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We present the relaxation dynamics of glass-forming glycerol mixed with 1.1 nm sized polyhedral
oligomeric silsesquioxane (POSS) molecules using dielectric spectroscopy (DS) and two different
neutron scattering (NS) techniques. Both, the reorientational dynamics as measured by DS and the
density fluctuations detected by NS reveal a broadening of the  relaxation when POSS molecules

are added. Moreover, we find a significant slowing down of the a-relaxation time. These effects are

in accord with the heterogeneity scenario considered for the dynamics of glasses and supercooled
liquids. The addition of POSS also affects the excess wing in glycerol arising from a secondary relaxation
process, which seems to exhibit a dramatic increase in relative strength compared to the a relaxation.

. The glass and supercooled-liquid states of matter are found in a large variety of materials and there are many
. applications of glass such as windows and containers, optical fibres, food processing or even preservation of insect
life under extreme conditions. An ever-increasing industrial demand and critical role in economic sustainment
require the development of a basic understanding of such materials. Enormous efforts have been made during
the last decades to arrive at a better understanding of the glassy state of matter. (In this work, the term “glassy”
refers to both the supercooled-liquid and the glass state, above and below the glass temperature, respectively).
. Nevertheless, the glass transition is still one of the most interesting unsolved problem in solid state physics. Above
. the glass-transition temperature T, the glassy dynamics is dominated by the structural « relaxation but there are
also various faster relaxation processes, which seem to be universal properties of the glassy state of matter'->. The
microscopic origin of these faster relaxations is still a highly debated topic in modern science. In broadband die-
lectric spectroscopy (DS) the « relaxation leads to a dominant peak in the dielectric loss (¢”) spectra®*. In various
glass formers, it is followed by a broad second peak or shoulder arising from a secondary relaxation, termed slow
3 or Johari-Goldstein (JG) relaxation®, which becomes best visible when approaching T, (refs 5-7). One of the
most mysterious phenomena among the processes beyond the « relaxation is the excess wing (EW)>*8-12 whose
physical origin still is very controversial. It is typically observed in DS as a second, more shallow power law at the
. high-frequency flank of the o peak of various glass formers. The EW is often assumed to arise from a JG relaxa-
tion peak, partially submerged under the dominating c-peak!*~'* but other interpretations were also proposed®!.
The JG or EW processes occur even for molecules without internal degrees of freedom, pointing towards an
intermolecular origin®. One possible explanation of the JG relaxation is the existence of “islands of mobility”,
i.e., regions where the molecules have greater mobility>'”. An alternative explanation assumes that all molecules
. contribute to the JG relaxation via transitions between local minima within the energy landscape experienced
. by the molecules'®!. Overall, a proper understanding of these processes is still missing and often regarded as
prerequisite to achieve a better understanding of the glass transition in general.
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Figure 1. SANS scattering intensity of a deuterated p-xylene solution of POSS-OH with ¢pggs = 1% volume
fraction as a function of the scattering vector, Q. The solid line is a fit using a hard-sphere form factor (Eq. 1).
Inset: Molecular structure of completely condensed POSS-OH?¥. The Si and O atoms in the silicon-oxygen cage
are represented in blue and red, respectively.

It should be noted that the JG relaxation and the EW are distinctively different from the well-known fast 3
process as predicted by mode-coupling theory (MCT), which has proven to be successful in explaining some
of the most interesting phenomena of glassy dynamics®’. According to MCT, the fast 3 process is related to the
molecular dynamics in the transient “cage” formed by the neighbouring molecules whereas the low-frequency o
process is the relaxation mode by which the cages form and decay. However, an explanation for the EW or the JG
(=slow f3) process is missing within the original MCT framework (however, see ref. 21 for a possible explanation
of these processes within more recent MCT concepts).

The random nature of molecular diffusion in liquids causes local fluctuations of intermolecular distances. It
gave birth to the concept of dynamic heterogeneities**-* or spatially heterogeneous dynamics?. It leads to a distri-
bution of relaxation times, i.e., each molecule relaxes with exponential time dependence as in the Debye theory,
but the relaxation times are different for different molecules. This explains one of the hallmark features of glassy
dynamics, the non-exponentiality, which shows up, e.g., by a broadening of the o peaks in dielectric-loss spectra.
It has been recently observed for soft colloidal glasses that on suppressing the dynamic heterogeneities as a result
to its inherent intermolecular softness one can attain a hyper-uniform state on approaching the glass transition?,
in contrast to hard colloids where dynamic heterogeneity dominates?*.

In the present work, following the previous work by Johari and Khouri*®? we investigate the influence of
structural heterogeneity on molecular dynamics by adding POSS molecules with a size comparable to that of
typical dynamic heterogeneous domains of 1-3 nanometers®**! to the classical molecular glass former glycerol.
We investigate the influence of these heterogeneities on the « relaxation and, in addition, also explore possible
effects on the EW. We use static and dynamic NS as well as DS to determine the static single-particle structure and
heterogeneity-induced variations of the relaxational dynamics. The added hybrid-plastic POSS molecules consist
of a silicon-oxygen cage (SigO},) in which the Si atoms occupy the corners of a cube and are bonded to oxygen
atoms which are located on the edges (cf. Fig. 1). A wide variety of ligands can be bound to the fourth position of
the Si atom in the cage. The intermolecular reactivity of these ligands allows the molecules to be dispersed in var-
ious complex fluids®. Indeed, the influence of added POSS molecules on glassy dynamics has been investigated
in several previous works?*2%33:34,

Results

Small angle neutron scattering (SANS). Figure 1 shows the SANS intensity of a deuterated (d) p-xy-
lene solution of Octa(3-hydroxy-3-methylbutyldimethulsiloxy) POSS (POSS-OH) with a volume fraction of
¢poss = 1% as a function of the scattering vector, Q. The solid lines are fits using a hard sphere (HS) form factor
given by

sin (Qr) — (QR) cos (Qr) i
@ry (1

Here, V is the volume of the POSS molecule, r is the hard sphere radius, and Ap = pposs — Psolvent 1S the contrast
difference between POSS and the solvent. It results in a radius of 7 =114 0.1 A, which is about ~7 times the
hydrodynamic radius (Ry;) of a glycerol molecule (1.6 A)*. The inset in Fig. 1 illustrates the molecular structure of
completely condensed POSS-OH?. Its molecular formula is CsgH,;350445i;6, with the ligand group R = SiO,C,H;;.
The SANS data was modelled using 0% polydispersity.
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Neutron Backscattering Spectroscopy (BS).  In Fig. 2 we report the incoherent quasi-elastic NS (QENS)
data from BASIS BS? for an average momentum transfer, at (a) <Q>=1.34+0.2and (b) 1.5+£0.2 A, ina
semi-logarithmic representation. It is plotted over a temperature range from 273 K to 413K for 7.7 wt% of POSS
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Figure 2. BS data in a semilogarithmic representation for 7.7 wt% POSS in glycerol as measured over a
temperature range from 273 to 413K at (a) (Q) =1.3A ! and (b) (Q) =1.5A~". The black solid lines are fits
with Eqs (2) and (3), whereas the red solid lines are fits using Eqs (2) and (4) as explained in the text. The dashed
lines indicate the resolution function, which is determined from the measurement of the sample at 20K. (c)
EISF from Eqgs (2) as a function of Q. The solid lines represent the fits for diffusion in a sphere model and the
dashed line represent the length scales in combination with the localized dynamics as explained in the text. (d)
The confinement lengths for translational and reorientational dynamics as a function of inverse temperature.

