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The coherent dynamics of a typical fragile glass former, meta-toluidine, was investigated at the
molecular level using quasielastic neutron scattering, with time-of-flight and neutron spin echo spec-
trometers. It is well known that the static structure factor of meta-toluidine shows a prepeak origi-
nating from clustering of the molecules through hydrogen bonding between the amine groups. The
dynamics of meta-toluidine was measured for several values of the wavevector transfer Q, which
is equivalent to an inverse length scale, in a range encompassing the prepeak and the structure fac-
tor peak. Data were collected in the temperature range corresponding to the liquid and supercooled
states, down to the glass transition. At least two dynamical processes were identified. This paper
focuses on the slowest relaxation process in the system, the α-relaxation, which was found to scale
with the macroscopic shear viscosity at all the investigated Q values. No evidence of “de Gennes”
narrowing associated with the prepeak was observed, in contrast with what happens at the Q value
corresponding to the interparticle distance. Moreover, using partially deuterated samples, the dynam-
ics of the clusters was found to be correlated to the single-particle dynamics of the meta-toluidine
molecules. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3691185]

I. INTRODUCTION

The slowing down of the dynamics of liquids well be-
low their melting temperature, without the crystallization pro-
cess taking place, down to a temperature where the micro-
scopic relaxation happens on the experimental time scale, at
the glass-transition, is one of the most interesting and still un-
resolved phenomenon. The dynamics of supercooled liquids
and the glass transition, often characterized by strongly non-
Arrhenius temperature dependence as well as markedly non-
Debye relaxation processes, are still objects of intense debate
in the scientific community. In the past twenty years, much ef-
fort has been devoted to the verification/falsification of one of
the most successful theories for the description of the dynam-
ics of supercooled liquids, the mode coupling theory (MCT).1

More recently, triggered by both experimental and molecu-
lar dynamics simulation results, the role of dynamical hetero-
geneities has been highlighted.2

The metadisubstituted benzene, meta-toluidine (m-
toluidine) with chemical formula CH3-C6H4-NH2 is a good
glass former (Tg = 183.5 K) with high fragility (fragility in-
dex m=79 ) (Refs. 3 and 4) in the classification scheme in-
troduced by Angell.4, 5 Because of these characteristics it has
been extensively studied in the past particularly for the val-
idation of the MCT.6, 7 Another relevant characteristic of m-

a)Electronic mail: afaraone@nist.gov.

toluidine is the presence of molecular clusters, evidenced by
a prepeak located at about 0.5 Å−1, which are due to hydro-
gen bonding between the NH2 groups. Morineau and Alba-
Simionesco8, 9 investigated the properties of this feature as
a function of both temperature and pressure using neutron
scattering. Califano and co-workers investigated the clusters
using computer simulations.10, 11 These groups agree that a
limited number of molecules, usually estimated to be less
than 10, because of the steric hindrance of the benzene rings,
takes part in the clusters. Extensive dynamical measurements
have been performed using both x rays7 and light scattering6,
as well as mechanical relaxation methods12, 13 and dielectric
spectroscopy.14–16

As already mentioned, neutron scattering has been used
effectively to investigate the structure of m-toluidine.8, 9 How-
ever, as far as the relaxational dynamics is concerned, to the
best of our knowledge, all that exists is a partially published
work using coherent quasielastic neutron scattering (QENS)
to investigate the dynamics of m-toluidine in the picosec-
onds to nanoseconds time scale.17 This study highlighted that
the dynamics of the system exhibit “de Gennes” narrowing,
a slowing down of the dynamics, at a wavevector transfer
Q that corresponds to the molecules’ center-to-center (CC)
distance.17 In fact, QENS allows the investigation of the re-
laxational dynamics over length scales ranging from fractions
of an angstrom to tens of angstroms over time scales from pi-
coseconds to tens of nanoseconds. In this respect, QENS is
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FIG. 1. Scheme describing the synthesis of the partially deuterated samples C7H2D7N (A) and C7H7D2N (B).

a technique unique in combining both microscopic time- and
length-scale resolution. Moreover, neutrons are scattered by
the nuclei, greatly simplifying the modeling of the collected
data. Because of these characteristics, this technique is very
valuable for an understanding of the molecular origins of dif-
ferent dynamical processes. For example, at least two dynami-
cal processes have already been reported for m-toluidine using
light scattering and dielectric relaxation measurements.6, 16

