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Propylene carbonate and a mixture of two secondary amides, N-methylformamide and N-
ethylacetamide, are investigated by means of broadband dielectric and mechanical shear spec-
troscopy. The similarities between the rheological and the dielectric responses of these liquids and
of the previously investigated tripropylene glycol are discussed within a simple approach that em-
ploys an electrical circuit for describing the frequency-dependent behavior of viscous materials.
The circuit is equivalent to the Gemant-DiMarzio-Bishop model, but allows for a negative capac-
itive element. The circuit can be used to calculate the dielectric from the mechanical response and
vice versa. Using a single parameter for a given system, good agreement between model calcula-
tions and experimental data is achieved for the entire relaxation spectra, including secondary relax-
ations and the Debye-like dielectric peak in the secondary amides. In addition, the predictions of
the shoving model are confirmed for the investigated liquids. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4740236]

. INTRODUCTION

Dielectric spectroscopy is the most commonly employed
method for the investigation of supercooled liquids due to
the particularly large dynamic range that it permits to be
accessed.'™ In spite of its broad applicability this method is
usually not able, just by itself, to provide detailed information
regarding the microscopic mechanisms leading to the com-
plex relaxation pattern specific for each glass former. Hence,
conventional dielectric studies are often supplemented by in-
vestigations via other techniques which offer alternative per-
spectives on the relaxation phenomena. Using such a com-
bined approach one can gain information on the underlying
molecular dynamics not only by comparing the time scale of
the structural fluctuations (the Ol-pI‘OCCSS)6 but also by com-
paring the spectral shapes probed with different methods.”
Depolarized light scattering® -2 and nuclear magnetic reso-
nance (NMR) (Refs. 8, 9, 11, and 13) are among the tech-
niques which are often employed in that respect because,
similar to dielectric spectroscopy, they provide access to
molecular orientational correlation functions.

Mechanical spectroscopy, yet another experimental
probe, is also able to yield data in a broad frequency
range.'4"1® This technique was used early on for studying the
rubbery behavior of polymers.!”!® Later developments trans-
formed it into a method widely used for the investigation of
supercooled liquids and soft matter, in general.'>'° The first
model connecting the frequency dependent dielectric permit-
tivity with the frequency dependent viscoelastic constants was
proposed by Gemant, who employed an equivalent electrical
circuit to characterize the macroscopic behavior of liquids.?”
Physical relations similar to the ones obtained by Gemant,
but based on microscopic details, were derived by DiMarzio
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and Bishop in 1974.2! In this model, called in the follow-
ing the Gemant-DiMarzio-Bishop (GDB) model, the friction
term that appears in the rotational diffusion equation of the
Debye theory®” is chosen to be frequency dependent, to ac-
count for the viscoelastic behavior of liquids containing rotat-
ing dipole moments. Suffering from some shortcomings, the
GDB model was reformulated several times,'>2*2° with the
intention to describe the behavior of viscous materials in a
range extending up to frequencies at which the mechanical
response becomes purely elastic. The high-frequency shear
modulus G, characterizing this regime is a crucial param-
eter for several theoretical approaches®® including the shov-
ing model,” which aims at describing the temperature de-
pendence of the structural relaxation in supercooled liquids.
In 2005 Niss et al. concluded that the GDB model generally
gives a qualitatively satisfactory description of the interrela-
tion between dielectric and shear mechanical data, especially
for systems with low dielectric strength.?8

One of the systems that we studied in the course of the
present work is the glass former propylene carbonate (PC).
Due to its particularly large molecular dipole moment, this
van der Waals liquid is well investigated with dielectric spec-
troscopy from temperatures close to its boiling point>* down
to the cryogenic regime,>® but mechanical data are sparse.
PC belongs to a special class of glass formers with no ob-
vious secondary Johari-Goldstein B-peak®' in their dielec-
tric loss spectra. For these systems a power-law contribu-
tion with a negative exponent, the so-called excess wing,3>33
emerges close to the glass transition temperature T, on the
high-frequency flank of the «-peak. Regardless of the de-
bated microscopic origin of the excess wing,’*3 it was re-
cently demonstrated that the spectral shape of this feature
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exhibits a high degree of similarity when probed with tech-
niques such as dielectric spectroscopy, field-cycling NMR, or
light scattering.”®3¢ On the other hand, to our knowledge, an
excess wing was never reported to occur in mechanical stud-
ies of molecular liquids.

In addition, we will report on the mechanical response for
a mixture of two secondary amides. These hydrogen-bonded
liquids share a spectral shape similar to that of monoalcohols,
for which a monodispersive (Debye-like) peak with anoma-
lously high amplitude dominates the dielectric spectra.?” For
monohydroxy alcohols it is well documented that this dielec-
tric feature in not the structural relaxation and it has remained
undetected in measurements with most other techniques®®*!
including shear mechanical spectroscopy.*>** In this work we
test whether or not the strong dielectric loss peak observed for
secondary amides®’ displays any rheological signature.