NPs in glycerol-Hg. At low temperatures (T <294 K) the BS data were acquired at the edge of the instrument res-
olution but with extended measurement time to obtain improved statistics. The QENS intensity is proportional to
the incoherent dynamic structure factor, S;,.(Q, E), which contains correlations between the same nucleus at dif-
ferent times (incoherent scattering) and between different nuclei at different times (interference effects associated
with coherent scattering, both elastic and inelastic). The solid black lines in Fig. 2(a,b) represent the modelling of
the BS data. All obtained BS results were fitted for each Q value (over a Q range: 0.3-1.9 A using the following
expression’:

Sine(Q E) = A{X(Q8(E) + [1 = X(Q)1S,,.(Q E)} @ R(Q E) + B(Q E) @

Here A ~exp (—(Ar?)Q?) is the Debye-Waller factor taking into account the decay of the correlations at faster
times; it depends exponentially on Ar?, the effective mean-square-displacement (MSD) in a quasi-harmonic
approximation®. X(Q)é (E) represents the fraction of the elastic scattering, [1 — X(Q)]84:(Q, E) are the
quasi-elastic contribution, and B(Q, E) is a linear background term. The term X(Q) also acts as the elastic inco-
herent structure factor (EISF). B(Q, E) represents any elastic background arising from the sample holders, sample
environment, and the spectrometer background. The corresponding resolution function R(Q, E) (dashed line in
Fig. 2) was measured for the sample at low temperature (20 K); the symbol ® denotes a convolution function. The
asymmetry in S, (Q, E) in Fig. 2(a,b) is an inherent property of the time-of-flight operation of the BASIS instru-
ment. It is related to the arrival time of fast and slow neutrons in the BS spectrometer®.

S4(Q, E) is modelled using the Fourier transformed Kohlrausch-Williams-Watts (KWW) function***!, given
in time domain by:

00 ) ﬂKWW

S4e(Q E) = f dte™" exp —[ ]
0 TKwwW 3)
The stretching exponent Gy (0 < Bxww < 1) and the relaxation time 74y are used to determine the average
relaxation time ( Ty w) = Trww/ Bxwwl (1/Bxww)> where I is the Gamma function. Here, w denotes the angular
frequency (=E/h =2mv). As can be seen from Fig. 2(a,b) at low temperature (T <294 K) the QENS signal is dom-
inated by the resolution function, the effect of which is visible in the ripples in the energy transfer*2. We analyse
(Txww) at (Q)= 1.3 and 1.5 A~" for the further course of this work, which is in close vicinity to the coherent static

SCIENTIFICREPORTS | 6:35034 | DOI: 10.1038/srep35034 3



www.nature.com/scientificreports/

0.8 — T T T T
o O 00
O 0080 °
o
*
06} , xgo%c® !
x XOR © * a A
© e
C F * A

04F ©X glycerol (DS)
® glycerol + 7.7 wt% POSS (DS)
<& glycerol (NSE)

[ 4 glycerol + 7.7 wt% POSS (NSE)
A glycerol + 7.7 wt% POSS (BS)

0.2 | 1 1 1
200 250 300 350 400

T (K)

Figure 3. Width parameter n of the o relaxation for pure glycerol and glycerol with 7.7 wt% POSS as
obtained from DS, NSE, and BS measurements. # is defined as the absolute value of the exponent, observed at
the high-frequency flank of the « peak (see text). The DS data for pure glycerol were taken from refs 3 and 52.
The circles are from an evaluation of the a peak alone® while the crosses were obtained from fits with the sum
of a CD and a CC function, also taking into account the EW?.

structure factor peak of pure glycerol (Q,=1.44 A~1%_This ensures that the observed dynamics is at the length
scale before and after the structural relaxation (Q,) of pure glycerol. The obtained stretching exponent By, var-
ies between 0.48 and 0.56 over a temperature range from 413K to 323K (Fig. 3).

As revealed by the relaxation-time analysis (see discussion section), below 323 K the BS data are dominated
by the secondary relaxation mode generating the EW. Thus at these temperatures they are modelled using a
Cole-Cole (CC)* function in energy space, replacing S,.,(Q, E) in Eq. 2 (which is proportional to the loss x”)
by*:

E - am E 1-a
(eXp(kTT) - 1) cos<7)<E—0)

) o E 1-« E 22«

vezn(5)() o+ (7) @
Here E,) is the energy corresponding to the inverse relaxation time, with « (0 < o < 1) the broadening parameter
and kg the Boltzmann constant. The pre-factor (exp((E)/(kzT)) — 1)7!, represents the Bose factor. The CC func-
tion is known to provide a good description of secondary relaxations”'>. The red solid lines in Fig. 2 represent the
CC fits for 273 K and 294 K. We obtain ov =0.75+£0.01, which corresponds to a strong broadening of the relaxa-
tion peak leading to the EW in the DS data*!*!* (see also discussion of the DS data below).

Figure 2(c) shows the EISF from Eq. (2) that represents the relative strength of the quasi-elastic translational
and reorientational dynamics with respect to the elastic part?. The solid lines represent the fits for diffusion in a
sphere of radius R,,,, modelled as, (3;(QRyus)/ (QRy,))? (translational)*+6. The dashed lines represent the con-
volution of the localized translational centre-of-mass motion and segmental reorientational motion,
[, + (1 — cl)(3]1(QR,,MS)/(QRW”S)) Ile, + (1 —¢y) (]0 (QR,,,))1*. Here j, and j, are the spherical Bessel func-
tlons The parameter ¢, = 0.94 was obtained that represents short range bond ordering or heterogeneity. The term,

(QRmt)”, represents the rotational diffusion jump on a sphere of radius R,,,. The parameter ¢, = 0.66 was
o tained that represents the fraction of H-atoms not participating in the reorientational motion. The two vertical

lines indicate (Q) = 1.3 and 1.5 A~. The variation of the confinement lengths with temperature are illustrated in
Fig. 2(d).

