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Abstract

A number of functionalised dipeptides self-assemble in water under specific conditions to give micellar aggregates. The
micellar aggregates formed depend on the exact molecular structure and are important to understand as they control the
properties both of the micellar phase and also of the gel phase which can be formed from these precursor solutions. Here,
we investigate the rheological properties of a functionalised dipeptide which behaves as a surfactant at high pH. This solu-
tion has been shown previously to exhibit very “stringy” behaviour, and this has previously been characterised using capil-
lary breakup extensional theometry (CaBER). In the current technical note, we extend the rheological characterisation of
an exemplar precursor solution via small-amplitude oscillatory shear and steady shear. Using a cone-and-plate geometry
and a dedicated protocol, we can measure the first normal-stress difference N, and using a parallel-plate geometry to also
measure (N;-N,), subsequently determining the second normal-stress difference N,. In so doing, we confirm that these
systems are highly elastic, e.g. for shear rates greater than~30 s™!, corresponding to a Weissenberg number based on the
longest relaxation time ~ 330, N, > 10t where 7 is the shear stress, and also, we find that NV, can be significant, is negative and
approximately equal in magnitude to~0.36 +0.05 N,. Significant uncertainties associated with the normal-stress difference
data led to us using a range of different rheometers (and geometries) and highlight the issues with determining N, using this
two-measurement approach. Despite these uncertainties, the non-negligible value of the second-normal stress difference is
demonstrated for these fluids.
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Introduction

A number of dipeptides functionalised with large hydro-
phobic aromatic groups can self-assemble in water (Du
et al. 2015). The structures formed depend on the exact
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chemical structure and the pH of the water. There is signifi-
cant interest in these materials as they form solutions with
non-trivial rheological behaviour as well as the potential to
form gels when salts are added or a pH change is carried out.

In the solution phase, the more hydrophobic examples
form viscous solutions and have been shown to contain
wormlike micelles (Chen et al. 2013; McAulay et al. 2020).
A typical example is solutions of naphthalene-dipeptides
2NapFF (2NapFF = 2-(naphthalen-2-yl)-acetamido)-
3-phenylpropanamido)-3-phenylpropanoic acid) (Fig. 1).
At a pH of around 10.5 and a concentration of 0.1 wt%,
2NapFF forms anisotropic structures, whose morphology
depends on the cation of the metal hydroxide used to form
the high pH solution (McAulay et al. 2020). When caesium
hydroxide is used, wormlike micelles are formed that are
around 4.6 nm in diameter and microns in length (McAulay
et al. 2020). Wormlike micellar formation can be shown
by microscopy as well as small-angle neutron scattering
(McAulay et al. 2020). These solutions show a highly elastic
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Fig. 1 a Chemical structure of
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nature and exhibit significant extensional viscosity effects
(e.g., relaxation times measurable using a capillary break
up extensional rheometer (CaBER)). Although not seen in
the cryo-TEM (Fig. 1b) due to the preparation processes
involved in the technique, the shear viscosity and extensional
viscosity appear to arise from entanglements; no evidence
for permanent cross-links is found in the microscopy and
neither is there any evidence of branching (see, e.g. the

———— 200 nm

cryo-TEM data in Fig. 2 of McAulay et al., 2020). Although
the cryoTEM data does not show entanglements, it exempli-
fies the presence of these micellar structures, agreeing well
with the fits to the small-angle scattering data (which probes
the bulk) for example, confirming that these systems are
wormlike micelles.