However, to the best of our knowledge, the temperature de-
pendence of the relaxational dynamics of the system was
not accurately studied as a function of temperature using
neutron scattering techniques. Moreover, only a preliminary
set of data has been shown for a wavevector transfer value
Q = 0.5 Å−1, corresponding to the prepeak.17

In the present work, we studied the dynamics of m-
toluidine in the liquid and supercooled states. In particular,
taking advantage of the spatial resolution of the QENS tech-
nique, we measured the characteristic relaxation time of the
scattering length density fluctuations, at Q = 0.5 Å−1, over the
length scale characteristic of the intercluster distance, 12 Å.
In this way, using partially deuterated samples, it was possi-
ble to directly investigate the dynamical behavior of the clus-
ters on approaching the glass transition. This dynamics was
compared to the relaxational processes measured at other Q
values in the range from ≈0.8 Å−1 to ≈2.2 Å−1. Two instru-
ments were employed for this study, namely a time-of-flight
(ToF) and a neutron spin echo (NSE) spectrometer. The for-
mer allowed the investigation of the relaxational dynamics
over length scales ranging from ≈8 Å to ≈3 Å in the time
range from ≈1 ps to ≈100 ps. The latter was employed to
investigate the dynamics up to 15 ns at specific length scales
relevant for this study, in particular the interparticle and the
intercluster distances.

Section II describes the experimental details of the study.
Section III reports the obtained results together with a dis-
cussion of their relevance for a better understanding of m-
toluidine’s relaxation dynamics at a molecular level. Sec-
tion IV is devoted to our conclusions.

II. EXPERIMENTAL DETAILS

A. Samples

Four m-toluidine samples, differing in isotopic compo-
sition, were employed in the study. A perdeuterated sample
(CD3–C6D4–ND2) was purchased from C/D/N Isotopes.18 A
fully hydrogenated (CH3–C6H4–NH2) sample was purchased

from Sigma-Aldrich.18 For both these samples, the liquid,
transparent with slight yellow coloration, was used without
further purification. Two partially deuterated samples were
prepared at the Center for Nanophase Materials Sciences
at the Oak Ridge National Laboratory (ORNL). Selectively
deuterated m-toluidines were synthesized using a catalyzed
H-D exchange reaction as outlined in the scheme reported
in Fig. 1.19 In a typical experimental procedure, m-toluidine
(14.6 g, 0.136 mol, Aldrich,18 99%), 10% Pd/C (1.48 g,
Aldrich,18 10 wt. % of substrate), and 5% Pt/C (2.83 g,
Aldrich,18 20 wt. % of substrate) in D2O (486 g, Cambridge
Isotope Laboratories,18 99%) were charged into a 1.2 l stain-
less steel Parr reactor.18 After purging with nitrogen for 30
min and hydrogen for 5 min, the reactor was heated to 180 ◦C
while stirring and kept at that temperature for 32 h. After
cooling to room temperature, the mixture was diluted with
ethyl acetate (EtOAc) (240 ml), and then filtered. The filtrate
was washed with EtOAc (3 × 50 ml). The combined organic
layers were washed with 50 ml deionized H2O (for partially
deuterated C7H2D7N, compound A in Fig. 1) and dried over
anhydrous MgSO4. After removing the solvent under vac-
uum, the desired product was obtained through high vacuum
short-path distillation over calcium hydride (CaH2). The
amount of partially deuterated C7H2D7N was 9.22 g (started
with 14.6 g of m-toluidine; isolated yield: 59.3%). The other
partially deuterated C7H7D2N sample (compound B in Fig. 1)
was obtained by simple H/D exchange in D2O. In a typical
procedure, 16.5 g of m-toluidine (0.154 mol) was mixed with
≈25 g of D2O in a 100 ml separatory funnel. After shaking
at least 3 times, the aqueous layer was removed. The same
procedure was repeated two more times with fresh D2O. The
partially deuterated m-toluidine-d2 was also further purified
by short-path high vacuum distillation over CaH2. The total
amount collected was ≈13.1 g (78% recovery). The products
were colorless oily liquids and were characterized with gas
chromatography mass spectroscopy and nuclear magnetic
resonance.