Sgee(Q E) =

Neutron Spin Echo (NSE) Spectroscopy. In Fig. 4 we report the normalized dynamic structure factor
(S(Q, 1)/8(Q, 0)) of deuterated glycerol- Dy, measured by coherent NSE spectroscopy over a temperature range
from 273 to 323K and at (Q) = 1.34 0.2 A~". The data for 7.7 wt% of POSS in glycerol-Dj (open symbols) are com-
pared to those obtained for pure glycerol-Dg (closed symbols). Because of the spin flip at the NSE instrument?’,
we detect the normalized total signal representing the sum of coherent (S,,) and incoherent (S,,) scattering.
However, the coherent signal dominates, i.e.,

S(Q, t) _ Scoh(Q’ t) — 3 mc(Q t) mh(Q, t)
S(Q’ 0) chh(Q) 0) 3 mc(Q 0) cah(Q’ O) (5)

This coherent intermediate scattering function obtained from NSE spectroscopy is modelled by the KWW
function***! namely:
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Figure 4. Normalized dynamic structure factor $(Q, )/S(Q, 0) at {Q) =1.34-0.2 A~ for pure glycerol
(closed symbols) and glycerol with 7.7 wt% POSS (open symbols), measured at different temperatures as
indicated in the legend. The lines are fits with the KWW function (Eq. 6).
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Figure 5. Dielectric loss spectra including the o relaxation peak and the EW region at T=195K, 204K,
213K, and 223 K, measured for 7.7 wt% POSS in glycerol in comparison to the DS data for pure glycerol
(from refs 3 and 4). For the glycerol/POSS spectra, ¢” and v were scaled to make the o peaks match those
obtained for pure glycerol.

San(@ ) _ exp_[

Orww
Smh (Q’ 0) a ]

Tkww (6)

The fits shown in Fig. 4 lead to an amplitude A less than unity. This indicates the presence of faster dynamics,
which is not visible within the NSE time window, e.g., the EW or the fast 3 process. For pure glycerol the fits
were performed with the stretching parameter fixed to Sgyw = 0.7 s, following our previous studies® and the
one by Wuttke ef al.**. However, a significant reduction of 3, is noticed upon addition of POSS: Here for 7.7 wt%
POSS in glycerol, 3, varies between 0.63 and 0.49 for temperatures between 323 K and 273 K, respectively
(Fig. 3). This increased stretching of the exponential decay under addition of POSS resembles the results from
dielectric-spectroscopy recently reported by Johari and Khouri for different glass formers and POSS molecules
where it was attributed to an increase of heterogeneity in the system?*?. Interestingly, the corresponding « relax-
ation time, (7,,) only shows a slight increase (i.e., a slowing down of the & mode) when adding POSS as will be
treated in more detail in the discussion section.

Dielectric Spectroscopy (DS). Figure 5 illustrates the frequency dependence of the dielectric loss ”(v)
at four selected temperatures for 7.7 wt% of POSS in glycerol-H; (closed symbols). The data are compared with
spectra for pure glycerol-Hg (open symbols) taken from previous studies®*. To enable a direct comparison of the
relative EW amplitudes, the glycerol:POSS spectra were scaled to make the o peaks match those obtained for pure
glycerol. Interestingly, this plot demonstrates that the addition of POSS to glycerol induces a significant increase
of the amplitude of the EW, related to that of the a peak. A close inspection of the dielectric spectra published for
diglycidyl ether of bisphenol-A (DGEBA), mixed with POSS molecules of about 2 nm size?, reveals indications
for a similar increase of the relative amplitude of the JG relaxation in this system.
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Figure 6. Spectra of dielectric constant (a) and loss (b) including the a-relaxation peak and the EW region
over a temperature range 195-263 K at 7.7 wt% POSS concentration in glycerol. The solid lines are fits with the
sum of a HN function®® (Eq. 7) for the « relaxation peak and a CC function** for the EW relaxation. The fits
were performed simultaneously for £’(v) and £”(v). The dashed lines show the CC contributions for T < 222K,
leading to the EW as explained in the text (at higher temperatures, the EW is outside of the frequency window).
For clarity reasons, in frame (a) the EW relaxation is shown for two temperatures only. The inset provides a
zoomed view showing the EW contribution for all four temperatures.

POSS addition also seems to lead to a broadening of the « relaxation both at the low and high-frequency
flanks of the peaks. However, at least at the high-frequency flank of the « peaks, this broadening may also arise
from the stronger EW amplitude. To clarify this issue, fits of the spectra have to be performed. Figure 6 shows
the dielectric constant (a) and loss spectra (b) at temperatures 195K to 252 K for 7.7 wt% of POSS. The solid lines
represent fits using the sum of a Havriliak-Negami (HN) function®® (Eq. 7) for the a-relaxation peak and a CC
function* for the EW. The HN function is given by:

* & ~ €
£ =&y P B
[(1 + iwr) ] (7)

Here, ¢, is the static dielectric constant and e, the high-frequency limit of the dielectric constant; the difference
Ae=¢,— ¢, represents the dielectric strength. Broadening and asymmetry are determined by the parameters o
and v (0< < 1;0<v<1). For a>0and y=1, Eq. (7) represents the symmetrically broadened CC function. For
the low and high-frequency flanks of the relaxation peaks, Eq. (7) predicts power laws v and v, respectively,
with n=- (1 — ) and m=1 — c. The fits were performed simultaneously for the dielectric constant ¢’(v) and £”
(v). Here one should note that the justification for using a simple additive superposition of different contributions
to the spectra may be doubted and alternatives were promoted*’. However, usually the convolution approach
proposed, e.g., in ref. 49 leads to similar results®®*!.

As revealed by Fig. 6, the model can successfully describe the complete spectra, in accord with the findings
for pure glycerol and other glass formers*!*>!, The obtained EW-relaxation peaks, modelled by CC functions, are
indicated by the dashed lines in Fig. 6(b). There is also a corresponding contribution in the real part, indicated
by dashed lines in Fig. 6(a). As shown in the inset of Fig. 6, it leads to a somewhat smoother rounding of the £’(v)
curves when approaching e, (ref. 8). In Fig. 3, the deduced exponents 7 of the right flank of the a loss peaks are
compared for pure glycerol®* (open circles) and for the present glycerol-POSS mixture (closed circles). Obviously,
within experimental resolution # is identical for both materials. Thus, the fits do not reveal any significant varia-
tion of the high-frequency flanks of the « peaks by POSS addition and the apparent broadening in Fig. 5 can be
completely ascribed to the stronger EW contribution.