In order to connect mechanical and dielectrical relax-
ations, in the present paper we start from postulating a simple
electrical circuit equivalent to the GDB model. With numer-
ous aspects of this model already discussed,'>?3~%3 this circuit
is deliberately not given a specific physical interpretation. In
this sense the circuit represents a “black box” approach with
the main purpose to provide a minimal model of the coupling
between mechanical and electrical relaxations in supercooled
liquids. This approach allows us to re-parameterize the GDB
model in a manner such that all except one of the model’s
input parameters are directly experimentally accessible quan-
tities. The resulting model is tested for three liquids, two of
them being investigated in this work dielectrically and as well
as rheologically over wide frequency ranges. Consistent with
previously briefly noted results®® we provide evidence that the
model fits data for a wide range of glass formers excellently if
a negative capacitance is allowed for. We argue that this sign
of the capacitance is not necessarily unphysical. We also ar-
gue that the model accounts for the most striking features of
dielectric relaxation in secondary amides. Finally, we show
that the viscoelastic data taken in the case of the present work
conform to the prediction which the shoving-model®’ pro-
vides for the non-Arrhenius temperature dependence of the
relaxation time.

The paper is organized as follows: in Sec. II some experi-
mental details are given, and the circuit model is introduced in
Sec. III. The experimental results and their analysis are pre-
sented in Sec. IV. The discussion of the time constants, the
conversion of the spectra using the circuit model, and a test
of the shoving model for PC and the amide mixture is carried
out in Sec. V. The conclusions are given in Sec. VI.

Il. EXPERIMENTAL DETAILS

Propylene carbonate (PC, stated chemical purity 99%),
N-methylformamide (NMF, 99%), and N-ethylacetamide
(NEA, 99%) were purchased from Sigma Aldrich. The lig-
uids were measured as received, without further treatment.
Neat NMF and NEA show a high tendency of crystallization
which is reduced if the two amides are mixed.’’ The shear
measurements were performed using the piezoelectric shear
modulus gauge described in Ref. 44. Both the shear and the
dielectric transducers were inserted into the same cryostat to
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attain identical temperature stabilization. The description of
the overall experimental setup and its limitations are given in
Refs. 24, 45, and 46. The dielectric data for PC and for the
mixture that were recorded in the present work are in good
agreement with those of earlier investigations.?%-3>37

lll. THEORETICAL BACKGROUND

A. The circuit approach for modeling
of linear responses

In an experiment some parameters are controlled — the
input (the applied field) as well as parameters that are kept
fixed — while others vary in response to the input. If (A(?)) is
the measured output (A is assumed to have zero equilibrium
value), the linear response R(?) to an input field y (¢) is defined
via the following equation:

(A@)) = / Rt — D). )
0

This convolution integral expresses linearity and causality,
i.e., that the measured output depends only on the input be-
fore the measurement. The convention used here differs from
what is often used (e.g., in Ref. 47) where the “response func-
tion” is defined as the time-derivative of R(¢), while R(?) it-
self is termed the “relaxation function.” Defining R(?) as the
response function has the advantage that R(¢) has the dimen-
sion of output over input, the same dimension as that of the
frequency-dependent response function R(w).

Measured response functions traditionally have different
names, depending on which quantities are controlled (input)
and which are measured (output). Thus, in mechanical mea-
surements the terms modulus and relaxation spectrum are
used if strain is controlled and stress is measured, whereas
if stress is controlled and strain is measured one refers to the
(creep) compliance and retardation spectrum.'® Mathemati-
cally, the two representations are equivalent. However, for a
step input and subsequent measurement of the output as a
function of time, the relation between the two is quite com-
plicated (see, for instance, Ref. 18) because it requires knowl-
edge of the entire spectrum. If the input is oscillatory and the
output is measured as a function of frequency, on the other
hand, the complex modulus and the compliance functions are
simply the inverse of each other. These examples are taken
from mechanical spectroscopy, but the terminology has been
carried over to the electrical analogue, where charge plays the
role of shear displacement, current plays the role of shear rate,
and voltage plays the role of shear stress.

A convenient approach to the modeling of a linear system
is to regard it as defined via one or more so-called “energy
bonds.” These model how the environmental variables inter-
act with the system (see, e.g., Ref. 48 and references quoted
therein). An energy bond is a pair of conjugate variables the
product of which has the dimension of energy transferred per
time. Examples are shear stress and shear rate, pressure and
rate of volume change, temperature variation and entropy cur-
rent, or electrical voltage and current. Because of the close
formal analogy between different energy bonds, all systems
can be modeled by electrical circuit elements. Crucially, the
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energy bond formalism allows for connecting different bonds
through transformer elements that convert one type of energy
into another. This feature, which is used below, shows the
strength of the formalism.

Electrical equivalent circuit models do not necessarily
give insight into the microscopic processes of the modeled
system, although in practice the individual circuit elements
often do have a microscopic interpretation. In any case, a
circuit model can be always viewed as a phenomenologi-
cal “macro-to-macro” model that relates different measured
quantities. To be useful such models should be as simple as
possible. Elements of electrical circuits such as resistors and
capacitances model certain behavior of matter, depending on
what plays the role of generalized voltage and of general-
ized current. If, for instance, the conjugate pair of energy
bond variables is shear stress and strain rate, a capacitance
models an elastic response and a resistor models a viscous
flow response. The Maxwell model for viscoelastic behav-
ior is an example of how these elements can be combined
to mimic the response of a viscous liquid; in the electrical
language the Maxwell model is given by a resistor and a ca-
pacitor in parallel — the force (voltage) is common to both
elements.