Most of the results reported in this paper were obtained
using the perdeuterated sample in which the incoherent sig-
nal can be neglected, as shown in the following. However,
it is well known8 that the prepeak is more evident in a par-
tially deuterated sample; on the other hand, in such samples
the incoherent signal is not negligible and therefore the sep-
aration of the coherent and incoherent contributions is not
trivial. Therefore, partially deuterated samples and a hydro-
genated sample were only used for a set of measurements
aimed at the specific investigation of the cluster dynamics,
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using a technique to eliminate the incoherent signal, as will
be explained in more detail in Sec. III B. The samples were
put in aluminum sample containers and were arranged in an
annular geometry with ≈1 mm thickness for the C7D9N and
C7H2D7N samples and ≈0.15 mm thickness for the C7H7D2N
and C7H9N samples. During the measurements the samples
were placed in a closed cycle refrigerator which allowed con-
trol of temperature with an accuracy better than 0.1 K.

B. Quasielastic neutron scattering measurements:
Time-of-flight

In a quasielastic neutron scattering measurement on a
traditional (as opposed to a spin echo) spectrometer,20 the
experimentally measured quantity is the double differential
scattering cross section, ∂2σ

∂�∂E
, defined as the probability that

a neutron is scattered in the solid angle comprised between
� and � + d�, exchanging an energy with the sample
comprised between E and E + dE. In a ToF instrument, 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 double differential
scattering cross section is proportional to the dynamic
structure factor as measured by neutrons, Sn

T oF (Q, E),

∂2σ

∂�∂E
= kf

ki

Sn
T oF (Q, E),

where ki and kf are the incoming and scattered neutron
wavevectors, respectively, and the wavevector transfer is
defined as Q = ki − kf . The exchanged energy E is defined
as E = Ei − Ef, Ei and Ef being the initial and final energy of
the neutron, respectively.

Sn
T oF (Q, E) is the sum of the coherent, Sn

coh(Q, E), and
incoherent, Sn

inc(Q, E), neutron dynamic structure factors

Sn
T oF (Q, E) = Sn

coh(Q, E) + Sn
inc(Q, E).

In a sample with n different types of atoms, the neutron
coherent dynamic structure factor can be defined as the sum
of the dynamic structure factors of all pairs of atomic species
α and β,

Sn
coh(Q, E) = 1

N

n∑
α=1

n∑
β=1

bcoh
α bcoh

β

√
NαNβSαβ (Q, E),

where N is the total number of atoms, bcoh
α is the coherent

scattering length of the α atoms, and

Sαβ (Q, E) = 1

2π
√

NαNβ

Nα∑
iα=1

Nβ∑
iβ=1

×
∫ ∞

−∞
〈e{i[Q·Riα (t)−Q·Riβ

(0)]}〉e(−iEt)dt,

Nα being the number of atoms of the α species in the sample.
The neutron coherent dynamic structure factor is the

Fourier transform of the neutron coherent intermediate scat-
tering function (ISF), defined as

I n
coh(Q, t) = 1

N

n∑
α=1

n∑
β=1

bcoh
α bcoh

β

√
NαNβIαβ(Q, t),

where

Iαβ(Q, t) = 1√
NαNβ

Nα∑
iα=1

Nβ∑
iβ=1

〈e{i[Q·Riα (t)−Q·Riβ
(0)]}〉.

As far as the incoherent contribution is concerned, in hy-
drogenated samples, because the incoherent scattering length
of hydrogen is much larger than that of any other isotope, its
contribution often approximates to that of the hydrogen atoms
only. Thus, the incoherent dynamic structure factor can be
easily defined in terms of the self-dynamics of the hydrogen
atoms only,

Sn
inc(Q, E) = 1

N
binc

H SH
inc(Q, E),

where binc
H is the hydrogen incoherent scattering length and

SH
inc(Q, E) = 1

2πNH

NH∑
i=1

∫ ∞

−∞
〈e{i[Q·RiH

(t)−Q·RiH
(0)]}〉e(−iEt)dt,

where RiH is the position of the i-th hydrogen atom.
The corresponding ISF is defined as

IH
inc(Q, t) = 1

NH

NH∑
i=1

〈e{i[Q·RiH
(t)−Q·RiH

(0)]}〉,

with SH
inc(Q, E) = FT {IH

inc(Q, t)}, where FT{} indicates the
Fourier transform operation.