One should be aware, however, that the data for pure glycerol, taken from ref. 52 (open circles in Fig. 3), were
obtained from an analysis of the v peak alone, without taking into account the EW. Thus one may ask if the EW
for pure glycerol also leads to an apparent broadening of the o peaks, similar to the findings for the glycerol/
POSS mixture (Fig. 5). This would result in an artificial reduction of the values for # reported in ref. 52, due to the
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Figure 7. Arrhenius representation of the average relaxation times for glycerol mixed with 7.7 wt% POSS
in comparison to pure glycerol>*'%. Open circles show the average a-relaxation times of pure glycerol while
the open squares and crosses represent the EW-relaxation times, both determined by DS**!%. The open squares
were obtained from an evaluation using the sum of a KWW and a CC function* while the crosses were deduced
assuming the sum of a CD and a CC function'*. The a-relaxation times represented by the open circles®* were
determined from fits of the « peaks alone, leading to practically identical results as the fits combining two peak
functions to account for the EW. The closed circles and squares denote the a-relaxation and EW-relaxation
times, respectively, as determined in the present work for 7.7 wt% POSS in glycerol from fits of the DS spectra
with the sum of a HN and CC function (Fig. 6). The upright and inverted triangles represent the relaxation
times determined from the BS data (Fig. 2) at (Q)=1.3 and 1.5 A1 for 7.7 wt% POSS in glycerol. The open
and solid diamonds represent the relaxation times obtained from the NSE data (Fig. 4) at (Q)=1.3£0.2 At
for pure glycerol and for 7.7 wt % POSS in glycerol, respectively. The solid and dashed lines are fits of the open
circles and squares with the Vogel-Fulcher-Tammann function®%,

superposition of the high-frequency flanks of the a peaks by the EW, instead of n being a genuine property of the
arelaxation. Therefore, in Fig. 3 we also include results for n(T) obtained from fits* of the spectra of pure glycerol
using the sum of a Cole-Davidson® (CD) and a CC function** (crosses), analogous to the present analysis of the
glycerol:POSS data. They reasonably agree with those for the original evaluation without EW*2. Obviously, in pure
glycerol the amplitude of the EW is too small (in relation to the « relaxation) to lead to any significant apparent
broadening of the a peak. Thus our statement that there is no evidence for any significant broadening at the right
flank of the « relaxation of glycerol, caused by the addition of POSS, still holds.

In contrast to the high-frequency flanks, the performed fits reveal that the left flanks of the a peaks become
shallower (« varies between 0.1 at 252K and 0.21 at 195K) under POSS addition if compared to pure glycerol
where « is zero, i.e., m =1 (refs 3, 4 and 52). This also becomes obvious by the direct comparison of the spectra
shown in Fig. 5. The fits in addition reveal a significant increase of the a-relaxation times when 7.5 wt% POSS is
added to glycerol (Fig. 7; see following section for a detailed discussion). The obtained relaxation strength varies
between 26 (252 K) and 45 (195K) and is smaller than in bulk glycerol (Aec =45 and 68 at the same temperatures,
respectively*). A reduction of Ae compared to the pure compound was also found by Johari and Khouri in their
studies of DGEBA, mixed with two different types of POSS molecules with a size of about 2 nm?**.

Discussion

The analysis of the BS data presented in Fig. 2 illustrates the presence of two relaxation modes for T <294 K.
Applying translational motion in a sphere and rotational motion along a sphere model to the EISF from the BS
data reveals two different length scales, R,,,,; and R,,, (Fig. 2(d)), respectively. The length R, decreases from 3
to 2 A over T=413-294K. It finally confines to 1.7 A at 273 K, which is in close proximity to the hydrodynamic
radius of the glycerol molecule (R;; = 1.6 A)*, obtained from viscosity data following the Stokes-Einstein rela-
tion. However, for T< 294K a second length scale, R,,, yields 1.16-1.0 A. These values are close to, R,,,= 0.8 A,
and 0.96 A, reported for pure glycerol*® following DS and NMR data at T> 1.3 T, (=190K). The small discrep-
ancy is attributed to the incorporation of heterogeneity by the nanoparticles.

In refs 28 and 29, the broadening of the « relaxation when adding POSS particles to glass-forming DGEBA
was discussed in detail and stated to be compatible with the dynamic-heterogeneity interpretation of the
commonly-found non-exponentiality of ultra-viscous-liquid dynamics. In Fig. 3, we compare the width parame-
ters found for the present glycerol-POSS mixture using NS and dielectric experiments (closed symbols) with the
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results for pure glycerol (open symbols and crosses). As discussed in the preceding sections, the NS data were
analysed by the KWW function involving a width parameter Sxww (Eq. (9)), and for the fits of the DS data of
glycerol mixed with POSS the HN function had to be used (with width parameters « and +; Eq. (7)). Moreover,
the DS data for pure glycerol®* were analysed by the CD function® including a width parameter 3y, The latter
function leads to a qualitatively similar spectral shape as the Fourier-transformed KWW function, especially an
asymmetric loss peak with exponents m = 1 at the left and n = 3 < 1 at the right peak flank. To enable a com-
parison of the different data sets, Fig. 3 shows the exponent n of the " power law at the high-frequency side of
the relaxation peak, which corresponds to 1= By for the KWW function, to n="y (1 — «) for the HN function,
and to n = (¢p, for the CD function. As discussed in detail in the preceding section, the analysis of the dielectric
experiments (circles and crosses) does not evidence any significant variation of n when POSS is added to glycerol.
While the direct comparison of the spectra provided in Fig. 5 seems to suggest a broadening at the high-frequency
flanks of the o peaks, the fits reveal that it is due to the superposition of the a peaks by the EW whose relative
amplitude is markedly enhanced for the glycerol/POSS mixture. It should be noted that the invariance of n under
POSS addition, as deduced from dielectric spectroscopy in the present work, does not contradict the decrease of
Brww =1 as reported in refs 28 and 29 for the admixture of two different POSS compounds to DGEBA. In those
works, only the a-relaxation part of the spectra was analysed and a corresponding treatment of our data would
reveal similar results. In any case, it should be noted that our data indeed indicate a clear broadening of the a
relaxation when POSS is added, which, however, mainly seems to occur at frequencies v < 1/(27(7,)) (cf. Fig. 5),
which is not covered by a comparison of the parameter n.