These solutions show interesting behaviour. Addition of
calcium or magnesium salt at high pH results in gel
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formation (Chen et al. 2013). Gels are also formed if the pH
is decreased. In the micellar phase, heating and cooling the
solution results in a significant increase in the extensional
viscosity, which is due to a change in the molecular packing
in the micellar aggregates resulting in more rigid structures
being formed (Draper et al. 2017a, b). It is also possible to
align the micellar aggregates using a magnetic field
(McAulay et al. 2020). Outside of steady shear viscosity and
CaBER data, the broader rheological response of these
dipeptide solutions has yet to be investigated, and the pur-
pose of the current paper is to address this topic, with
emphasis on non-linear normal stresses developed during
steady shear. Of particular interest is how the rheology of
these novel, apparently wormlike, micellar fluids compares
to those more classic, wormlike micellar solutions formed
by the self-assembly of surfactants in solution (Rehage and
Hoffmann 1991). Such wormlike micelles or “living poly-
mers” — so-called due to their rheological response being
similar in many ways to polymer solutions (Fardin and Ler-
ouge 2014) — are of particular interest from a rheological
perspective because their long flexible cylindrical geometry
can lead to entanglement even at relatively low concentra-
tions (Rehage and Hoffmann 1991). In semi-dilute solution,
these wormlike micelles exhibit remarkably simple rheologi-
cal behaviour; their linear rheology measured in small
amplitude oscillatory shear flow is often well described by
a single-element Maxwell model with a single relaxation
time (Berret 2006). The non-linear rheological and flow
response of wormlike micelles has proven to be incredibly
rich both in simple shear flow (Lerouge and Berret 2009)
and in more complex flow configurations combining shear
and extensional deformation (see Rothstein and Mohamma-
digoushki 2020). In the semi-dilute concentration range,
wormlike micelles can display simple shear thinning (in the
low limit of this concentration range), but the prevailing
behaviour is to exhibit so-called shear-banding flow. In the
latter case, the fluid exhibits a non-monotonic constitutive
curve (i.e. the shear stress vs shear rate curve enforcing the
homogeneity of the flow). Experimentally, the correspond-
ing flow curve presents a stress plateau above a critical shear
rate, and the flow splits into domains bearing high and low
shear rates (Divoux et al. 2016). The dipeptide wormlike
micellar solutions used here do not appear to exhibit such
shear banding but simple shear thinning. Although there
have been many papers reporting shear rheology data for
classical wormlike micelles (see, e.g. the review of Ander-
son et al. 2006), there has been surprisingly little measure-
ments of the normal-stress differences. A few measurements
of normal-stress differences are available in the dilute regime
where the systems exhibit shear thickening (Lee et al. 2002)
and in the concentrated regime where shear banding is also
observed (Helgeson et al. 2009). In the semi-dilute regime,
it appears that most normal stress data in the literature,

starting with a single plot of the transient behaviour of N, at
a single shear rate in the seminal work of Rehage and Hoff-
mann (1988) is for systems based on cetylpyridinium chlo-
ride (CPyCl) and sodium salicylate (NaSal) at various con-
centrations. Steady-state data across a broad range of shear
rates for both a CPyCl/NaSal system and a system based on
cetrimonium bromide (CTAB) and sodium salicylate
(“CTAB-NaSal”) (Fischer and Rehage 1997) show that the
CPyCl/NaSal system exhibits classical quadratic scaling of
N, with shear rates at low shear rates (with N/t reaching a
maximum ~ 3); beyond this shear rate, it is likely the data
shown are not at steady-state (see, e.g. the SI data in Lopez-
Barrén et al. (2014) where N, is seen to increase in the
whole shear-banding regime). In contrast, the CTAB/NaSal
system has no N, data at low shear rates but at higher rates
appears to scale approximately linearly with shear rate.
There is a concomitant shear-thinning of the viscosity in this
range (the shear stress scaling approximately as 7 « 7%%9)
which enables N,/ to reach very high values (~ 30 at the
highest shear rate of ~50 s~! corresponding to a Weissenberg
number of 35 based on a small amplitude oscillatory shear
relaxation time (0.7 s)). Similarly, large values of the maxi-
mum of N,/t have also been observed for a range of CPyCl/
NaSal systems (Pipe et al. 2010; Vilageliu 2013), CTAB/
NaNO; (Fardin and Lerouge, 2012) and a system based on
cetyltrimethylammonium tosylate (“CTAT”) (Garcia-Sand-
oval et al. 2018). Only one study seems to have measured N,
directly for a semi-dilute entangled wormlike micellar fluid,;
Pipe et al. (2010), using a cone-and-plate geometry com-
bined with a measurement of the pressure gradient (Baek
and Magda 2003), found —x—? ~ 0.4 for a CPyCl/NaSal sys-