There are several advantages to this type of modeling.
First of all, linearity as well as basic physical principles such
as conservation laws, causality, and positive dispersion are au-
tomatically obeyed in network models. A second advantage is
the following: It is often stated that one must “compare mod-
ulus responses to modulus responses.” There is, however, just
one overall circuit (as there is only one dynamics at the mi-
croscopic level). From this one can extract either its complex,
frequency-dependent modulus or its compliance: The circuit’s
response is calculated from that of its individual elements by
the application of Kirchhoff’s laws. The currents through and
voltage drops across individual elements are uniquely deter-
mined from the current (or voltage) input applied at the cir-
cuit’s outer terminals, the relation of which determines the
circuit’s overall response function. Each individual element
has a unique relation between its current and voltage. For in-
stance, in the circuit discussed in Sec. III B via Stokes’ law the
element representing the rotational movement of the dipoles
has an impedance (voltage over current) that is proportional
to the viscosity (shear stress over strain rate). In transforming
the mechanical responses to an electrical response, the only
thing to remember is that shear displacement corresponds to
charge, strain rate to current, and shear force to voltage. In this
way the discussion of which mechanical response function
to compare to which electrical response function becomes
obsolete.

B. The conversion between rheological
and dielectric data

Following previous considerations,”*’ the approach in-

troduced here models the material under investigation using
an electrical circuit similar to the one sketched in Fig. 1. Such
a combination of simple electrical elements is able to mimic
the structural relaxation in liquids. The frequency-dependent
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FIG. 1. The electrical circuit analogue used for the transformation between
dielectric and shear data. Apart from the two capacitive elements C; and C»,
an impedance Z « 1 is used.

complex permittivity is given by

C2/Co

“(w) = Cy/Co+ —2L50
e =06/C+ 170

2
with Cy denoting the geometrical capacitance and « denot-
ing the angular frequency. As a simple example, note that
equivalence with the Debye expression®? is obtained if the
impedance Z is chosen as a frequency independent resistor
R. In this case the equivalent complex permittivity of the ma-
terial reduces to the well-known Debye equation,?” provided
that

(i) C/Cy = e models the high-frequency response and
(il)) C,/Cy= Ae parameterizes the relaxation strength of the
structural process.

With Z = R, the product RC, = t represents the relax-
ation time which, according to the Debye theory, is propor-
tional to the viscosity of the liquid.?

To connect dielectric and mechanical properties, in the
following the impedance Z*(w) is chosen to be frequency de-
pendent and proportional to the complex frequency dependent
viscosity, n*(w), so that

Z%(w) = An*(®)/ Co. 3)

Here, X is an electro-viscoelastic material constant ex-
pressed in units of Pa~!. Under these conditions, and using
io n*(w) = G*(w), Eq. (3) can be written as

G2/ Co
1 +iwi(C2/ Co)n*(w)
A B 4
=At 1 + ABG*(w) @)
with C;/Cy = A and C,/Cy = B.

Equation (4) connects the complex permittivity, &*(w)
= ¢/(w) — i¢’"(w), and the complex shear modulus, G*(w)
= G'(w) + iG"(w). The two quantities are experimentally
accessed via dielectric and mechanical spectroscopy, respec-
tively. We note that the microscopic GDB model provides
an expression identical to Eq. (4).?! In the original GDB ap-
proach the constant AB that appears in this equation is iden-
tified with 47 R3/kgT, with R denoting the effective radius of
the molecule and 7 denoting the absolute temperature.

It is obvious that the simple GDB model, for which the
parameters A and B turn out to be given by relations (i) and
(i), cannot lead to a good transformation between permittiv-
ity and shear modulus data, since the second term in Eq. (4)
does not reduce to zero in the high-frequency limit where

() = C1/Co +
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e*(w — 00) = C1/Cy should hold. This shortcoming is due
to the fact that in this frequency range the real part of the
shear modulus of the liquid is finite, i.e., G'(w — 00) = G.
Therefore, to alleviate this problem we require that in Eq. (4)
the values of the two constants A and B need to be adjusted in
a way such that the two following physical conditions for the
real part of ¢* are fulfilled:

(@) &(w—>0)=¢ey+ A=A+ B,

(b) eNw— 00) =€so = A+ VTN

The above equations were obtained from Eq. (4) exploit-
ing that G = 0 and G’ = 0 for w — 0 and G’ = G, and
G” = 0 for @ — o0. Relation (b) indicates the presence of a
non-negligible elastic rotational contribution to the dielectric
constant in the high-frequency limit, as previously discussed
in Ref. 28. The values for A and B that comply with these two
conditions are

AG oo

BO) =~ (ae + [ae2 4 2B
= — & E .
2 MG

Inserting these expressions into Eq. (4), the two compo-
nents of £*(w) are seen to be related to G/(w) and G’ (w) via

1 4Ae
A(A)=8w+§ (Aa— Ag? + )
%)

BW)[14+AB(M)G' (w)]
[14+ABA) G (@)]*+[ABM)G" (w)]?’
AB(V)?G" (w)
[1+ ABW)G' (@)]? + [AB(AM)G" ()]

' (w)=A()+
(6)

8”(({)) —

Conversely, for the two components of the complex shear
modulus one obtains

/ 1 e — AL 1
=3 { [¢ — AP + (2 B }
)
1 8//
G”((l)) ———

Mg’ — AP + ()2

In these transformation equations, Egs. (6) and (7), only
one parameter, A, is adjustable while the values for e, Ag,
and G that enter into the relations for A and B can be taken
directly from the experimental data.

