Multimodal character of shear viscosity response in hydrogen bonded liquids
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The impact of supramolecular aggregate formation on the shear viscosity response of hydrogen
bonded liquids was investigated. In particular, we study the shear mechanical response of several
monoalcohols showing exponential and non-exponential shape dielectric Debye-like relaxation. In
addition to the structural relaxation, distinctive of the glass transition, and the terminal crossover to
pure viscous flow, characteristic of simple liquid flow, systematic analysis of complex viscosity curves
evidence the presence of an additional intermediate process between those two. While the recovery
of pure viscous flow would reflect the complete relaxation of the hydrogen bonded aggregates the
intermediate process correlates with the rotational dynamics of hydroxyl groups, pointing to be
caused by the breaking of individual hydrogen bonds.

Shear viscosity is a transport property of liquids deter-
mined by dynamics and measuring the resistance of the
liquid to flow. In addition to its practical importance
in chemical engineering and tribology, this fundamental
physicochemical property of solvents controls microscopic
dynamics such as chemical reactions and molecular dif-
fusion with consequences for the locomotion of microor-
ganisms, flow of blood in vessels and many other bio-
scenarios. At the molecular scale the ability of neighbor-
ing molecules to rearrange and jostle past each other de-
termines the propensity of a liquid to flow, the variation
in viscosity of different polymer sizes and architectures
being a clear example! .

Yet, it is not always obvious how the macroscopic flow
is connected to the atomic/molecular dynamics and com-
plex phenomena can emerge from the presence of differ-
ent kind and degree of intermolecular interactions be-
tween molecules, which, in some cases, result in transient
network structures and complicate the molecular scale
picture of viscosity. Hydrogen bonding and Coulombic
interactions for example are responsible for the meso-
scopic structure arising in some monoalcohol (MA) and
ionic liquids with long alkyl chains® 2. The interest in
understanding hydrogen bonded networks is ubiquitous
while the need to understand the impact of molecular
organization on the physicochemical properties of ionic
liquids has both a practical and a fundamental basis. In-
terestingly, Perera et al. reported the same origin for
the structural prepeaks of ionic liquids and high alcohols
very recently (2017)%. In essence, molecular arrangement
of these liquids in polar and non-polar domains resem-
ble the more long-lived structure of surfactant solutions.
Since the characteristic mesoscopic structure of surfac-
tant solutions is responsible for their large structural vis-
cosity, the study of the structure and dynamics of these
kind of transient networks and their possible influence in
the flowing behaviour of liquids has lately drawn a lot of
attention® 2!,

Theoretical and molecular dynamics simulation works
by Yamaguchi (2016 and 2017)1%!! show bimodal relax-

ation modes for shear viscosity in high alcohols and long
chain ionic liquids which are assigned to the structural
dynamics at the "prepeak” and the main peak. More-
over, experimental observation of mesoscale organization
arising from the hydrophobic aggregation of extended
alkyl tails has been reported in shear-mechanical and
dielectric spectra of a series of bulk alkyl-imidazolium
ionic liquids (2017)'6. The imprint of the mesoscopic
network relaxation of the alkyl-imidazolium ionic liquid
in the dielectric response as a narrow relaxation slower
than the structural relaxation is particularly interesting,
as it immediately resembles the famous so called Debye
or Debye-like dielectric relaxation of MAs?2. This pro-
cess has been the object of intense research throughout
the last century and it is broadly accepted to be related
to the supramolecular structures or aggregates result-
ing from hydrogen bond interaction. Xiong et al. also
reported a narrow dielectric relaxation slower than the
structural one in a supramolecular polymer with triple
hydrogen-bonding motifs and bring up its resemblance

with the MAs Debye-like relaxation on the discussion?!.