tem but with significant uncertainty as the data is susceptible
to small variations in the fitted slope (we note there are also
limited N, data in the Ph.D. thesis of Ober 2013). A few
datasets have also been reported regarding the transient
response of N, following step shear rate in CPyCL/NaSal
solutions (Fischer and Rehage 1997; Gaudino et al. 2020).
Finally, Kim et al. (2013) used a superposition of an oscil-
latory motion onto a steady-state shear flow to probe a semi-
dilute wormlike micellar solution based on CPyCl/NaSal/
NaCl. In this case, the values for the normal stress compo-
nents can also be obtained directly, without complex fitting
procedures, from the in-phase superposition moduli. The
data is consistent with a Giesekus model (Giesekus 1982)
such that —% ~ 0.25 in the low shear rate range. Thus, the

limited datalavailable for semi-dilute wormlike micelles
would suggest that N, is not negligible for such systems and
at least as important as it is in concentrated and entangled
polymeric solutions (see the data reviewed in Maklad and
Poole 2021).

In the current paper, we investigate the shear rheology
of one such functionalised dipeptide solution (“2NapFF”),
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which we have previously shown exhibits strong extensional
viscosity effects with particular attention placed on steady
shear flow and the normal-stress differences developed under
flow.

Working fluids

The sample preparation and chemical characterisation of the
so-called 2NapFF functionalised dipeptide solutions used in
the current study were previously reported in Draper et al.
(2017a, b). 2NapFF consists of two amino acids connected
by a peptide bond which are functionalised at the N-terminus
by two naphthalene aromatic groups. 2NapFF solutions
form low-molecular—weight hydrogels (LMWGs) when
the pH is decreased. In the “precursor” phase (i.e. prior to
gelation caused by pH decrease), 2NapFF self-assembles
and forms wormlike micellar structures (Chen et al. 2010;
Draper et al. 2020). Here, we study a single concentration
of 10 mg mL~! in aqueous solution. Controlling the
sample preparation methodology is critical for ensuring
reproducibility. To prepare the working fluids, the terminal
carboxylic acid was deprotonated using caesium hydroxide
(CsOH). The salt addition deprotonates the carboxylic acid,
resulting in a surfactant-like structure and exhibiting very
“stringy” behaviour which was found to correlate with
relaxation times on the order of 1 s using capillary breakup
extensional rheometry (CaBER) (Draper et al. 2017a, b).
To prepare the solutions, 1 molar equivalent of caesium
hydroxide was added using a 0.1 M solution with respect to
2NapFF and then deionised water added to make up the final
volume to give a concentration of 2NapFF of 10 mg mL™".
Seventeen millilitres of the 2NapFF solution was prepared in
50-mL Falcon tubes, stirred with a 25 X 8-mm stirrer bar and
wrapped in Parafilm. The sample was stirred at 1000 rpm
for 7 days and then left to stand before measurement. All
solutions were formed at room temperature (normally
between 22 and 25 °C).

Experimental methods

We characterised the rheology of our functionalised
dipeptide solution in small amplitude oscillatory shear
(SAOS) and steady shear using both cone-and-plate and
parallel-plate devices to allow us to obtain both the first and
second normal-stress differences.

Small amplitude oscillatory shear (SAOS) measure-
ments were performed using a TA instruments AR 1000 N
controlled-stress rheometer. To minimise inertial effects,
a light-weight 6-cm-diameter 2° acrylic cone was used at
an operating temperature 20 °C, which was controlled by a
Peltier plate with precision within+0.1 °C, and, to prevent
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evaporation, a solvent trap was employed. A stress sweep
was performed at a frequency of 1 rad/s to determine the lin-
ear viscoelastic (LVE) regime for oscillation stresses ranging
from 0.01 to 20 Pa. The oscillation stress chosen in the LVE
range to perform the frequency sweep tests was 0.1 Pa over
three decades of frequency from 0.01 to 10 rad/s.

