydrophobic interactions
and, surprisingly, while affecting the material’s stiffness with
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the same trend as SDS exhibits a significantly more
pronounced effect on the relaxation time. These findings
could potentially be very significant also for other hydrogel
systems based either fully or partially on hydrophobic
associations, as the addition of either surfactant or urea
might help tune their mechanical and viscoelastic properties.
These reversible changes in dynamics and viscoelasticity
caused by SDS and urea suggest that under optimized and
suitable conditions properties of supramolecular hydrogels
could be tailored to fit a variety of needs. This might widen the
range of useful applications of supramolecular hydrogels by
helping to induce or improve self-healing, processability, or
even injectability of hydrogels with hydrophobic cross-
links,"*7~*
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