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Glass-forming liquids are well known to have significant dynamic heterogeneities, leading to spatially
grossly varying elastic properties throughout the system. In this paper, we compare the local elastic
response of supercooled 1-propanol monitored by triplet state solvation dynamics to the macroscopic
dynamic shear modulus measured by a piezo-electric gauge. The time-dependent responses are found
to be identical, which means that the dynamic macroscopic shear modulus provides a good measure of
the average local elastic properties. Since the macroscopic shear modulus of a dynamically
inhomogeneous system in general is not just the average of the local moduli, there was no reason to
expect such a result. This surprising finding not only provides constraints for models of dynamical
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heterogeneities in glass-forming liquids, but also allows for a fairly straightforward check on elastic
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1 Introduction

The study of viscous liquids and the glass transition is an age-old
field of inquiry."® A more recent realization is that the physics of a
highly viscous liquid approaching the glass transition is dominated
by dynamic (not to be mixed with structural) heterogeneities in the
sample.”™ Thus, the sudden molecular rearrangements termed
“flow events” that take place throughout the liquid do not occur
(dynamically) homogeneously. Instead, there are places of signifi-
cant activity and places of little activity. After some time the activity
“hotspots” move to different locations.

In many ways, a supercooled liquid behaves like an amor-
phous solid that flows.'? Simulation studies of amorphous
solids show important spatial variations of, for instance, the
local elastic constants.’*° Thus, one expects the local elastic
response of a highly viscous liquid to vary spatially. Unfortu-
nately, few techniques are able to probe the local elastic
response. A promising method is triplet state solvation
dynamics (TSD) pioneered by Richert.>" This method is based
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on the fact that dye molecules dissolved in the solvent under
investigation induce a local disturbance when photo excited.
This initiates reorientation dynamics of the solvent molecules
in the first solvation shell, leading to a Stokes shift of the
phosphorescence spectrum. TSD monitors this Stokes shift in a
time-resolved experiment. The locality of the TSD method
originates from the fact that approximately the first solvation
shell around a dye molecule is affected, i.e. roughly a single
molecular layer of solvent molecules, in the order of 1 nm or
even below.

While it is well established that the local response function
of dipolar phosphorescence dyes is comparable to the macro-
scopic dielectric signature of the « and f relaxations,**® the
situation for nonpolar dyes is less straightforward.”®?”
Although it was found for nonpolar fluorescence dyes at higher
temperatures (T » T,) that the local response function is
comparable to a local shear relaxation,”®*° this has to our
knowledge not yet been evidenced in the long-time and low-
temperature regime of TSD. For fluorescence dyes a viscoelastic
continuum model describes this kind of local shear relaxation
and fits the data quite well.?® ' This model is based on the fact
that the volume of the nonpolar dye changes upon excitation,
which results in shear forces acting on the solvent molecules,
initiating a relaxation process taking the system back to
equilibrium.?" In the case of naphthalene, the origin of these
local shear forces would be the expansion of the molecule
known from ab initio simulations upon excitation into the
triplet state.**%?

Recent theories for viscous liquid dynamics assume a dis-
tribution of local elastic properties and calculate the overall,
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macroscopic dynamic shear response from this."”** Such the-
ories are difficult to test because of the challenge of measuring
the local elastic response, even in a spatially averaged version.
The aim of the present paper is to fill this gap by comparing the
local dynamic elastic response probed by TSD using the non-
polar dye naphthalene (for 1-propanol) to macroscopic dynamic
shear modulus data. We find identical responses within the
experimental uncertainty. This means that the macroscopic
dynamic shear modulus faithfully represents the average local
shear responses, at least for 1-propanol.

It may sound obvious that the overall shear elastic modulus
of an dynamically inhomogeneous material is simply the
average of the local shear moduli, but this is generally the case
only when small variations are involved.*® For significant
spatial variations the overall modulus is affected little by soft
spots because the overall rigidity is controlled by a percolating
structure of hard material;* in this case, a simple arithmetic
average of the local moduli gives a quite wrong result. This
applies both for static and dynamic moduli. Present-day stan-
dard methods for calculating the overall elastic response of a
(dynamically) inhomogeneous medium (like the effective-
medium approximation for media with spatially randomly
varying elastic properties*>*®) take this effect into account.
The fact of relevance here, however, is that the overall dynamic
shear modulus is generally not identical to the average of the
local dynamic shear moduli."”