Steady shear tests to determine both first and second
normal-stress differences were performed on two different
stress-controlled Anton Paar MCR 302 rheometers. A 1°
steel cone-and-plate geometry with either 5 or 6 cm diameter
(CP50 and CP60 respectively) was used to measure the first
normal-stress difference N, and, using a 5-cm diameter
parallel-plate geometry (PP50) made from steel, at a gap of
0.5 mm, to measure N; — N, through the measurement of the
axial thrust using the following two equations:

L 2F ()
N1<y>=% (1)
) ) 2F pp (7 1dinF, (7

where Fp is the axial thrust from the cone-and-plate
geometry ¥, is the shear rate (and yy is the shear rate at the
“rim” or edge of the parallel plate), R is the radius of the
geometry in use, and Fpp is the axial thrust from the plate-
and-plate geometry.

All steady shear measurements were performed at a
fixed temperature of 20 °C, which was controlled using a
Peltier plate with precision of +0.01 °C, and, to prevent
evaporation, a trap was again used. The measurements were
realized through two different approaches, the first one used
a dedicated protocol (protocol no. 1) (Casanellas et al. 2016;
Poole 2016), with 13 different shear “peak hold” intervals
being applied to the sample for 300 s for each shear rate in
the following order (0.01-10-0.01-20-0.01-50-0.01-100-
0.01-200-0.01-500-0.01 s™1). This protocol is essentially a
series of “start-up” experiments that enable us to determine
the steady state for each shear rate. The only difference to
standard start-up experiments is that after each shear rate,
we do a “baseline” repeat of our lowest shear rate (0.01 s71)
to allow us to account for normal-force drift. The repeated
low shear rate value between each step, where the normal-
stresses should be negligible as they must scale as the
square of the shear rate in this limit (Barnes et al. 1989),
then allows us to empirically correct for the normal-force
transducer drift that was observed with the cone-and-plate
geometry. This drift was fit to a linear fit through the low
shear rate datasets immediately before and after each high
shear interval, and then, this fit was used to “add on” the
corresponding value to correct the data such that Ny =0
identically for each low shear rate interval. An example of
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this uncorrected data is shown in Fig. 6 in Appendix 1 with
the linear fit for the low shear rate values shown as a dashed
line for one of the intervals at 200 s~'. Moreover, to correct
for inertia effects, Eq. 3 was used to add an amount (AF) to
the normal force measurement (Barnes et al. 1989):

AF = 43—07rpa)2R4 3)
where p is the fluid density, @ is the angular frequency of
the rotation, and R is still the radius of the geometry used.
After corrections for both the normal force transducer drift
and inertia, the last 30 measurement points were averaged to
compute the viscosity and normal-stress differences at each
corresponding shear rate.

The second protocol (protocol no. 2) used was the
application of a logarithmic decreasing rate sweep to a fresh
sample, starting from 500 s~! down to 0.005 s~!, with a
sampling time of 60 s per data point and a resolution of 10 pts/
decade. For the smallest applied shear rates, typically between
0.005 and 1 s™!, the thrust was found to be approximately
constant but nonzero. For each flow geometry (PP and CP),
the value of the thrust averaged over this small range of low
shear rates was subtracted from the whole set of data points
to correct the measured thrust as a function of the shear rate.
The inertia correction (Eq. 3) was then applied to the dataset.

Results and discussion
Small amplitude oscillatory shear results

Figure 2 shows SAOS experimental data for the functional
dipeptide solution along with “Maxwell” fits for G and G,
represented by the solid lines, which correspond to a three-
mode fit:

' .40 M. Ay @ 3. A3.0°
G = 2 2 2 @
1+ (Al,w) 1+ (/lz.a)) 1+ ()»3@)
G - Mo 1.0 3.0
1+ (/11‘60)2 1+ (/12.60)2 1+ (/13,60)2 ©)

where G’ is the storage modulus (Pa), n; is the ith polymeric
viscosity component (Pa s), 4; is the ith mode relaxation
time (), w is the angular frequency (rad/s), and G''is the loss
modulus (Pa). (NB. Increasing the number of modes to four
makes a negligible decrease in the error and does not alter
either the estimate of the longest relaxation time (10.94 s cf
10.87 s) or the mode-averaged relaxation time). Three repeat
datasets are included in Fig. 2 to highlight consistency.
The values of each of these parameters are included as an
inset in Fig. 2 and in Table 1. At low frequencies, G’ varies