The very intense dielectric Debye-like relaxation ob-
served in MAs is often rationalized invoking chain-like
structures explaining the large Kirkwood correlation fac-
tor g in these systems. As a consequence, analogy to
polymer chain dynamics has been used in some con-
texts to discuss dynamics of MAs chain aggregates!s.
Regarding the shape of this process, although most
Debye-like relaxations have been reported to be expo-
nential relaxations Wang et al. reported clearly non-
exponential shapes in 2-butyl-1-octanol (2B10) and 2-
hexyl-1-decanol (2H1D)2?3. The closeness of the Debye-
like and a-relaxation timescales in MAs, however, poses
extra difficulties on their detailed characterization. As
a consequence, in previous works we have been explor-
ing new routes for measuring and analyzing the Debye-
like and a-dielectric relaxation of MAs with the aim
of clarifying i) the cause of the apparently exceptional
non-exponential character of the Debye-like relaxation in
2B10 and 2H1D and ii) to which extent one can ex-



tend the analogy of polymer chain dynamics to chain-
like aggregate’s dynamics?42°. Results suggest that the
non-exponential character of the dielectric Debye-like re-
laxation might be a general characteristic in the case
of not so intense Debye-like relaxations relative to the
a-relaxation. Contrary to the general believing estab-
lished for many years, the process leading to the intense
dielectric Debye-like relaxation is likely to have an im-
print on the mechanical properties of these liquids as re-
ported by recent shear modulus investigations!315. With
all, it is clear that the characterization of the shear re-
sponse of MAs and its comparison with other hydrogen
bonded and ionic liquids, or their dielectric relaxation is
very appealing. In this work we have performed shear-
mechanical measurements of several MAs (see figure 1)
and a simple liquid and analyzed their complex shear
viscosity as a function of frequency (in addition to the
more standard shear modulus) with the aim of resolv-
ing the non-simple shear viscosity relaxation observed in
the simulation works and exploring possible traces of the
non-exponential character of the Debye-like relaxation on
the mechanical response of MAs.

2-Butyl-1-Octanol; nc=12

H,C OH H,C

2-Hexyl-1-Decanol; n=16

Propylene Carbonate ('_:H3 1-Butanol; ni=4

0O,

HSCWO HSC/\/\OH

3,7-dimethyl-1-Octanol; n.=10

H3CWOH

CH, CH,

2-Ethyl-1-Hexanol; n.=8

H3C/\/\(\OH
CH,

FIG. 1: Molecular structure of the studied samples.

I. EXPERIMENTAL

The complex shear modulus and viscosity were mea-
sured with a TA Instruments ARES rheometer with sepa-
rate motor transducer using invar plates (8mm diameter)
in parallel geometry. Each sample was analyzed over a
range of temperatures from about 2 degrees below calori-
metric glass transition to a temperature high enough for
the terminal behaviour to be observed, generally around
15-25 degrees above T, for MAs. At the lowest tem-
perature dynamic strain sweep tests at 400rad/s were
performed to determine the linear regime in which the
storage (G’) and loss (G”) moduli were constant for each
system and a strain in this linear regime was chosen for
subsequent measurements which provide torque in the
desired range. Dynamic frequency sweeps at a constant
strain were run at frequencies between 0.1 and 100 rad/s.
Occasionally this range was increased in order to access
the glassy range in samples with glass transition near the

low-T limit of the instrument or to avoid cold crystalliza-
tion.

II. RESULTS AND DISCUSSION
A. Shear and viscosity curves

Figure 2 shows the real (G’) and imaginary (G"') parts
of the shear modulus (G* = G’ + iG"”) as a function
of angular frequency w in rad/s for several MAs and a
prototype simple liquid propylene carbonate (PC). The
broad frequency range showed in the figure is the result
of applying time-temperature-superposition to the curves
measured at different temperatures. Detailed charac-
terization of Debye-like and « relaxation characteris-
tic times by Broadband Dielectric Spectroscopy (BDS)
shows that their ratio is not monotonous?*2%, but as we
discuss in detail in the supplementary material, the mag-
nitude of the possible ”themorheological complexity” in
the shear response would in any case be too small to sig-
nificantly alter the qualitative features observed in the
master curves. At the highest frequencies, recorded val-
ues of G’ are somewhat lower than expected (below 1
GPa) most probably due to contributions from the tor-
sional compliance of the instrument?7.