Figure 3 also shows the results for the width parameters as obtained from the NS experiments. For NSE, data
for both pure glycerol and glycerol with POSS are available (open and closed diamonds, respectively). # for the
pure compound partly deviates from the corresponding values from DS. However, as both methods sense dif-
ferent aspects of the glassy dynamics (DS: only reorientational, NS: primarily translational and partly reorienta-
tional) there is no principle reason for a match of both data sets. Indeed, in refs 3 and 54, marked deviations in the
a-peak widths obtained by different experimental probes were reported for glycerol and two other glass formers.
Interestingly, in contrast to the DS results, the width parameters determined from NSE for glycerol with POSS
are markedly lower than for pure glycerol (Fig. 3, closed and open diamonds, respectively). This seems to imply
that the translational dynamics is more sensitive to the heterogeneities induced by the POSS molecules than the
reorientational one. In a naive picture one may rationalize this notion when assuming that the large POSS mol-
ecules partly are blocking the paths for the translational motions of the glycerol molecules, thus having a direct
impact on this aspect of their dynamics. This obviously is not the case for the reorientational motions as detected
by DS. Here a less direct influence of POSS on the heterogeneity sensed by the molecules can be assumed, which
is caused by a variation of the interaction potentials with neighbouring molecules, no longer exclusively being
glycerol molecules as in the pure compound. However, one should be aware that the determination of n= Gyyw
from the NSE data is based on an evaluation with a single relaxation function without taking into account pos-
sible contributions from the EW. To account for the EW in the analysis, a larger density of S(t) data points and
higher precision would be necessary to reveal possible deviations from the KWW fits, expected at short times in
Fig. 4. Similar considerations are valid for the BS data, also showing rather small values of n in Fig. 3 (triangles),
at first glance suggesting a POSS-induced increase of heterogeneity. As shown below, the BS data at low tempera-
tures (T < 294K) are clearly influenced or even dominated by the EW and it cannot be excluded that the EW also
contributes to the measured data at higher temperatures.

We want to note that the considerations of the previous two paragraphs are based on the assumption that
there are no significant contributions from reorientational motions associated to the POSS molecules. It is clear
that additional loss peaks in the dielectric spectra, which would be expected for such additional processes, are
not observed and the data can be well described by two relaxation functions only. However, small contributions
from such processes, submerged under the dominating « relaxation cannot be excluded, which may hamper the
precision of the determined width parameter of the « relaxation.

The deduced temperature-dependent average relaxations times (7) are shown in Fig. 7 in an Arrhenius plot.
The solid circles represent the DS results for the a-relaxation times, (7,), obtained in the present work for 7.7 wt%
POSS concentration (for the HN function used in the fits, (7,) was approximated by the inverse loss-peak fre-
quency, calculated® from 7, a and ). The published results for pure glycerol are shown as open circles**. A
comparison reveals that the a-relaxation time significantly increases by a factor of 2.5-7, depending on tem-
perature, when POSS molecules are added to glycerol (the error of (7,) from DS is of the order of the symbol
size). This agrees with the findings in ref. 29 for DGEBA mixed with 2nm sized EcPOSS molecules (epoxycy-
clohexyl polyhedral oligomeric silsesquioxane). The increase of viscosity when admixing POSS molecules to
glass-forming m-cresol, reported in ref. 34 is also in accord with a slowing down of the « relaxation. As noted in
refs 28 and 29, a simultaneous broadening and slowing down of the « relaxation, as found in the present work
and for the DGEBA:EcPOSS system investigated in ref. 29, is in accord with the dynamic-heterogeneity scenario
often assumed to govern glassy dynamics: Adding POSS molecules to a glass former of course should increase
heterogeneity but also can be assumed to induce an increase of the typical length scale of heterogeneity, &... When
further supposing a close relation of &, with &qpg, the size of cooperatively rearranging regions, this should result
in a slowing down of the a relaxation?®°®. However, it should be noted that in ref. 28 a decrease of a-relaxation
time was found when adding a different type of POSS (glycidyl polyhedral oligomeric silsesquioxane) to DGEBA
than in ref. 29, which seems to contradict the above picture. A possible reason for this discrepancy may be the
unclarified relation of &, and {cpg.

The closed squares in Fig. 7 show the present DS results for the relaxation time of the secondary relaxation
causing the EW, (7gy,). They are compared to two (7, ) data sets for pure glycerol, taken from literature*!4. It is
clear that the parameters of the excess wing, deduced from fits of the spectra with two relaxation functions, have
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high uncertainty due to the strong superposition of the EW relaxation by the dominating « relaxation. Within
these uncertainties, no POSS-induced variation of (7 ) is detected.

The solid and open diamonds in Fig. 7 represent the NSE data measured at Q= 1.3 A=, which is close to the
coherent static structure factor peak for pure glycerol (Q,= 1.44 A-")*. A small increase of (7,) under POSS
addition is revealed, just as for the dielectric data, but considering the shown error bars, this finding is of limited
significance. The (7,,) data from NSE seem to be systematically larger than those from DS. This may be a result of
the different momentum transfer (Q), which is zero for DS. However, it should be noted that in literature (7,) is
commonly found to decrease with Q (see, e.g., refs 57 and 58).

The open and solid triangles in Fig. 7 represent the () results of the glycerol-POSS mixture deduced from
BS for Q= 1.3 and 1.5 A~ respectively, close to the coherent static structure factor peak. For the three highest
investigated temperatures (T > 323 K; upright triangles), the () values from BS show reasonable agreement with
those obtained from DS for pure glycerol. However, at lower temperatures (inverted triangles), the relaxation
time obtained from the BS measurements deviates from (7,) from DS and at 274K (1000/T=3.65K ™) it agrees
with (74 ) determined by DS. Here the relaxation time is well within the instrument resolution® and it seems
that the contribution from the EW starts to dominate within the BS time window. To our knowledge, this is the
first time that the EW was detected by neutron BS investigations while there are several works where an EW or
secondary relaxation were found by other NS methods*®>*-¢!. On the other hand, the coherent NSE technique evi-
dently is mainly sensitive to the a-relaxation mode (cf. diamonds in Fig. 7). It should be noted that the obtained
relaxation-time values at {(Q) = 1.3 A" and 1.5 A~! are quite similar. Vispa et al. [ref. 61] have shown that at
Q= 1.3 A" the data for incoherent NS matches with the DS data where the coherent contribution is negligible.
The combination of our BS and NSE studies points to the fact that in close vicinity of the structural relaxation
peak (Q,=1.44 A~") the coherent and incoherent dynamics follow similar trends although they are not quanti-
tatively identical.