Table 1 Maxwell mode fitting parameters

Viscosity modes Relaxation times

7, (Pas)
0.154

1, (Pas)
0.036

n3(Pas) A,(8) Ay(8) A3(s)
0.021 10.87 0.026 0.645

quadratically, and G varies linearly with frequency showing
the expected terminal behaviour (Barnes et al. 1989)
although the smallest G' values, highlighted by the use of
filled symbols in Fig. 2, are close to the resolution of the
instrument and were therefore not included in the fit. We
note that the shape of the G, G curves are very different
from the single-mode Maxwell behaviour usually observed
in classical wormlike micelle systems in the semi-dilute
regime (Lopez-Barrén et al. 2014). For such classical
systems, as they are so well fit by a single-mode model, the
cross-over frequency where G' = G’ can be used directly
to determine the relaxation time (via the reciprocal of the
cross-over frequency). In contrast, for the functionalised
dipeptide solution used here, there is no strict cross over
frequency as the storage modulus remains lower than the
loss modulus across the whole frequency range (although the
datasets are closest at a frequency ~ 0.2 rad/s). Additionally,
there is a clear minimum in the magnitude of tan (8), which
also occurs at 0.2 rad/s. We note that Oelschlaeger et al.
(2009) measure G" and G"” on CPyCl/NaSal systems as a
function of w over a very large range of angular frequencies
using diffusing wave spectroscopy, at various temperatures,
and the data exhibits some similarities with our system.

Shear viscosity and normal-stress difference results

Figure 3a and b show the measurements of the shear vis-
cosity, first normal-stress difference N; and the difference
between normal stresses (N;-N,) using CP60 and PP50
geometries respectively and protocol no. 1. The shear vis-
cosity measurements are in good agreement between both
geometries; however, the first normal-stress difference for
the cone-and-plate geometry was affected by normal force
transducer drift which was not observed in the parallel-plate
geometry, as shown in Fig. 6 in Appendix 1. As already
discussed, this normal force drift was corrected using the
method described in “Experimental methods.” It can be
immediately seen that the N;-N, data are noticeably higher
than the N, data indicating that N, is negative and non-neg-
ligible for these fluids.

The sensitivity of the results to the chosen geometry
was also checked, and some limited measurements were
conducted with a smaller 4-cm diameter 1° acrylic cone-
and-plate geometry, as shown in Fig. 7 in Appendix 2, and
via varying the gap for the parallel-plate geometry as shown
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Fig.3 (a) Shear viscosity and (b) and normal-stress differences
against time for various peak hold shear rates (indicated in figure) for
2NapFF-Cs solution using cone-and-plate and parallel-pate geom-

in Fig. 8 also in Appendix 2. These checks were undertaken
given the surprisingly large values of N, observed in order
to confirm repeatability of the result (and check sensitivity).
Good agreement between the datasets was observed with
these geometric variations giving confidence in the results
and also suggesting slip is not an issue for these systems.

@ Springer

etries. Normal force transducer drift and inertia have been corrected
for normal-stress difference data (protocol and original data shown in
Appendix 1 Fig. 6

Figure 4 shows the shear viscosity (7) (Fig. 4a), first nor-
mal-stress difference (N;) (Fig. 4b), and the difference
between first and second normal-stress differences (N,-N,)
(Fig. 4c), as a function of the shear rate as obtained by aver-
aging the last 30 points of the data shown in Fig. 4. Addi-
tionally, all figures contain additional data using protocol
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Fig.4 a Time average shear viscosity data and b, ¢ normal-stress dif-
ferences data against shear rate from both peak hold and rate sweep
protocols; black symbols are for measurements using protocol no. 1,
and blue symbols for protocol no. 2 both using MCR302 (for proto-

no. 2 (obtained on a separate rheometer and by a differ-
ent user). The repeatability of the data across protocols and
samples is generally good, especially for viscosity and the
parallel-plate normal force (i.e., N,-N,) at higher shear rates.
The effect of shear history is most easily seen in the vis-
cosity data: protocol no. 2, which goes from high to low
shear rates, gives higher viscosities for shear rates less than
1 s7!. The broad spread of viscosity data at the lowest shear
rate (0.01 s™!) — with each data point corresponding to a
different shear history with each return to the “baseline”