In an amorphous sample, Q becomes a scalar variable, Q.
The ToF measurements were performed on the disk chop-

per spectrometer (DCS) at the NIST Center for Neutron Re-
search (NCNR).21 The incoming neutron wavelength was 5 Å
and the spectrometer was operated in the “low resolution”
mode. In this condition, the experimental resolution function
has a full width at half maximum of ≈100 μeV. Data were
collected from 220 K to 300 K in 20 K steps. An additional
measurement at 20 K, where all the relaxation dynamics of
the system is frozen in the time window of the instrument,
was used as a resolution function. A measurement performed
on a vanadium standard was used for detector normalization.
Using the package MSLICE of the software DAVE,22 the data
were reduced to dynamical structure factor spectra, S(Q, E),
at 15 fixed wavevector transfers, Q, where

Q =
√

2mn

¯
[2Ei − E − 2 cos θ

√
Ei(Ei − E)], (1)

mn and θ being the neutron mass and the scattering angle,
respectively. The obtained spectra were Fourier transformed
to the time domain and the instrumental resolution function
was deconvolved using the package available in DAVE.22

C. Quasielastic neutron scattering measurements:
Neutron spin echo

NSE spectrometers use the Larmor precession of the neu-
trons’ magnetic moment of an incoming polarized beam in
the magnetic field of two large solenoids, one placed be-
fore and one placed after the sample, as an internal clock,
thus measuring the energy exchanged between the scat-
tered neutron and the sample. The experimentally determined
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FIG. 2. The dynamic structure factor for deuterated m-toluidine at T = 300 K and T = 20 K, as measured on DCS. Note that in the two plots the vertical axis
scales are different. Also the slight upturn in the peak intensity in the T = 300 K data at low Q, is not related to the prepeak but is due to the sharpening of the
QENS spectra because of the slowing down of the dynamics at low-Q.

quantity is the number of neutrons transmitted through a neu-
tron polarization analyzer. The amplitude, Aecho, of the echo
signal, as the difference in the field integrals23 of the first and
second arms is varied, is proportional to I(Q, tF). The value
of the time, often referred in this context as Fourier time,
tF, is determined by the value of the field integral. The am-
plitude of the echo for tF = 0, equal to the static structure
factor, I (Q, 0) = ∫ ∞

−∞ S(Q,E)dE = S(Q), can be measured
by setting up the instrument in such a way that the neutrons
magnetic moments and solenoid magnetic field are aligned,
thus zeroing the Larmor precession. Two values are measured,
usually defined as Up and Dwn, the number of neutrons reach-
ing the detector through the analyzer with the incoming beam
polarization unchanged and reversed, respectively. The nor-
malized ISF is thus obtained as24–27

I n
NSE(Q, t)

I n
NSE(Q, 0)

= 2Aecho

Up − Dwn
. (2)

It should be kept in mind that, since the incoherent scat-
tering process has a 2/3 probability of flipping the neutron’s
spin direction,

I n
NSE(Q, t) = I n

coh(Q, t) − 1

3
I n
inc(Q, t).

For simplicity, in the remainder of the paper the super-
script n as well as the subscripts ToF and NSE will be omitted,
since the origin of the data will be clearly specified in the text.

Most of the NSE measurements were performed on the
neutron spin echo spectrometer at the NCNR.24 The incoming
neutron wavelength, λ, was 6 Å with a 	λ/λ ≈ 17.5%, which
allowed the investigation of the time range from 7 ps to 15 ns.
Data were collected (i) at Q = 0.5 Å−1, corresponding to the
prepeak, (ii) at Q = 1.3 Å−1, corresponding to the molecular
CC distance,9 and (iii) at Q = 1.7 Å−1, the maximum of the
structure factor peak in the fully deuterated sample. A mea-
surement at 10 K was used to determine experimentally the
resolution function. Data were reduced to the normalized in-
termediate scattering function, I(Q, t)/I(Q, 0), using routines
available in DAVE.22

Additional NSE measurements were performed at the
NSE instrument at the spallation neutron source (SNS) at the
ORNL.28, 29 The measurements were done with a wavelength
band from 4.94 Å to 7.96 Å, respectively, in 42 time chan-
nels. Just one given scattering angle was taken to finally reveal

momentum transfers between 0.39 Å−1 and 0.64 Å−1 of the
30 cm × 30 cm detector. Due to the rather low scattering in-
tensity of the sample integration over all time channels was
performed. This is equivalent to the use of an effective aver-
age incoming neutron wavelength of 6.5 Å. In this configura-
tion the obtained Fourier time span a range from 5 ps and 30
ns. The average Q value was finally ≈0.5 Å−1.