The simplest approach to describe the viscoelasticity
of glass forming systems is the Maxwell model where

(wTar)?

G'(w) = Gpma (1)

WTM

17" _
G (w) - Pl + (WTM)27

(2)
with G, shear glassy plateau value and 7j; relaxation
characteristic time. In the low frequency limit G'(w)
and G”(w) show the so called terminal behavior where
G'(w) x w? and G”(w) x w respectively. Although in
simple liquids the structural or a-relaxation process is
well stretched already, the distribution has little impact
in the low frequency flank of the modulus representa-
tion so that 7,4 =~ Tar to a good approximation, where
Tmaz = 1/Wmae stands for the maxima of the segmen-
tal relaxation in G”(w). The shear relaxation of asso-
ciated liquids and polymers in general is more complex
and may involve additional relaxation processes, but the
G'(w) o« w power law characteristic of pure viscous be-
havior is still recovered at sufficiently high temperatures
and low frequencies. Similar to the previously reported
mechanical response of 2-hexyl-1-hexanol (2E1H) and x-
methyl-3-heptanol series'®'%, the shear modulus of 3,7-
dimethyl-1-octanol (37dM10), butanol (40L), 2B10 and
2H1D as well do not conform to that expected for sim-
ple liquids (see figure 2). Compared with the response
of the prototype simple liquid PC (see figure 2a and
references?®29) the MAs show a more extended response
with an intermediate region between the glassy zone (in-
dicated by the crossing of G’ and G”) and the terminal
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FIG. 2: Master curves for the complex shear modulus of various samples. Filled symbols correspond to real part while empty
represent the imaginary part. Solid lines indicate a w? power law characteristic of the so called terminal behavior in G’ (w).
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FIG. 3: Shear viscosity master curve for 2E1H.

zone (where G’ o< w? and G”  w). The extent of this
intermediate region does not seem to correlate with the
length of the molecule as 40L and 2H1D for example
look similar and 2E1H shows more extended response

than 37dM10. Although the slope of this intermediate
region is about 2/3 for G’ and G” in 2E1H (resembling
polymer-like behavior as noted in reference'®) no such
trend is reproduced in the rest of the MAs.
Equivalently the shear mechanical response of the sam-
ples can be represented by the complex shear viscosity
n* = n' — in”, which is related to shear modulus as
G* = iwn*. Very recently Yamaguchi reported bimodal
frequency-dependent shear viscosity for several alcohols
calculated from the time correlation function of the stress
tensor obtained by molecular dynamic simulations'?. Al-
though the information contained in viscosity data is the
same, this representation can aid in resolving the pres-
ence of different processes by eye as they may appear
highlighted in the form of maxima (or more pronounced
power law changes or "shoulders”). As an example figure
3 shows complex shear viscosity data for 2E1H at a 173K
reference temperature. For fluids showing ideally viscous
flow the applied deformation energy is completely used
up (nothing is stored). For viscoelastic fluids the viscous
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FIG. 4: Imaginary part of the shear viscosity. Open arrows are guides for the eye indicating maxima and shoulders in 1" (w).

Black arrows indicate crossover to pure viscous flow. Solid and dashed lines represent « w and o w

behaviour is rendered by the real part of the viscosity
(' = G" /w) while the elastic behaviour (energy storage)
is rendered by the imaginary part (n” = G'/w). At low
frequencies or equivalent high temperatures the monoal-
cohol in figure 3 behaves as a liquid with a well defined
constant viscosity while the elastic component decreases
rapidly (terminal behaviour for 7" o w -see inset in figure
3-). As frequency increases or temperature decreases the
elastic component of the viscoelastic response becomes
progressively dominant till the system glassifies and be-
haves as an elastic solid so that no viscosity remains.
The imaginary part of the complex viscosity in figure 3
(represented in the linear scale to highlight different max-
ima and ”structure”) evidences at a glance the presence
of more than one process contributing to the elastic stor-
age. The hint of a plateau in the real part of the viscosity
around 2 rad/s is clearly underlined as a minimum in the
imaginary part. Figure 4 displays n”(w) master curves
for all the samples studied. The y-scale covers only one
decade in order to underline different maxima while still