Ni— Ny = 21257

102 107" 10° 10" 102 10%
Shear rate, [$']

col no. 1 averages determined via the last 30 s of the shear interval
data shown in Fig. 3). Inset in b shows the ratio between first normal-
stress difference and shear stress against shear rate. Table 2 lists fit-
ting parameters

in protocol no. 1 — also highlights the sensitivity to prior
shearing. Differences in creating nominally identical sam-
ples — as highlighted earlier — may also be responsible for
some of the differences observed between the results across
protocols. We also note that despite the high level of elastic-
ity measured both in SAOS and in steady shear, the data do
not exhibit any signs of flow instability (i.e. due to inertia
or elasticity), and any fluctuations around the steady state
values generally remained less than 1%. Some in situ meas-
urements of structure across these shear rate range would be
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of interest to determine if shear-induced viscosity changes
correlate with a change in the microstructure, but this is
outside the scope of the current study.

As the previous CaBER data suggested, our normal-
stress data confirms that these dipeptide systems are highly
elastic. For example, the ratio of N, to 7 (where 7 is the shear
stress) is often taken as a measure of how elastic a liquid is:
specifically, N, > 27 is used and is called the “recoverable
shear” (Barnes et al. 1989). One can also think of this as a
Weissenberg number based on the ratio of elastic to viscous
stresses (Morozov and van Saarloos 2007; Poole 2012).
For the dipeptide solutions and for shear rates greater than
about 30 s~!, corresponding to a Weissenberg number based
on longest relaxation time ~ 330, we see that N, > 107. In
addition, we find that N, is significant, negative and equal
in magnitude to~0.36 +0.05 N,. To obtain these shear-rate
independent estimates, we forced all the normal force data to
be identical power-law functions of shear rate (in this case,
forcing the best fit for a power-law value of 0.7). Complete
fit information is given in Table 2. This ratio of N, to N,
is broadly consistent with the only known N, results for a
classical semi-dilute entangled wormlike solution based on
cetylpyridinium chloride (CPyCl) and sodium salicylate
(NaSal) (Pipe et al. 2010; Ober 2013).

Given the known difficulties of using this approach to
estimate N,, and in order to double check the normal-stress
difference results, measurements were taken on different
rheometers and by different users in both Liverpool and
Paris (using different protocols). There was some scatter in
the measurements, but overall the data is in broad agree-
ment. In particular, the scatter of the N, data (from the cone-
and-plate geometry) is higher than the data for N,-N, (from
the parallel-plate geometry) which is consistent with the data
in Appendix 1 Fig 6 where the cone-and-plate suffers from
significant zero-shear rate “drift” issues which are absent
from the corresponding parallel-plate data.

It is tempting to try to infer some microstructural
information from the normal-stress data, especially with
regard to the large N, observed for this system where for
some experiments, it was seen that N, could approach
N, in magnitude (i.e. N;~-N,). Such behaviour has been

Table 2 Normal-stress data fits from both protocol no. 1 and protocol
no. 2 and combined datasets

Best fits individual Forced fits all data (same

data sets exponent)
N, (Pa) N, — N,(Pa) N;(Pa) N, — N,(Pa) —N,/N,
Protocol ~ 0.770%  2.867%% 156707 2.027%7 0.36
no. 1
Protocol 0.677%84  2.15972
no. 2
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predicted to occur theoretically for fluids exhibiting “sheet-
like” or “film-fluid-like” behaviour (Larson 1997). In this
paper, Larson (1997) shows that for certain film models,
the predicted behaviour is precisely N; = — N, and offers
the following explanation “Films, on the other hand, orient
parallel to the XZ plane in shear so that both 7z, and 7,
are large compared to z,,. This implies that N, ~-N; for
films.”. Clearly, constitutive equations that can predict
non-vanishing N, in steady simple shear, via incorporating
either quadratic stress terms (such as the Giesekus model
Giesekus 1982) or the full Gordon-Schowalter derivative,
such as the Phan-Thien and Tanner (Phan-Thien and
Tanner 1977) model for polymeric systems, may be required
to accurately model these systems in steady shearing.