For very small relaxation strengths, Ae < LG, parame-
ter B in Eq. (5) approaches Ae and likewise A becomes equal
to €00 independent of G. For triphenylethylene, tetramethyl-
tetraphenyltrisiloxane, or squalane, A¢ is quite small (0.05 at
249 K, 0.2 at 211K, and 0.015 at 167 K, respectively) and
this may explain why the simple GDB approach works satis-
factorily for these systems.?*?® For squalane the GDB model
applies well for the entire relaxation spectrum including both
the «- and the B-process, see Fig. 9.7 of Ref. 24.

On the other hand, for systems with large dielectric
strength, the parameter A may turn negative if the parameter A
is tuned to below a certain limit Ap;,. In this case, even though
the (phenomenological) transformation between the two sus-
ceptibilities might still work well, a negative value for A, or
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for the capacitor C; in Fig. 1, will require a non-standard in-
terpretation of the circuit model as briefly outlined in Sec. V
B. From Eq. (5) one obtains

Ag

Amin = (8)
Goobool(Exo + Af)

by setting A = 0. Since G and €, do not vary much among
different molecular liquids, An;, should not be too different
for systems like PC, tripropylene glycol (TPG), or the NEA-
NMF mixture, for which Ae > g4.

IV. SHEAR MECHANICAL EXPERIMENTS
AND DATA ANALYSIS

In Figs. 2(a) and 2(b) we present the real and the imagi-
nary part, respectively, of the shear modulus for PC, as mea-
sured for temperatures between 173 K and 155 K in a fre-
quency range covering six decades. We note that Schroter
and Donth'* previously reported shear measurements for this
material at a single temperature and in a more restricted fre-
quency range. Their results are compatible with the present
data when analyzing the time constants, but not the amplitude.
In our experiments G, is 30% higher than the value reported
in Ref. 14.

The inflection point in G’(v), which marks the crossover
from the viscous response (at low frequencies) to the elastic
response (at high frequencies) of PC, shifts through the acces-
sible frequency window in a rather small temperature range of
less than 20 K, see Fig. 2(a). This is due to the high fragility
of this material.’®® A high-frequency plateau in G'(v), with
amplitude G, is observable only at the lowest temperature
T = 155 K. For temperatures larger than 155 K, G, can, in
principle, be determined as the area under the G”(v) curves
in Fig. 2(b). If data in a very broad frequency range are avail-
able, this can be done directly using the Kramers-Kronig rela-
tion G, = % I %da) In the present situation we found
it more advisable to use the following procedure instead. The

G'/ GPa

G"/ GPa

104/%?@?&& )
10 10" 10° 10" 10° 10° 10°
frequency v/ Hz

FIG. 2. (a) The real and (b) the imaginary part of the shear modulus as a
function of frequency for PC measured every 2 K between 171 K and 155 K.
The solid lines are fits using Egs. (9) and (10). The dashed line highlights the
contribution of the excess wing.
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shear modulus data were fitted using the recently introduced
step-response function®'

=BT/

with T'(§) = [;° x*~' exp(—x)dx denoting Euler’s gamma
function and I'(§, y) = f;’o x5! exp(—x)dx denoting the up-
per incomplete gamma function.>? Here, 8 parameterizes the
high-frequency side of the peak maximum loss according to
G’(v) « v~#, while « is a parameter characterizing the over-
all peak width, see Ref. 51 for details. The given power-law
behavior follows directly from performing the Laplace trans-
form of ¢(r), which gives the complex shear modulus:

G*(w) = ioG o / oo¢(t)exp(—ia)t)dt. (10)
0

As shown in Ref. 51, ¢(¢) reduces to a single exponential,
corresponding to a Maxwell process for« = 8 = 1, to a Cole-
Davidson function for « = 1, or to a stretched exponential
(Kohlrausch function) for @ = . The reason for choosing the
function given by Eq. (9) is its enhanced flexibility and, above
all, its ability to reliably reproduce the frequency dependence
on the low frequency side of the broad elastic modulus loss
peak, where the loss is proportional to frequency v. We note
that Eqgs. (9) and (10) provide a better fit than the frequently
used Havriliak-Negami function,’->3 and this was also found
for the present data.

The quality of the numerical interpolation of the PC data
via Egs. (9)and (10) is close to perfect, as the solid lines
in Fig. 2 indicate. This fitting procedure allowed us to ex-
tract G, to determine the mean shear relaxation time, Tgpear
= f0°° ¢(t)dt,>* and also to parameterize the spectral shape
via the coefficients « and S.