~0-5 power laws respectively.

being sensible to data’s o« w® power laws. Non-simple,
multimodal, relaxation is easily discernible in all MAs,
either as a shoulder in 40L, 2H1D and 37dM10, or as
well separated peaks in 2B10 and 2E1H (as a guide for
the eye maxima and shoulder in 7" (w) are indicated by
solid open arrows). Higher frequency maximum should
be representative of the glass transition while the rest of
the features would presumably originate from mesoscale
structures and or interactions between molecules. The
experimental complex viscosity curves qualitatively re-
semble those obtained at higher temperatures by sim-
ulations in reference'?. In that work the relaxation fre-
quency of the slowest mode of 1’ (w) agreed well with that
predicted from the intermediate scattering function at
the prepeak, supporting the relation between the slowest
mode and the dynamics of the hydrogen-bonded struc-
ture. The shear viscosity representation of these systems
enhances what otherwise seem subtle differences in mod-
ulus. For example, 2E1H’s shear response definitely dif-
fers from the others, showing a prominent slow relaxation



dominating the complex frequency response while for the
rest the structural relaxation is the prevailing feature.
In addition to qualitative features, quantitative mea-
sures of the impact of molecular organization and hy-
drogen bonding on the viscosity are possible for example
by comparing the Maxwell time (ras = 1,/G,, where
Mo = limg, o[ (w)]) and the time corresponding to the
maximum loss of shear modulus for segmental relaxation

To 133031 For the case of a Maxwell relaxation one has
™ Tmaz = Zz,gp = 1, which still holds to a good approx-

imation for van der Waals simple liquids. As an alterna-
tive, we have quantified the viscosity enhancement due
to processes other than the structural relaxation directly
by the ratio between 7, and 1! = G'(ws)/wa, Which
does not stand on extrapolation or fitting of the modu-
lus values at high frequencies. For a Maxwell relaxation
No/n = 2. Taking the crossing point of G’ and G” as
wq an experimental value of 7,/n!) = 2.3 was obtained
for PC in this work. The viscosity increase over simple
viscous behavior quantified as 7n,/n/ is about a factor of
~ 9 in 2E1H, ~ 5 in 2B10, ~ 4 in 40L and ~ 3 in
37dM10 and 2H1D.3? Measured values of 7!/ might be
affected by the compliance of the measuring system but
we can expect this effect to be similar for all the sam-
ples so that estimations are still valid for comparative
purposes at least.

Regarding the terminal behavior, all samples reach the
7" oc w (G' x w?) limit at low frequencies. In this con-
cern, the crossover to pure viscous flow (to z = 1 expo-
nent power law in 1" at low frequencies) is a reference
feature of the spectra that immediately precedes in fre-
quency (~ 0.6 decades in that scale, see figure 4a) the
maximum of the imaginary shear viscosity of a Maxwell
relaxation. In the case of PC, the maximum following
the terminal crossover corresponds to the glass transition
while in the case of 2E1H would correspond to the ulti-
mate dynamic relaxation of the hydrogen bonded struc-
tures (see connected arrows in figure 4a and b). In this
respect, the crossover to terminal behavior in the rest of
the samples would presumably indicate the presence of
an underlying and overlapped maximum in 7", in con-
cordance with the multimodal and asymmetric aspect of
the spectra. Interestingly however, the crossover to pure
viscous flow in 2B10 does not ”immediately” precede the
slower maximum in 7" (w) at ~ 2.2 rad/s. The position
of the maximum expected from the terminal crossover
(dashed open arrow in figure 4¢) is much below the 7" (w)
maximum at ~ 2.2 rad/s and instead, a well defined in-
termediate power law extends for about 2 decades. Close
inspection of the data reveals that this phenomenology
is similarly repeated in 40OL, 37dM10 and 2H1D. Al-
though no clear second maxima is resolved in these cases,
the position of a virtual maximum (dashed open arrows)
following the pure viscous flow crossover (black arrows)
locates at a frequency well below the emerging shoulder
on the low frequency side of the structural relaxation.
Moreover, in the case of 2E1H, although a well defined
maximum does follow the terminal crossover of n”(w) at