As is clear from Fig. 3a, these peptide solutions also
exhibit some shear history effects as upon increasing the
shear rate and returning to the same low shear rate; the
shear viscosity at the low shear rate value of 0.01 s™! can
be seen to be continually increasing with each repetition
(which is, of course, “sandwiched” between increasing
shear rates altering the shear history experienced by the
sample each time). This change in viscosity may be due
to air bubbles being introduced via instability, or ejection
of material; however, we do not believe this to be the
case. If material was being ejected, then we would expect
significantly lower viscosities when we do the baseline
repeat after each step, and this is not what is observed. We
believe the introduction of air bubbles causing this subtle
shift is also unlikely. To avoid evaporation, we make use
of a solvent trap which, for protocol no. 1 measurements,
precludes a direct visual observation of what is happening,
but the excellent repeatability of the datasets on the same
sample would suggest air introduction via instability is
unlikely. For protocol no. 2, we used a transparent solvent
trap and did not observe any evidence of instability/air
entrainment. The repeatability between experiments using
cone-and-plate and parallel-plates shown in Fig. 3a is also
excellent which is also inconsistent with the differences
being driven by an instability rather than shear history.
In Fig. 5a, the shear stress is plotted against shear rate
highlighting this increase. To probe this shear history effect
— and to determine if it is reversible given sufficient rest
— Fig. 5b shows data with pre-shear at 1000 s~! followed
by a 1-h waiting time, and the viscosity increase at low rate
appears to be permanent. However, in Fig. 5c, viscosities
with and without a significant pre-shear, but otherwise
following the same protocol (no. 1) as adopted for the
earlier measurements, show there are subtle effects and that
shearing at slightly higher rates seems to “reset” the dataset
which had the pre-shear at 1000 s~'. Small differences that
emerge at higher rates may simply be due to repeatability
issues or an indication of genuine differences in the rheology
due to the different shear histories.
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Conclusions

We have studied the linear (SAOS) and non-linear (N, N,)
rheology of a novel functionalised dipeptide system which
self-assembles in water under specific conditions to give
entangled wormlike micellar aggregates. Although these
solutions had previously been characterised via steady
shear viscometry and transient uniaxial extension (using
CaBER), their broader rheological characteristics had not
been studied in detail. The SAOS linear rheology reveals
significant differences to “classical” wormlike micellar
systems (e.g. those based on CpyCl/NaSal for example) —
which are usually very well fit by a single Maxwell mode —
such that a cross-over point enables easy estimation of the
longest relaxation time. For the non-linear shear rheology,
the use of a cone-and-plate geometry and a dedicated
protocol allowed us to measure the first normal-stress

difference N,. Following this, a parallel-plate geometry
provides the difference between normal stress differences
(N;-N,). Postprocessing the results allows the second
normal-stress difference N, to then be determined. In so
doing, we confirm that these systems are highly elastic,
e.g. for shear rates greater than~30 s™!, corresponding to a
Weissenberg number based on longest relaxation time ~ 330,
the first normal stress difference N, > 10t where 7 is the
applied shear stress. We also find that N, can be significant,
is negative and is approximately equal in magnitude
to~0.36 +£0.05 N,. Significant uncertainties associated with
the normal-stress difference data led to us using a range of
different rheometers (and geometries) to confirm this result
whilst highlighting the known issues with determining
N, using this two-measurement approach. Despite these
uncertainties, the non-negligible value of the second-normal
stress difference is demonstrated for these fluids.

@ Springer
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