Another interesting result of the present work is the apparently much stronger relative amplitude of the EW in
glycerol with POSS, compared to the pure compound (Fig. 5). This enhanced amplitude may also be the reason
for its detectability in BS. It should be noted here that, based on the present results, it is not clear if indeed an
increased relaxation strength Aexy, causes this stronger EW or if its time scale becomes more separated from the
« relaxation. In the fits of Fig. 6, the parameters Aey,y, and 7,y obviously are strongly correlated because only
the high-frequency flank of the EW relaxation is actually visible in the spectra. Interestingly, as reported by us
earlier®, putting ions into glycerol by admixing LiCl leads to a stronger EW, too. Moreover, the DGEBA-POSS
mixtures investigated in ref. 28 also seem to show an increase of the relative amplitude of the secondary relax-
ation in this system, which is of JG type. Adding POSS or LiCl, undoubtedly leads to more heterogeneity in
the glass-forming system. Thus, one may speculate about a heterogeneity-related mechanism affecting the EW.
However, one should also be aware that the interactions between the molecules of the host glass former may be
influenced by the added compound, leading to a variation of Aegyy, or of the 7,/7gy ratio. For example, in ref. 56
the found effect of ion addition on the EW was discussed in terms of a partial breaking of hydrogen bonds, which
may also occur when POSS is added to glycerol.

In summary, our investigations of glass-forming glycerol with 7.7 wt% POSS using DS and NS techniques
have revealed strong effects of the added nanometre-sized heterogeneities on the structural dynamics and the
excess wing of this molecular glass former. The most interesting findings are a simultaneous broadening and
slowing down of the « relaxation. As pointed out by Johari**¥, these effects are in accord with the heterogeneity
scenario of glassy dynamics. Moreover, we find indications for an enhancement of the apparent relative amplitude
of the EW. Performing similar experiments for other glass formers with EW or with well-pronounced JG relaxa-
tion seems a promising approach to learn more about the microscopic mechanisms leading to these only poorly
understood features of glassy dynamics.

Methods

The hybrid-plastic polyhedral oligomeric silsesquioxane (POSS) was bought from Hybrid chemical manufacturer
(description: Al0136-Octa(3-hydroxy-3-methylbutyldimethylsiloxy) POSS with molecular weight=1707.03).
For SANS the solvent, deuterated (d) p-xylene (C,D4(CDs),) was obtained from Sigma-Aldrich, with 99% iso-
topic purity for deuterium. For the incoherent neutron backscattering and dielectric spectroscopy, glycerol-Hg
(C3H50;) of >99.5% purity from Sigma-Aldrich was used. For the coherent NSE experiments, deuterated
glycerol-D8 (C;D;0;) with a purity of 98% and 99% deuteration level was purchased from Cambridge Isotope
Laboratories.

Accurately weighed amount of POSS and glycerol were added together inside a glove box in a glass vial, to
avoid any moisture content. The glass vial was properly sealed with Teflon tape before taking it out of the glove
box. The mixture was then homogenously mixed using a magnetic stirrer (with occasional vortex mixing) at an
elevated temperature of 50 °C for 1 week to make sure the solution is clear and homogeneous.

The small angle neutron scattering (SANS) studies were performed at the High Flux Isotope Reactor (HFIR),
at ORNL using the Bio-SANS diffractometer. A typical SANS data reduction protocol, which consisted of sub-
tracting scattering contributions from the empty cell (5 mm Hellma cells), background scattering, and sorting
data collected from two different detector distances was used to yield normalized scattering intensities, I(Q)
(cm™') a.k.a. the macroscopic scattering cross-section (d3/d()) as a function of the scattering vector, Q (A
Data reduction was conducted employing the Igor Pro platform.

The quasi-elastic neutron scattering (QENS) experiments were performed at the Spallation Neutron Source
(SNS), Oak Ridge National Laboratory (ORNL) using the BS spectrometer BASIS and the Spin Echo spectrometer
SNS-NSE. BASIS is a time-of-flight (ToF) instrument where the energy exchanged by the neutron with the sample
is measured by determining the time that each detected neutron takes to travel from the sample to the detector.
The measurement configuration at BASIS was the standard one, with 3.51eV energy resolution (full-width at half
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maximum FWHM, Q-averaged value) and the dynamic range of £120 eV selected for the data analysis. The
data presented in Fig. 2 were collected over a momentum transfer band, AQ, 1.0 to 1.7 AL yielding an average
<Q>=1.3+0.2and 1.5+0.2 A~'. The sample was loaded into an annular cylindrical aluminum sample holder
with an outer diameter of 29.0 mm and an inner diameter of 28.9 mm, resulting in a sample thickness of 0.05 mm.
This sample thickness was chosen to keep the transmission of the incoming neutron beam >95%, a condition
maintained for BS to avoid multiple scattering. The reduced BS data were normalized by an annular vanadium
standard.

NSE spectrometers use the Larmor precession of the neutrons magnetic moment of an incoming polarized
beam in the magnetic field of two large solenoids, one placed before and one placed after the sample, as an internal
clock, thus measuring the energy exchanged between the scattered neutron and the sample. This method reaches
the highest energy resolution (neV) of all available neutron scattering instruments. At the SNS-NSE experiment
an incoming wavelength band, A\, from 4.58 to 7 A was used with 42 time channels for the time-of-flight data
acquisition. This allowed accessing a dynamic range of 5 ps <t < 38 ns, at a fixed scattering angle (20 =71.59°)
over a momentum transfer band, AQ, 1.05 to 1.59 A~! of the 30 x 30 cm? detector. Due to the rather low scatter-
ing intensity of the sample, integration over all time channels was performed. This is equivalent to the use of an
effective average incoming neutron wavelength of 5.76 A at an average momentum transfer <Q>=1.3+0.2A"".
For the measured coherent NSE data, corrections were performed using resolution data from a TiZr sample and
background from the empty cell. We used flat aluminum sample containers maintaining a sample thickness of
4mm sealed with indium wires. The data reduction was performed with the standard ECHODET software pack-
age of the SNS-NSE instrument. For further details the reader is referred to ref. 47.

For the dielectric measurements, parallel plate capacitors (diameter 6 mm) were filled with the liquid sample
material. The plate distance of 0.1 mm was fixed by corresponding glass-fibre spacers. The measurements were
performed using a frequency-response analyser (Novocontrol Alpha-A analyser). Cooling was achieved by a
closed-cycle refrigerator (CTI cryogenics).