For PC we find that « = 0.75 4 0.05 and 8 = 0.33 £ 0.01
when temperature is varied from 157 K to 167 K. The tem-
perature independence of the two parameters indicates that
time-temperature superposition applies well for the shear data
of PC. This is also illustrated in Fig. 4(a) where all the loss
spectra scale to a single curve after normalization of the peak
amplitude and of the characteristic frequency. As observed in
Fig. 4(b) and discussed more at the end of this section, such
a scaling is not possible for the mixture of the two secondary
amides.

The results for Tgher of PC are plotted in Fig. 5 as a
function of the inverse temperature. At the lowest tempera-
ture, T = 155 K, the presence of an additional feature on the
high-frequency side of the peak maximum becomes visible if
the data are plotted on a logarithmic scale, see Fig. 2(b). The
crossover between the high-frequency flank of the main peak
and a power-law with a lower exponent (highlighted by the
dashed line) indicates that an excess wing is present in the
shear data of PC, as also observed in its dielectric spectra.32

Shear mechanical data were also acquired for a mixture
of the secondary amides NMF and NEA. Since we were not
able to supercool any of the two neat substances, we decided
to perform measurements on the mixture of these two com-
pounds that was previously investigated by Wang and Richert
using dielectric spectroscopy.’” As indicated by these au-
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60 % mol NMF + 40 % mol NEA

G'(GPa)

ool L L st eSS
10® 10% 10" 10° 10

v/Hz

10 10° 10*

FIG. 3. (a) The real and (b) the imaginary part of the shear modulus as a
function of frequency for a 60 mol.% NMF and 40 mol.% NEA mixture. The
numbers indicate temperatures in Kelvin and the solid lines are fits using Eqgs.
(9) and (10).

thors, a 60 mol.% NMF + 40 mol.% NEA supercooled binary
system showed a reduced crystallization tendency, while the
shape of its dielectric loss preserves the characteristics ob-
served for the individual liquid constituents, comprising an
enormously large Debye peak with an additional small con-
tribution at higher frequencies.

The shear modulus for a mixture of 60 mol.% NMF
and 40 mol.% NEA is shown in Fig. 3 as a function of fre-
quency for several temperatures. The high-frequency plateau
in G'(v), which again is resolved only in the deeply super-
cooled regime, has a value G, (3.3 GPa at 147 K) that is
larger than the one observed for PC. Such a relatively high
value of G, is not uncommon for associating liquids.”> As
observed in Fig. 3, both real and imaginary parts of the
frequency-dependent shear modulus were well interpolated
by Egs. (9)and (10). For the present amide mixture time-
temperature superposition does not apply: In Fig. 4(b) one
sees that the slope of the scaled data changes at the high-
est reduced frequencies if temperature is varied. The fit-
ting parameter o increases from 0.32 to 0.53 when decreas-
ing the temperature from 163 K to 147 K and B decreases
from 0.77 to 0.47 in the same 7T range. The mean time
constants Tge,r for the NEA-NMF system are included in
Fig. 5.

V. DISCUSSION
A. Time constants and hydrodynamic radii

The relaxation times for PC and for the amide mixture
are presented in Fig. 5 as a function of inverse tempera-
ture. For comparison this figure includes the time constants
for 2-ethyl-1-hexanol (2E1H), as taken from Ref. 43. 2E1H
is a well investigated monoalcohol.3®41:43:36:57 With the
NEA-NMF mixture it shares the peculiarity of exhibiting a
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Gu / Gu

169 K (a)
)

NEA-NMF -

v
X
*
o
+
<o
<

viv
max

FIG. 4. Normalized shear loss spectra plotted vs reduced frequency for the
glass formers (a) PC and (b) NEA-NMF. The dashed line on the left side of
the peak indicates a linear frequency dependence and the one on the high-
frequency flank of the peak in (a) is proportional to v=%33_ A good scaling
is achieved for the PC data indicating that time-temperature superposition
applies. This is not in this case for NEA-NMF for which the high-frequency
slope in G”(w) changes with the temperature.

large monodispersive (Debye-like) dielectric feature. Finally,
for PC the dielectric loss spectra were fitted with the Cole-
Davidson function &” o Im[m], briefly mentioned
below Eq. (10), for which the dielectric time constants can
be evaluated as T4l = TepBep.>d

In harmony with previous studies on molecular glass-
forming liquids, at a given temperature the shear time con-
stant is smaller than the dielectric one.’*%° The ratio of the
two time scales 0 = T gjel/Tshear [9 for PC, 80 for NMF-NEA,
and 18 200 (!) for 2E1H] does not change much with temper-
ature in the commonly investigated 7 range.