the expected frequency position, hints of an additional in-
termediate feature are also observed at around 1.2 rad/s
in between the two well resolved maxima, pointed out
by the asymmetry, broadness and non-monotonous w®
power law of the high frequency wing of the slower max-
imum. Summarizing, we can say that all MA samples
display complex features in their 7”(w) response, which
point to the presence of an intermediate relaxation pro-
cess between the terminal pure viscous flow and the struc-
tural relaxation.

B. Comparison of different techniques and
timescales

The understanding of the phenomena and properties
arising from hydrogen bond interactions is a complex
problem that requires the use of different approaches.
The information obtained from different experimental
techniques is often complementary and gathering differ-
ent contributions usually provides forward steps. From
structural analysis the formation of mesoscale structures
in many systems containing hydrogen bonds in general
and in MAs in particular is clear. From a dynamical
point of view, dielectric techniques provide good charac-
terization of timescales over a broad frequency and tem-
perature range, but structural information is obtained
indirectly and only by virtue of its coupling with dipo-
lar fluctuations so that microscopic interpretation is not
always straightforward. Nuclear Magnetic Resonance
(NMR) measurements in addition to dynamics can pro-
cure spatial and microscopic information, which often re-
quire selective labeling. Dynamic mechanical testing on
the other hand is intrinsically highly sensitive to struc-
ture. We have followed several approaches in order to as-
sess quantitative timescale to the dynamics observed by
shear oscillatory measurements. Timescales where deter-
mined as 7 = 1/w from: i) G’ = G” crossing, Teross; ii)
the crossover to pure viscous flow or 7" o w power law
regime, 7,; and iii) " maxima and shoulder, 7;,,4,. Note
that for the determination of 7..,ss and 7, only isother-
mally recorded data were used. T4, Were determined
either from isothermal curves by eye inspection (red sym-
bols), either from time-temperature-superposition mas-
ter curves by fitting the shear response to the sum of three
Maxwell processes for G* (nx = > Gpemi/(1 + iwTk)).
In general, squares, diamonds and circles were used to
depict slowest, intermediate and fastest process respec-
tively, observed by mechanic response. The character-
istic times obtained after applying time-temperature-
superposition mechanical shift factors to the dielectric
characteristic times are separately indicated by crosses
(see supplementary information). As an example figure
5 gathers together the characteristic times determined
from the response of 2E1H and 40L to several excita-
tion, i.e. to several experimental techniques. For all
the MAS, T¢r0ss and the highest frequency 7,4, are in
good agreement with the characteristic times for the di-



electric a-relaxation and the glass transition temperature
measured by calorimetry?®, evidencing that the high fre-
quency peak in 7" (w) is due to the structural relaxation
ultimately leading to the glass transition. With the ex-
ception of 2E1H, this faster relaxation dominates the
complex shear viscosity response so that flowing behavior
is still very much dictated by short range intermolecular
correlations.