The substance under study here, the glass-forming liquid
1-propanol, is a monohydroxy alcohol. The anomalies of these
alcohols and their pronounced tendency to form hydrogen-
bonded clusters®””*®* make them an obvious choice for testing
whether the local average and macroscopic mechanical
response are identical. The presence of meso-scale structures
in the liquid could well result in quite different local and global
mechanical properties, similar to the differences observed
between the local dipolar solvation and the macroscopic dielec-
tric response in these materials.*®

2 Experimental section

The 1-propanol sample was obtained from Alfa Aesar (99.9%
purity). Prior to use, the liquid was cleaned for at least 24 hours
with a 3 A molecular sieve and filtered with a 200 nm syringe
filter. The nonpolar phosphorescene chromophore naphtha-
lene (NA) was purchased from Sigma Aldrich (99%) and used
as received. For TSD experiments the solute/solvent ratio was
1 x 10~* mol mol .

The TSD measurements were performed with the setup
described in detail in ref. 26, 39 and 40. In brief: in an optical
contact gas cryostat (Conti Spectro 4 from CryoVac), the sample
under investigation is located in a quartz glass cuvette. To
excite different dye molecules, a pulsed 10 Hz laser system with
an integrated pulse divider (based on a Spitlight 600 Nd:YAG
laser from Innolas) generates three different UV excitation
wavelengths (355, 320, and 266 nm). Under 90° to the incident
laser beam, the emitted phosphorescence of the dye molecules
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is collected by a liquid light guide fiber (model 77566 from
Newport) and guided to the entrance slit of a Czerny-Turner
grating spectrograph (Shamrock 500i from Andor Technology)
equipped with gratings of 150, 600, and 1800 lines per mm,
respectively. To detect the dispersed phosphorescence emis-
sion, an iCCD camera (iStar 340T from Andor) with integrated
gate and delay generator is used.

The phosphorophore naphthalene used here was excited
with ~2 mJ UV laser pulses of wavelength 266 nm. The
repetition rate of the laser was fiaser = 1/8 Hz < 1/(37na), Where
Tna IS the phosphorescence life time of naphthalene. With
increasing temperature 1y, decreases about 20% within 20 K,
starting at tna = (2.56 & 0.02) s for T < Tycq = 96 K. The
solvation measurements were performed with a time resolution
of At/t < 8% by using a 600 lines per mm grating. Each
spectrum consists of at least 2 x 10° counts at the peak
maximum with the background subtracted. By following the
common practice®"*® the high-energy wings of the spectra were
fitted to Gaussian functions to obtain the mean energy (v) = v
as a function of time and temperature. The long-time limit of
the Stokes shift v (c0) was determined by time averaging points
at high temperatures where the solvent is entirely relaxed.
Analogously, the short-time limit of the Stokes shift v (0) was
calculated at low temperatures where the solvent is completely
unrelaxed. Thus, the absolute Stokes shift Avy, =v/(0) — v(o0) =
(60.9 + 2.2) cm™ " can be evaluated, which is similar to a result
published earlier.”” The shift is only about 10% compared with
the dipolar case,”®*” which illustrates why it is more challen-
ging to generate high-quality data with a nonpolar dye. Similar
observations were also made in the case of fluorescence
dyes, where nonpolar dyes have absolute Stokes shifts of
100-150 cm ™! and polar dyes of 1000-3000 cm ™ *.>°

The dynamic shear modulus was measured over seven
decades of frequency (1 mHz-10 kHz) with a setup based on
a three-disc piezo-ceramic shear transducer.”’™** Compared to
conventional rheometers, this techniques is optimized for
measurements on stiff systems (1 MPa-10 GPa).*!

To validate consistent temperature values between the TSD
data (Darmstadt) and the shear data (Roskilde), macroscopic
dielectric measurements were performed by the Roskilde group
in the same cryostat at the same temperatures right after the
respective shear-modulus measurement. Comparing these
measurements to dielectric data from Darmstadt, which were
temperature calibrated with respect to the TSD sample environ-
ment, an absolute temperature accuracy better than 0.5 K was
achieved.