The o values can be used to determine the effective
molecular radii (also called the hydrodynamic radii) of the
relaxing constituents.'*%1-%2 The experimental results can be

T T T
10'k * NMF-NEA, DS * * <>_
#* NMF-NEA, shear *® % x <
* o
0 ” *
~ 'S [ ¢
e 407 . © 1
o . ex | 4 .
E 3 * * [ ] <><>
S et o
o 10° F @) go .
g *'I ®" e pc.DS
O ,
@© °
@ 10°L * *.‘ © o PC, shear
*
* ¢ 2E1H, DS
¢ 2E1H, shear
10-7 1 1 1
55 6.0 6.5 7.0
1000K/T

FIG. 5. Rheological and dielectric time constants for PC, NEA-NMF, and
2E1H (the latter from Ref. 43) as a function of inverse temperature. For every
system the two solid lines connecting the corresponding data sets are drawn
to have the same length, indicating that no severe decoupling occurs between
the time scales probed by the two techniques in the commonly investigated
temperature range.
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compared with the molecular radii (also called the van der
Waals radii) Ryqw estimated from atomic increments.’> The
Debye-Stokes-Einstein equation t4;e; = n(4m Rz /kpT) com-
bined with the Maxwell relation 7 = GooTshear provide a hy-
drodynamic radius of 1.3 A for PC at 7 = 155 K and 2 A
for the NMF-NEA mixture at 147 K. Using Ref. 63 one can
estimate that Ryqw 1s close to 3 A for PC, for NMF, as well
as for NEA. Thus, for PC and for the NMF-MEA system,
the experimentally determined hydrodynamic radii appear to
be smaller than the calculated one, if one assumes that for the
NMF-NEA mixture Rqw is the average of the radii of the two
components.

While for simple molecular liquids it is also often ob-
served that the experimentally estimated Ry is smaller than
Ryaw,®* the situation is different for 2E1H. In this case, us-
ing 0 = 18000 and G, = 10° Pa (Ref. 43) one estimates
Ry ~ 10 A at 143.5 K, which is much larger than Ryqw for
2E1H. A similar result was obtained for 2E1H when compar-
ing its dielectric time constants with self-diffusion coefficients
probed by NMR.% We remind the reader that for the evalua-
tion of g4 and, implicitly, of Ry we used the time constants
of the main dielectric peaks, i.e., of the Debye peak in the
case of NEA-NMF and of 2E1H, and of the structural relax-
ation peak for PC.

B. Conversion between dielectric permittivity
and shear modulus

In the following, we test the conversion formulae given
by Egs. (6) and (7) for PC, TPG, and NEA-NMF. The param-
eters Ag, £, Goo, and the optimized A used for the transfor-
mations are given in Table I, where the values calculated for
A, B, and A, are also included.

In Figs. 6-8 we show dielectric loss spectra together with
the converted data using the real and the imaginary part of the
complex shear modulus recorded in a common temperature
range for all three substances. One recognizes that, for the A
values given in Table I [in all cases below A, cf. Eq. (8)],
not only the peak positions but also the spectral shapes are
nicely reproduced.

For the calculation of ¢”(v) only the parameter B(1) en-
ters in Eq. (6). However, the calculation of &'(v) also involves
the parameter A()). Keeping A as a free parameter, best coin-
cidence of measured and converted data yields a negative A.
As discussed in Sec. II, the condition A > 0 is fulfilled for
A > kmin~

As observed for PC in Fig. 6(b) the dielectric loss curve
re-calculated at 161 K for A = A, departs from the measured
¢”(v), mainly regarding the time scale. However, such quanti-
tative inadequacies are not surprising in view of the simplicity
of our model. The sensitivity of the transformation on A can
also be inferred from Fig. 6(c). Here, Eq. (7) was employed
for converting the dielectric data at 161 K to the imaginary
part of the shear modulus. Using A = A, one obtains a G”(v)
curve which is shifted with respect to the measured shear loss.
With the parameter A set to n> & 2 (n being the refraction in-
dex at room temperature), i.e., using the condition that was
imposed on the transformation in Ref. 28, not even a peak in
the calculated G”(v) curve is obtained (not shown).
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TABLE I. The parameters used for converting the data from shear modulus to dielectric permittivity. For all three substances the optimal A is below Amin,

corresponding to a capacitance C; < 0.

Glass former T (K) £00 As G (GPa) A B Amin (Pa™1) A (Pah)
PC 171 3.5 93 1.21 —12.19 108.6 2.3 x 10710 45 x 1071
169 94.6 1.24 —11.96 110 223 x 10710
167 95.6 1.26 —11.67 110.8 2.18 x 10710
165 96.6 1.28 —11.46 111.6 2.14 x 10710
163 97.7 1.33 —11.05 112.2 2.08 x 10710
161 98.8 1.39 —10.52 112.8 1.99 x 10710
159 98.8 1.46 —9.93 112.2 1.89 x 10710
157 99 1.5 —9.61 112.1 1.84 x 10710
155 100 1.6 —8.86 112.4 1.73 x 10710
TPG 200 2.7 20 2.5 —0.21 22.9 1.31 x 10710 1.2 x 10710
192 22 2.6 —0.24 24.9 1.32 x 10710
NEA-NMF 163 3.5 424 2 —3.53 431 1.41 x 10710 7 x 1071
160 435 2.22 —2.85 441 1.28 x 10710
157 445 23 —2.63 451 1.23 x 10710
155 450 2.55 —2.03 455.5 1.11 x 10710
153 455 2.67 —1.79 460.3 1.06 x 10710