On the other hand, and also for all the MAs, the char-
acteristic time where the liquid recovers pure viscous flow
(crossover to " oc w) coincides with that of the dielectric
Debye-like relaxation. As the pure viscous flow should be
recovered in a time/length scale where the effects of the
mesoscopic structures do not longer play a role, this co-
incidence strongly supports the idea that the dielectric
Debye-like relaxation reflects the complete relaxation or
lifetime of hydrogen bonded aggregates. With respect
to the intermediate feature between the terminal pure
viscous flow and the structural relaxation, as expected
it lays in between the dielectric Debye-like and o relax-
ations. Trying to shed new light on the origin of the
Debye-like relaxation in M As some years ago Béhmer et
al conducted NMR measurements on isotopically labeled
40L and 2E1H. They found that the correlation times of
the alkyl group (main chain) correspond well with those
of the dielectric a-relaxation while those of the hydroxyl
group are much slower while still faster than the dielectric
Debye-like relaxation!#33. They proposed the existence
of an intermediate time scale related to the reorienta-
tion of individual OH groups attaching and detaching
the aggregate, while the Debye-like relaxation would be
caused by fluctuations of the supramolecular dipole of
the aggregate. The hydroxyl group rotation as seen by
NMR (taken directly from figures 3 in references!®33) is
consistent with the intermediate processes observed in
the shear viscosity of 2E1H and 40L (see figure 5). At
the molecular scale viscosity is nothing more than the
ability of neighbouring molecules to rearrange and jos-
tle past each other, therefore it is not surprising that
the reorientation of hydroxyl groups interfered by hy-
drogen bond interactions also shows its imprint on the
viscosity response. The fact that an intermediate pro-
cess has been observed by mechanic and NMR techniques
makes it a sounder result. Moreover, in a previous work
we showed that when digging into great detail the de-
scription of the Debye-like and structural dielectric re-
laxations of 2E1H in terms of a Cole-Davidson (CD) and
a Kohlrausch-Williams-Watts (KWW) function provide
insufficient intensity at the valley between these two pro-
cesses, opening the possibility of an additional relaxation
process?*. Note that the mentioned effect is very tinny
but systematic and can only be noticed when looking at
the differences between fit curves and data in the linear
scale. Motivated by mechanical and NMR results we have
fitted dielectric data of 2E1H with two exponential (De-
bye) and a KWW function. The introduction of an addi-
tional process provides excellent fitting and what is more
relevant, the characteristic times obtained for this ex-

tra process (open diamonds in figure 5a) perfectly match
the intermediate process observed in the shear viscosity
response and is consistent with the OH group motion ob-
served by NMR. The mentioned tiny mismatch between
measured and fitted (two process) curves also occurs for
2B10, but this is even less evident than for 2E1H, as
in 2B10 the Debye-like relaxation is much broader and
in addition closer in time to the a-relaxation. If we at-
tempt to fit the dielectric data of 2B10 with a CD, an
exponential and a KWW function for Debye-like, inter-
mediate and structural relaxations respectively, the de-
scription of data is very good, and the resulting charac-
teristic times for the intermediate process match those
for the intermediate process observed in shear mechani-
cal experiments of 2B10. We should note however, that
this result should be taken more as a test for consistency
than as an evidence, because the effect is very small and
obviously models with higher number of parameters gen-
erally attain better description of data. Finally, if the
intermediate process is explained by the motion of hy-
droxyl groups or breaking of H-bonds, one should expect
not to be constrained to primary MA and to see some
broadened viscosity response also in Hydrogen bonded
systems not showing dielectric Debye-like relaxation. In-
terestingly a very recent work has reported the existence
of a slow rheological mode in neat glycerol®".

One of the aims of this work was to check if the excep-
tional broadening of the dielectric Debye-like relaxation
observed in some MAs had its imprint on the mechani-
cal relaxation of the alcohols. We could not observe any
clear differential characteristic feature on the mechani-
cal response of 2B10 and 2H1D relative to other MAs.
One could contemplate the possibility that the unusual
broadening of the Debye-like relaxation in 2B10 was re-
lated to the prominent intermediate process observed in
its shear viscosity response (maximum at ~ 2.2 rad/s in
figure 4c). To check this possibility we tried to describe
the dielectric Debye-like relaxation in terms of two expo-
nential relaxations. The resulting description, however,
having one more free parameter is even worse than that
provided by a single CD and in addition, the charac-
teristic times inferred for the intermediate process are
much slower than those observed in the shear viscosity
response. We thus conclude that the broadening of the
Debye-like relaxation in 2B10 does not seem to have its
origin or be related to the intermediate process of shear
viscosity and the individual reorientation of OH bonds,
and therefore remains a puzzle.