3 Results and discussion

Fig. 1 presents the Stokes shift response function Avgges(t) =
v(t) — v(oo) for the entire dynamic range. The master plot
representation reveals two relaxation processes, o and f relaxa-
tion. The relaxation strength of the latter is up to 35%, which is
the largest value for a TSD measurement reported so far.”">*>®
The o-relaxation is described by a stretched exponential
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Fig.1 (a) Stokes shift response functions Avsiokes(t) of naphthalene in

1-propanol. (b) Master plot revealing an « and a f8 relaxation process. The

structural relaxation is fitted by a stretched-exponential function. The data

agree with the single curve at T = 102.3 K presented in ref. 27.

function, ie., ®(f) = Avna-do-exp[—(t/tww) ™¥].2*° The fit
boundary was chosen such that the f process does not affect
the fit. The resulting fxww ~ 0.5 is typical for the structural
o relaxation observed in TSD experiments>'**?%” and also for
nonpolar fluorescence dyes.>®°

The imaginary part of the complex dynamic shear modulus
G'(v) + iG"(v) is shown together with suitable fits for eight
temperatures in Fig. 2 (upper panel). The fit curves result from
an electrical equivalent circuit model that fits both the « and
B relaxation process® (see the ESIt for details of the fitting
procedure). We emphasize that due to the employed measure-
ment technique, the frequency range of both o and f processes
can be covered without invoking time-temperature superposi-
tion, as it is often done in the literature. As processes with
different temperature dependencies are observed, only such a
broadband technique provides a proper data basis for a
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Fig. 2 Shear mechanical and dielectric spectra. Upper figure: imaginary
part of the dynamic shear modulus of 1-propanol fitted by an electrical
equivalent circuit model*® (see also the ESIt). Lower figure: imaginary part
of the dielectric spectra at the same temperatures as the shear mechanical
data. The two responses are distinctly different, mainly due to the
so-called intense Debye process, which is a strong single-exponential
process characteristic of dielectric spectra of mono-alcohols. Right figure:
a direct comparison between the shear mechanical and dielectric spec-
trum at a single temperature.
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detailed comparison. In Fig. 2 (lower panel) the dielectric
spectra at the same temperatures are shown. The dielectric
spectrum is dominated by an intense low-temperature process
(sometimes called the Debye process due to its mono-
exponential nature), which is absent in the shear modulus
spectra. The o« and f process appear as distinct “bumps” on
the high-frequency flank of the Debye process.

For a first comparison between TSD and shear data, Fig. 3
compares the time scales extracted from the shear modulus
spectra to the o relaxation time scales of the TSD naphthalene
data. The TSD o relaxation time scales were obtained by a
common KWW fit to all TSD data shown in Fig. 1. The shift
factor applied to make curves collapse provides an « relaxation
time scale even for temperatures where only a small part of the
curve is visible in the narrow time window of the TSD measure-
ment. A near perfect match is found. Also shown are the
dielectric Debye, «, and f relaxation times; as is often found,
the shear o relaxation is faster than the dielectric relaxation
(about a factor of ~10)."**° The « time scale of the polar
solvation data from ref. 26 shown for comparison clearly
coincides with the dielectric o time scale, demonstrating that
meso-scale structures responsible for the intense and slow
Debye process are invisible to the local dielectric response.

A direct comparison of TSD and shear data in the time
domain is shown in Fig. 4(a) giving rise to further evidence of
agreement between the average local and the global mechanical
response. To make a proper comparison, the complex shear
data of Fig. 2 were interpolated to match the temperatures of
the TSD measurements (see ESIt for details) and subsequently
inverse Fourier transformed by using a variant of the Filon
algorithm.?® The match between TSD and shear data is within
the experimental uncertainties. Thus, not only the time con-
stants, but also the shape of the structural relaxation, as well as
the relative strength ratio of the o to f§ processes as a function of
temperature, agree for the local TSD and the macroscopic shear
measurement techniques. This demonstrates that the Stokes
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Fig. 3 Relaxation map of 1-propanol. The time scales extracted from the
analysis of the nonpolar solvation data (red squares) and the shear
modulus spectra (blue triangles) are shown to coincide within the experi-
mental uncertainty. The polar solvation data (QX) from ref. 26 are added as
well as those of the dielectric data. The polar solvation data and dielectric a
time coincide with roughly the same temperature dependence as the
shear data but almost a factor of 10 slower. Lines are guides to the eye.
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Fig. 4 (a) Comparison between Avsiokes(t) and the inverse Fourier trans-
formed, scaled shear modulus G(t). G(t) was interpolated to the TSD
temperatures (cf. ESIf). Within the experimental uncertainty the time
constants, as well as the shape of the structural relaxation, are identical
for the two methods. Furthermore, the strength ratio of the « to § process
is the same. This altogether demonstrates that NA probes a local dynamic
shear response that is identical to the macroscopic response. (b) Test of
the shoving model. The shear o time scale is shown as a function of inverse
temperature scaled to Ty displaying the hallmark feature of viscous liquids:
non-Arrhenius behavior (in blue). The same data points are plotted in black
Guo(T)T,
T Goo(T,)
model prediction (black line) with no free parameters (see text for details).