On the other hand, the agreement improves considerably
if the conversion procedure is not restricted to A > 0 or equiv-
alently to A > Anyin- The authors of Refs. 15 and 28 also noted
that acceptable fits can be obtained if all (including negative)
values of the index of refraction are allowed for. A negative
capacitance may sound odd, but as an abstract circuit element
it is not forbidden and it is not necessarily unphysical, as has
been discussed in various instances.®®%” For example, in some
circuit models of ferroelectric behavior the formal introduc-
tion of a negative capacitance was used to reflect the fact that
the free energy as a function of the polarization P develops a

+ unconstrained A

1 P} P} | P} P} P} "
10?2 10" 10° 10" 10° 10° 10* 10°
v /Hz

FIG. 6. The shear data for PC, measured every 2 K between 171 K and
155 K, is converted via Eq. (6) (crosses) and compared to the measured
(a) real and (b) imaginary part of the complex permittivity (open circles).
In frame (b) the dashed line represents the calculation of the dielectric loss at
T=161 K for A = Anin. (¢) The inverse transformation, via Eq. (7), is applied
to the dielectric data of PC for T = 161 K. The dashed line is calculated for
A = Amin.

negative curvature at P = 0 (see Ref. 67). In the present sit-
uation the origin of the negative value of C| remains unclear.
Given the surprisingly good quantitative fits of the converted
and the measured data, it seems that the idea of some element
of parallel dipolar alignment being present in supercooled lig-
uids with large dielectric strength (usually cast into the form
of a Kirkwood factor g > 1, see Ref. 1) may be worth pursuing
in future.

Consistent with previous studies, our results demonstrate
that the excess wing can be detected not only via dielectric,
light scattering, and NMR measurements® but also in mechan-
ical shear spectra. While an excess wing is directly discernible
in the shear loss data of PC [see Fig. 2(b)], its observation for
the other systems is probably hampered by the broader loss

192K 200 K ()

10 10" 10° 10" 10° 10° 10* 10° 10°
V/Hz

FIG. 7. (a) The shear data of tripropylene glycol (TPG), measured at two
temperatures,59 are transformed via Eq. (6) (crosses) and compared with the
imaginary part of the dielectric permittivity (open circles). In frame (b) the
inverse transformation, accomplished via Eq. (7), is applied to the dielectric
data plotted in (a) and the results (crosses) are compared with the measured
shear loss (open circles).
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FIG. 8. The transformations (crosses) via Eq. (6) are compared with (a) the
real and (b) the imaginary parts of the dielectric permittivity (open circles)
for the glass-forming system NEA-NMF. The dashed lines are calculations
for A = Amin at T= 160 K. In (b) the loss shear data, divided by a factor 1010,
are shown for the two temperatures 155 K and 160 K.

peak of the shear response as compared to its dielectric coun-
terpart. The fact that the conversion works well in the entire
frequency range including dynamics faster than the a-process
indicates that secondary processes like the excess wing are
not to be regarded as merely dielectric features.

In order to test the current approach for a different sce-
nario, the transformations expressed by Egs. (6) and (7) were
also applied to the dielectric and shear data reported in Ref. 59
for TPG. Like PC and NMF-NEA, this system exhibits a fairly
large dielectric strength (Ae = 20 at T = 200 K) but, differ-
ent from these two other liquids, its dielectric response clearly
indicates the presence of a secondary relaxation peak. As
Fig. 7 illustrates, the unconstrained conversion of the data —
from shear to dielectric and from dielectric to shear — works
again very well for the entire spectra including the B-peak.

The fact that a single electro-viscoelastic parameter A
controls the shapes of both the main and the secondary pro-
cess (excess wing and/or B-process) is in harmony with the
view that essentially the same relaxing unit, probing the same
local environment, is involved in both processes.?3 6867

Figures 8(a) and 8(b) show the conversion for the NEA-
NMF system. The shear modulus data, measured in a more
limited frequency range than the dielectric ones, were trans-
formed via Eq. (6) to dielectric spectra that are dominated by
a Debye-like peak. The calculated dielectric spectra reveal an
overall shape that is quite similar to the measured one, for
both constrained and unconstrained A. As demonstrated next,
for this amide mixture the presence of a “single relaxation
time” peak in the calculated spectrum is due to the large value
of its dielectric strength.

In Fig. 9 we illustrate the effect of varying the disper-
sion strength Ae on the dielectric loss as modeled on the ba-
sis of Eq. (5). According to this figure, a fairly large value
of A¢ induces a peak in the dielectric spectrum that (i) is
mono-exponential; (ii) is slower than the corresponding shear
peak; and (iii) becomes gradually larger and separates more
and more from the structural process when Ae is increased.

J. Chem. Phys. 137, 064508 (2012)

e",G" (a.u)

10-6 I2 I1 IO I1 2 3 4 5
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FIG. 9. A calculated shear loss spectrum (open circles) with a high-
frequency exponent of 0.5 is used as input for the calculations of ¢” on the
basis of Eq. (6) with A = 1, 5o = 3, and Ae = 0.1 (lowest line). For the other
lines we used Ae = 1, Ae = 10, or Ae = 100 (upper lines).