In a transient chain model scenario, considering that
the orientation of an OH is essentially fixed as long as it is
part of a chain and that the timescale at which molecules
attach to and detach away from the chain ends can be ap-
proximated by >~ T..0ss = Tw, the timescale for OH reori-
entation Tog ~ NTeross, where N stands of the number
of chain segments!4. If the intermediate process observed
by viscosity measurements was indeed a signature of the
mentioned attaching and detaching or reorientation of
OH molecules, the ratio between its timescale and that
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for the structural relaxation would indicate roughly 10-15
chain segments for 40L, 37dM10 and 2B10 and around
40 for 2E1H at temperatures close to the glass transition.

The complex shear viscosity of 2E1H definitely differs
from others showing a prominent slow relaxation domi-
nating the complex frequency response while for the rest
of the MAs the structural relaxation is the prevailing
feature. Summarizing figures, 2E1H presents the high-
est 1o/Na, ToH/Ta and Aep /A€, ratios. However, there
is not straightforward relationship between these quan-
tities for different MAs. 2B10, 40L and 37dM10 have
similar values of 7,/1, and Tog /7., but the Aep/Ae,
ratio of 2B10 is significantly lower than that for 40L or

37dM10. It seems that the hydrogen bond driven molec-
ular aggregation in 2E1H occurs in such a way that it
enhances both dielectric and stress correlations. In con-
trast, although the structures formed in 2B10 seem to
be as effective as those in 40L or 37dM10O at increasing
the viscosity of the liquid (similar 7, /7, values), they re-
sult in a more modest degree of dielectric strength (much
lower Aep/Ae, values for 2B10). This finding would
support the idea that the geometry of the supramolecular
structure plays a bigger role than its size on explaining
the dielectric strength of the Debye-like relaxation!®343%.
If a distinct architecture of supramolecular structures in
2B10 was the reason for its low Aep/Ae, in comparison
with other MAs with similar viscosity increase, this could
also be the at the origin of the outstanding broadening
of its dielectric Debye-like relaxation.

III. CONCLUSIONS

The shear mechanical response of several MAs showing
exponential and non-exponential dielectric Debye-like re-
laxations was tested. Although it was not the first time
that the mechanical response of some of the MAs here
studied was measured special attention was paid to the
analysis of the data in the shear viscosity representation,
which result revealing. The complex viscosity represen-
tation of shear data has proven to be particularly appro-
priate to highlight and characterize the non simple flow
behaviour of these hydrogen bonded liquids. The Imagi-
nary part of the shear viscosity presents non simple, mul-
timodal, response in all the MAs proving the dynamics
of mesoscopic structures formed by hydrogen bonds. The
measured response qualitatively resemble those predicted
by molecular dynamics simulations. By systematic anal-
ysis of 1" (w) curves we found enough evidence for an
intermediate process between the terminal pure viscous
flow and the structural relaxation of the studied MAs.

Combination of these results with those obtained by
other techniques results particularly interesting. In all
the cases T¢r0ss and the 7,4, corresponding to the high-
est frequency maxima the are in good agreement with the
characteristic times for the dielectric a-relaxation, evi-
dencing that the high frequency peak in n”(w) is due to
the structural relaxation ultimately leading to the glass
transition. On the other hand, the characteristic time
where the liquid recovers pure viscous flow (crossover to
7’ < w) coincides with that of the dielectric Debye-like
relaxation, supporting the idea that the dielectric Debye-
like relaxation reflects the complete relaxation of hydro-
gen bonded aggregates. Intermediate features observed
in the shear viscosity response are consistent with the
rotational dynamics of hydroxyl groups as seen by NMR
and therefore point to be the mechanical imprint of the
breaking of individual hydrogen bonds.

Among all MAs studied 2E1H presents the highest
No/Nes TOH/Taipha and Aep/Ae, ratios. However, we
could not find a straightforward relationship between vis-



cosity enhancement, the size of the aggregates and the di-
electric strength of the Debye-like relaxation. 2B10 hav-
ing similar degree of viscosity increase as 40OL or 37dM10
stays out of the line showing low strength and markedly
non-exponential Debye-like relaxation. A distinct archi-
tecture for the supramolecular structures in 2B10 could
be at the origin of these dissimilarities.

Supplementary Material

See supplementary material for comments on the ap-
plication of time-temperature superposition and on di-

electric and calorimetric measurements.
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