as a function of X = . Plotted this way, the data points follow the

shift measured by the TSD technique using the nonpolar dye
naphthalene is identical to the macroscopic shear modulus,
except for a temperature-independent conversion factor which
is 82 GPa~! em ™! in the case of 1-propanol. Although the TSD
does not give directly the value of the local elastic modulus, it
follows from this result that the macroscopic dynamic shear
modulus is proportional to the average of the local dynamic
shear modulus probed by the Stokes shift, with a proportion-
ality constant that is temperature independent. In particular we
find G macro(T) ¢ G local(T)- These findings are consistent
with the viscoelastic continuum model established for nonpo-
lar fluorescence dye measurements,”® " which links the macro-
scopic dynamic shear modulus and the local Stokes shift
response function. Fig. 4 comprises the first direct experi-
mental proof of this connection.

The shoving model®*™* for the non-Arrhenius temperature
dependence of the structural relaxation time states that the
activation energy is proportional to the local elastic high-
frequency plateau modulus, AE o Gjoca- The argument is the
following: due to the anharmonicity of the intermolecular
forces, it is energetically favorable for a flow event to take place
when there is a slight local expansion of volume. The main
contribution to the activation energy is the work needed to
shove aside the surrounding liquid. Since the surrounding
liquid behaves elastically on the picosecond time scale of a
flow event, this work is proportional to the elastic modulus.
Assuming a spherical region of expansion, the relevant elastic
constant is G.,. As mentioned in the introduction, it is very
difficult to measure a local elastic shear modulus. Conse-
quently, most tests of the shoving model have been performed
with macroscopic measurements that in many cases, though
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not always,” account for the non-Arrhenius temperature
dependence of the relaxation time.

By extracting G.,(T) from the fit curves of Fig. 2(a) and
following a common procedure,’***** the model is tested for
1-propanol in Fig. 4(b). Here, the shear o relaxation time is

plotted against the Ty/T in blue, displaying a clear non-
Arrhenius behavior. The black data points are the same o time

Goo(T) Ty
T G (Ts)
scaled to its value at Ty. Defining t(Ty) = 1000 s and a physically
reasonable prefactor 7, = 10~ ** s, the shoving model predicts
the data points to follow the line log;o(z(T)) = 17X — 14.>
Although there are no free parameters, prediction and data
match well.

scales plotted against X = . The variable X is G..(T)/T

4 Summary and conclusion

In summary, 1-propanol was investigated at temperatures
slightly above T, (up to ~25%) using macroscopic rheology
and the local TSD technique involving the nonpolar phosphor-
escence dye naphthalene. A comparison of TSD and shear data
reveals that not only time constants, but also the shape of the
structural relaxation and the strength ratio of the o to f§ process
agree very well. This means that the local shear modulus can be
measured with the TSD technique using the nonpolar dye
naphthalene, thus settling the long-standing question of how
nonpolar solvation data should be interpreted. From the per-
spective of the shoving model, these findings lends credibility
to the procedure of using the macroscopic shear modulus when
testing the model predictions - at least for 1-propanol. Clearly,
more measurements of local dynamic elastic properties are
desirable to elucidate the dynamics of glass-forming liquids.
Meanwhile, it remains a challenge for theory to explain why the
macroscopic elastic properties reflect simple averaging of local
properties. This non-trivial result puts a constraint on future
models of dynamic heterogeneities in glass-forming liquids.
Our findings strongly suggest that the distribution of local
dynamic shear moduli is - apart from a general temperature-
dependent scaling factor - temperature-independent. In other
words, all local dynamic shear moduli - and thus also the
macroscopic dynamic shear modulus - change in the same way
with temperature. This is highly non-trivial; thus recent exten-
sive computer simulations show that this does not apply in
general.”®
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