As a consequence of item (iii), for systems with large Ae
the o-relaxation can be masked, i.e., it merely appears as a
high-frequency shoulder on the dominant peak, as is observed
in the loss spectra of secondary amides and neat monoalco-
hols. Thus, the appearance of a separate, slow Debye peak
in the calculated dielectric response of NEA-NMF might be
justified by the circuit model of Fig. 1 in conjunction with a
large value for A¢ (above 400), whatever the reason for such
a dispersion strength is. Large Ag’s can be due, e.g., to the
formation of chain-like hydrogen bonded structures featuring
a large end-to-end dipole moment.*>-7%7! With such a dipole
moment fluctuating on a time scale longer than the one char-
acteristic for the structural relaxation, the situation resembles
the one known from type A polymers.”” All in all, the sim-
ple circuit model captures several aspects of the complex re-
laxation pattern for systems with large dielectric relaxation
strength.

C. Tests of the shoving model

To further assess possible common features or differ-
ences between NEA-NMF and PC, we next discuss the tem-
perature dependence of their relaxation times as predicted by
the shoving model.?’ In this model the viscosity (or the shear
relaxation time) of a supercooled liquid is given by its temper-
ature dependent instantaneous shear modulus G (7) via the
expression

VcGoo(T)i| _ an

T = Tpexp [ KT

In this model the product V.G, represents the free en-
ergy barrier, which is calculated as the reversible elastic work
done in shoving aside the surrounding molecules in order to
reduce the local density. The microscopic volume V. affected
by a flow event is assumed to be temperature independent.
In Eq. (11) the pre-exponential factor is given by the relation
79 = 1/(2mvp) with vy denoting a vibrational frequency. The
shoving model was successfully applied to describe the non-
Arrhenius temperature dependence of the relaxation times of
several neat supercooled organic liquids,”>® but so far was
not tested for binary mixtures.

From Eq. (11) one notes that t — 1¢ if Goo/T — 0
(Fig. 10). If time-temperature superposition applies for the
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FIG. 10. This figure shows that Go/T for PC and NEA-NMF measured
at 147 K, 149 K, and 151 K extrapolates to zero at a frequency close to
10" Hz, in agreement with the predictions of the shoving model. For NEA-
NME, at temperatures above 151 K, the data show deviations from the behav-
ior predicted by Eq. (11), presumably due to the onset of crystallization.

shear loss spectra, i.e., if their shapes are temperature in-
dependent, G, is proportional to the maximum value of
G”(v). Thus, according to the shoving model, the maximum
in G”(v)/T approaches zero at frequencies close to vo.>” This
prediction is tested for PC in Fig. 10. For this liquid the line
that connects the maxima of the G”(v)/T curves indeed extrap-
olates to zero at typical vibrational frequencies of about 10'3
Hz. This model-independent procedure cannot be applied for
the NEA-NMF mixture because time-temperature superpo-
sition does not apply here, see Sec. IV. To circumvent this
problem in Fig. 10 we included the values for G/T for this
liquid with G, taken from the fitting procedure described in
Sec. IV. These data are divided by a factor of 6 for the sake of
representation clarity. At the lowest three temperatures, Goo/T
extrapolates to zero again close to a vibrational frequency,
demonstrating the applicability of the shoving model for this
hydrogen-bonded mixture in this 7-range. At higher temper-
ature deviations occur from the expected behavior. Since the
shear data were recorded upon increasing the temperature, the
monotonic decrease of the area below the loss spectra could
be attributed to a progressive crystallization of this sample
upon heating.

VI. CONCLUDING REMARKS

We performed an experimental investigation of a simple
glass former (propylene carbonate) and an associating liquid
(a mixture of two secondary amides) with shear and with di-
electric spectroscopy. The time constants obtained via these
techniques provide effective molecular radii for the two sys-
tems that are somewhat smaller than the theoretically esti-
mated ones. The similarities between the broadband rheolog-
ical and the dielectric spectral shapes for these two systems
and for the previously experimentally investigated tripropy-
lene glycol were discussed using a simple electrical circuit
approach that allows one to convert the mechanical into di-
electrical data and vice versa. The model involves a cir-
cuit formed by two capacitors and one frequency dependent
impedance proportional to the dynamic viscosity of the inves-

J. Chem. Phys. 137, 064508 (2012)

tigated material, a model that is mathematically equivalent to
the GDB model. The proportionality constant A, which de-
fines the strength of the electro-viscoelastic coupling, is the
only adjustable parameter within that approach if the experi-
mentally determined high- and low-frequency dielectric con-
stants are imposed.

Allowing for a negative value of the capacitance C; we
achieved excellent agreement between the model calculations
and the experimental data for the entire dynamics, includ-
ing the «-relaxation and the secondary processes for PC and
TPG, as well as the strong Debye-like process for the sec-
ondary amides. We suggested that a negative capacitance may
not be unphysical, but that it might reflect the tendency for a
preferred molecular alignment. Also for materials with high
dielectric relaxation strength, such as the secondary amides,
the circuit model gives a qualitatively correct account of sev-
eral features of the dominant dielectric process. Finally, the
predictions of the shoving model were tested, showing that
the applicability of this model can be extended to include not
just neat liquids but also binary mixtures of hydrogen-bonding
compounds.
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