References
1. Ediger, M. D, Angell, C. A. & Nagel, S. R. Supercooled Liquids and Glasses. J. Phys. Chem. 100, 13200 (1996).
2. Angell, C. A,, Ngai, K. L., McKenna, G. B., McMillan, P. E. & Martin, S. W. Relaxation in glassforming liquids and amorphous solids.
J. Appl. Phys. 88, 3113-3157 (2000).
3. Lunkenheimer, P, Schneider, U., Brand, R. & Loidl, A. Glassy dynamics. Contemp. Phys. 41, 15-36 (2000).
4. Lunkenheimer, P. & Loidl, A. Dielectric spectroscopy of glass-forming materials: o-relaxation and excess wing. Chem. Phys. 284,
205-219 (2002).
5. Johari, G. P. & Goldstein, M. Viscous Liquids and the Glass Transition. II. Secondary Relaxations in Glasses of Rigid Molecules.
J. Chem. Phys. 53, 2372-2388 (1970).
6. Kudlik, A., Benkhof, S., Blochowicz, T., Tschirwitz, C. & Rossler, E. The dielectric response of simple organic glass formers. J. Mol.
Struct. 479, 201-218 (1999).
7. Kastner, S., Kohler, M., Goncharov, Y., Lunkenheimer, P. & Loidl, A. High-frequency dynamics of type B glass formers investigated
by broadband dielectric spectroscopy. J. Non. Cryst. Solids 357, 510-514 (2011).
8. Schneider, U,, Lunkenheimer, P., Brand, R. & Loidl, A. Broadband dielectric spectroscopy on glass-forming propylene carbonate.
Phys. Rev. E 59, 6924-6936 (1999).
9. Gupta, S. et al. Excess wing in glass-forming glycerol and LiCl-glycerol mixtures detected by neutron scattering. Eur. Phys. J. E 38, 1
(2015).
10. Dixon, P. K., Wu, L., Nagel, S. R., Williams, B. D. & Carini, ]. P. Scaling in the Relaxation of Supercooled Liquids. Phys. Rev. Lett. 65,
1108-1111 (1990).
11. Hofmann, A., Kremer, E, Fischer, E. W. & Schonhals, A. In Disorder Effects on Relaxational Processes, doi: 10.1007/978-3-642-78576-4
(Springer, 1994).
12. R. L. Leheny & S. R. Nagel. High-frequency asymptotic shape of the primary relaxation in supercooled liquids. Europhys. Lett. 39,
447 (1997).
13. Schneider, U. & Brand, R. and Lunkenheimer, P. and Loidl, A. Excess wing in the dielectric loss of glass formers: A Johari-Goldstein
B-relaxation? Phys. Rev. Lett. 84, 5560-5563 (2000).
14. Ngai, K. L. et al. Nature and properties of the Johari-Goldstein 3-relaxation in the equilibrium liquid state of a class of glass-formers.
J. Chem. Phys. 115, 1405-1413 (2001).
15. Déss, A., Paluch, M, Sillescu, H. & Hinze, G. From strong to fragile glass formers: secondary relaxation in polyalcohols. Phys. Rev.
Lett. 88, 95701 (2002).
16. Hensel-Bielowka, S. & Paluch, M. Origin of the high-frequency contributions to the dielectric loss in supercooled liquids. Phys. Rev.
Lett. 89, 25704 (2002).
17. Johari, G. P. The Glass Transition and the Nature of the Glassy State. Ann. N.Y. Acad. Sci. 279, 117 (1976).
18. Stillinger, F. H. A Topographic View of Supercooled Liquids and Glass Formation. Science. 267, 1935 (1995).
19. Harmon, J. S., Demetriou, M. D., Johnson, W. L. & Samwer, K. Anelastic to plastic transition in metallic glass-forming liquids. Phys.
Rev. Lett. 99, 1-4 (2007).
20. Gotze, W. & Sjogren, L. Relaxation processes in supercooled liquids. Reports Prog. Phys. 55, 241 (1992).
21. Gotze, W. & Sperl, M. Nearly Logarithmic Decay of Correlations in Glass-Forming Liquids. Phys. Rev. Lett. 92, 105701-105701
(2004).
22. Sillescu, H. Heterogeneity at the glass transition: a review. J. Non. Cryst. Solids 243, 81-108 (1999).
23. Ediger, M. D. Spatially heterogeneous dynamics in supercooled liquids. Annu. Rev. Phys. Chem. 51, 99 (2000).
24. Kegel, W. K. & Blaaderen, A. van. Direct Observation of Dynamical Heterogeneities in Colloidal Hard-Sphere Suspensions. Science.
287, 290-293 (2000).
25. Schiener, B., Bohmer, R., Loidl, A. & Chamberlin, R. V. Nonresonant Spectral Hole Burning in the Slow Dielectric Response of
Supercooled Liquids. Science. 274, 752-754 (1996).
26. Mackowiak, S. A., Leone, L. M. & Kaufman, L. J. Probe dependence of spatially heterogeneous dynamics in supercooled glycerol as
revealed by single molecule microscopy. Phys. Chem. Chem. Phys. 13, 1786-1799 (2011).
27. Gupta, S. et al. Validity of the Stokes-Einstein Relation in Soft Colloids up to the Glass Transition. Phys. Rev. Lett. 115, 128302
(2015).
28. Johari, G. P. & Khouri, J. Effects of 2nm size added heterogeneity on non-exponential dielectric response, and the dynamic
heterogeneity view of molecular liquids. J. Chem. Phys. 137, (2012).

SCIENTIFICREPORTS | 6:35034 | DOI: 10.1038/srep35034 10



www.nature.com/scientificreports/

29.
30.

31.

39.
. Kohlrausch, R. Theorie des elektrischen Riickstandes in der Leidener Flasche. Ann. der Phys. und Chemie 91, 56-82 (1854).
41.
42.
43.
44.

45.
46.

47.
. Havriliak, S. & Negami, S. A complex plane analysis of a-dispersions in some polymer systems. J. Polym. Sci. Part C Polym. Symp.

49.
50.
51.
52.

53.
. Lunkenheimer, P. et al. Dielectric spectroscopy at high frequencies on glass forming liquids. Mat. Res. Soc. Symp. Proc. 455, 47-57

55.
56.
57.

58.
59.

60.

Khouri, J. & Johari, G. P. Note: Effects of adding a viscosity-increasing 2 nm-size molecule on dielectric relaxation features and the
dynamic heterogeneity view. J. Chem. Phys. 138,196101-196102 (2013).

Tracht, U. et al. Length Scale of Dynamic Heterogeneities at the Glass Transition Determined by Multidimensional Nuclear
Magnetic Resonance. Phys. Rev. Lett. 81, 2727-2730 (1998).

Reinsberg, S. A., Qiu, X. H., Wilhelm, M., Spiess, H. W. & Ediger, M. D. Length scale of dynamic heterogeneity in supercooled
glycerol near Tg. J. Chem. Phys. 114, 7299-7302 (2001).

. Cordes, D. B,, Lickiss, P. D. & Rataboul, F. Recent Developments in the Chemistry of Cubic Polyhedral.pdf. 2081-2173 (2010).
. Kopesky, E., Cohen, R. E. & McKinley, G. H. Thermomechanical properties of Poly(Methyl Methacrylate) Containing Tethered and

Untethered Polyhedral Oligomeric Silsequioxanes (POSS). Macromolecules 37, 8992-9004 (2004).

. Ueno, K. & Angell, C. A. On the Decoupling of Relaxation Modes in a Molecular Liquid Caused by Isothermal Introduction of 2nm

Structural Inhomogeneities. 13994-13999 (2011).

. Hammouda, B. Probing Nanoscale Structures - The SANS Toolbox, doi: 10.1016/j.nano0.2007.10.035 (2010).
. Chang, I. & Sillescu, H. Heterogeneity at the Glass Transition: Translational and Rotational Self-Diffusion. J. Phys. Chem. B 101,

8794-8801 (1997).

. Li, Y. & Chung, T. S. Molecular-level mixed matrix membranes comprising Pebax® and POSS for hydrogen purification via

preferential CO, removal. Int. J. Hydrogen Energy 35, 10560-10568 (2010).

. Mamontov, E. & Herwig, K. W. A time-of-flight backscattering spectrometer at the Spallation Neutron Source, BASIS. Rev. Sci.

Instrum. 82, 85109 (2011).
Bee, M. Quasielastic Neutron Scattering, Principles and Applications in Solid State Chemistry, Biology and Materials Science. (1988).

Williams, G. & Watts, D. C. Non-symmetrical dielectric relaxation behaviour arising from a simple empirical decay function. Trans.
Faraday Soc. 66, 80 (1970).

Mamontov, E. & Ohl, M. Slow dynamics of water molecules in an aqueous solution of lithium chloride probed by neutron spin-echo.
Phys. Chem. Chem. Phys. 15, 10732-10739 (2013).

Wattke, J., Petry, W. & Pouget, S. Structural relaxation in viscous glycerol: Coherent neutron scattering. J. Chem. Phys. 105, 5177
(1996).

Cole, K. S. & Cole, R. H. Dispersion and Absorption in Dielectrics I. Alternating Current Characteristics. /. Chem. Phys. 9, 341
(1941).

Bottcher, C. J. E & Bordewijk, P. Theory of Electric Polarization, Vol. II: Dielectrics in time-dependent fields. (Verlag Elsevier, 1978).
Mamontov, E. Diffusion in confinement as a microscopic relaxation mechanism in glass-forming liquids. Chem. Phys. Lett. 530,
55-60 (2012).

Monkenbusch, M. Neutron Spin Echo Spectroscopy, Lecture Notes in Physics 601. (Springer-Verlag, 2003).

14, 99-117 (1966).

Arbe, A., Richter, D., Colmenero, J. & Farago, B. Merging of the o and 3 relaxations in polybutadiene: a neutron spin echo and
dielectric study. Phys. Rev. E - Stat. Physics, Plasmas, Fluids, Relat. Interdiscip. Top. 54, 3853-3869 (1996).

Lunkenheimer, P, Pardo, L. C., Kohler, M. & Loidl, A. Broadband dielectric spectroscopy on benzophenone: « relaxation,
(3 relaxation, and mode coupling theory. Phys. Rev. E 77, 031506 (2008).

Donth, E., Schréter, K. & Kahle, S. Reply to “Comment on Merging of the o and {3 relaxations in polybutadiene: A neutron spin echo
and dielectric study”. Phys. Rev. E 60, 1099-1102 (1999).

Schneider, U., Brand, R., Lunkenheimer, P. & Loidl, A. Scaling of broadband dielectric data of glass-forming liquids and plastic
crystals. Eur. Phys. J. E 2, 67-73 (2000).

Davidson, D. W. & Cole, R. H. Dielectric Relaxation in Glycerine. J. Chem. Phys. 18, 1417 (1950).

(1997).

Schroter, K. et al. Dielectric spectroscopy in the of3 splitting region of glass transition in poly(ethyl methacrylate) and poly(n-butyl
methacrylate): Different evaluation methods and experimental conditions. Macromolecules 31, 8966-8972 (1998).

Kohler, M., Lunkenheimer, P., Goncharov, Y. & Loidl, A. Ions in glass-forming glycerol: Close correlation of primary and fast
B relaxation. Phys. Rev. E 87, 062320 (2013).

Petry, W. et al. Dynamic anomaly in the glass transition region of orthoterphenyl - A neutron scattering study. Zeitschrift fiir Phys.
B Condens. Matter 83, 175-184 (1991).

Wattke, J., Petry, W,, Coddens, G. & Fujara, F. Fast dynamics of glass-forming glycerol. Phys. Rev. E 52, 40264034 (1995).

Gupta, S., Mamontov, E., Jalarvo, N., Stingaciu, L. & Ohl, M. Characteristic length scales of the secondary relaxations in glass-
forming glycerol. Eur. Phys. J. E 39, 40 (2016).

Cicerone, M. T., Zhong, Q. & Tyagi, M. Picosecond Dynamic Heterogeneity, Hopping, and Johari-Goldstein Relaxation in Glass-
Forming Liquids. Phys. Rev. Lett. 113, 117801 (2014).

. Vispa, A. et al. glass-forming liquid. Phys. Chem. Chem. Phys. 18, 3975-3981 (2016).
. Vogel, H. The law of the relation between the viscosity of liquids and the temperature. Phys. Z. 22, 645-646 (1921).
. Tammann, G. & Hesse, W. The dependence of viscosity upon the temperature of supercooled liquids. Zeitschrift fuer Anorg. und Allg.

Chemie 156, 245-257 (1926).

Acknowledgements

SG thanks R. Zorn for helpful discussions. We thank S. V. Pingali for helping us with the SANS experiment.
Research conducted at ORNLs Spallation Neutron Source (SNS) and High Flux Isotope Reactor (HFIR) was
sponsored by the Scientific User Facilities Division, Office of Basic Energy Sciences, US Department of Energy
(DOE).

Author Contributions

S.G., PL. and M.O. designed the experimental studies. S.G., ]. K.H.F. and E.N. performed all the experiments
and the analysis; S.G., N.J. and M.O. were responsible for planning and performing the neutron scattering
measurements and data reduction. S.G., PL., A.L. and M.O. wrote the paper; paper; all of the authors read the
paper and provided editorial input.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Gupta, S. et al. Effect of adding nanometre-sized heterogeneities on the structural
dynamics and the excess wing of a molecular glass former. Sci. Rep. 6, 35034; doi: 10.1038/srep35034 (2016).

SCIENTIFICREPORTS | 6:35034 | DOI: 10.1038/srep35034 11



www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

= or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:35034 | DOI: 10.1038/srep35034 12