III. RESULTS AND DISCUSSION

Figure 2 reports the dynamic structure factor of
m-toluidine measured by DCS at T = 300 K and T = 20 K.
At T = 300 K, the main diffraction peak is bimodal with a
feature centered at ≈1.3 Å−1 and one centered at ≈1.7 Å−1.
In diffraction experiments on the same sample such bimodal
character is not evident9 and the peak at ≈1.3 Å−1 is only
a shoulder much like in the T = 20 K case. However, it is
known that the peak (or shoulder) at ≈1.3 Å−1 is related to
the aromatic rings center-to-center distance.9 In fact, in a par-
tially deuterated sample the maximum of the main diffrac-
tion peak is shifted closer to this Q value.8 The most visible
feature from Fig. 2 is the Q dependence of the height of the
quasielastic peak which is the elastic structure factor, S(Q, E
≈ 0), measured within the elastic channel resolution of the
spectrometer. Therefore, the finding reported in Fig. 2, which
highlights the difference between the elastic, S(Q, E ≈ 0), and
the static structure factor, S(Q), is not totally surprising but is
remarkable in that it clearly shows that the dynamics at the
length scales corresponding to the two maxima are distinct.
At T = 300 K, a quasielastic broadening is clearly evident,
whereas at T = 20 K the elastic peak width is determined by
the instrumental resolution function.

A. NSE results on perdeuterated m-toluidine

Figure 3 shows the structure factor of the perdeuterated
sample as measured on the NIST NSE spectrometer. Although
the instrument is not optimized for static measurements, using
polarized neutrons allows to separate the coherent and inco-
herent scattering contributions. This is easily obtained by the
measurement of both non-spin flipped and spin-flipped scat-
tered neutrons, because only the incoherent scattering con-
tributes to the spin-flip scattering with a weighting factor of
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FIG. 3. The structure factor for perdeuterated m-toluidine at T = 10 K as
measured on NSE. Using polarized neutrons it was possible to separate the
coherent and incoherent scattering contributions. Note that the contribution
from the empty can (negligible except at small Q) was not subtracted. The
arrows mark the Q values where NSE measurements were performed. Here
and throughout the paper error bars represent one standard deviation.

2/3. The data are in agreement with previous results, although
the prepeak is hardly visible, probably because of the poor
Q resolution of the instrument. Although it has been reported
that the main diffraction peak changes with temperature,9 no
significant temperature dependence of S(Q) was evident in
the investigated temperature range within the accuracy of the
measurements performed. Note that as far as the dynamic
NSE experiment is concerned, the incoherent contribution to
the measured echo is weighted by the factor −1/3. The arrows
in the plot indicate the Q values where NSE measurements
were performed.

Figure 4 reports the normalized dynamic structure fac-
tor, I(Q, t)/I(Q, 0), measured by NSE at Q = 0.5 Å−1,
Q = 1.3 Å−1, and Q=1.7 Å−1 in plots (a), (b) and (c), re-
spectively. Only one relaxation process appears in the investi-
gated time window. We do not observe any sign of additional
incoherent dynamics, which would show up as a negative re-
laxation component, as all the collected data points are pos-
itive within experimental uncertainties. For Q values higher
than ≈1.2 Å−1 this is easily explained considering that the
coherent scattering is ≈4 or more times larger than the inco-
herent contribution. However, at Q = 0.5 Å−1 the incoherent
contribution amounts to slightly less than 1

2 of the coherent
one. In this case, the lack of any incoherent dynamics signa-
ture could be explained, for example, by the fact that such
dynamics is outside the experimental window. Another pos-
sibility is that coherent and incoherent dynamics have similar
relaxation times. In this case the effect of the presence of the
incoherent contribution would only reduce the value of I(Q,
t)/I(Q, 0) at the lowest time values investigated. As will be
discussed in more detail in Sec. III B, this latter possibility
seems to be the most likely based on additional measurements
which will be discussed next. In general, however, the fact
that I(Q, t)/I(Q, 0) does not extrapolate to 1 at t = 0 indicates
that at least one additional fast relaxation process is present
in the system, although too fast to be measured on NSE. It is

(a)

(c)

(b)

FIG. 4. Plot (a), (b), and (c) show the normalized dynamic structure factor
of deuterated m-toluidine measured by NSE at Q = 0.5 Å−1, Q = 1.3 Å−1,
and Q = 1.7 Å−1, respectively. Squares: T = 260 K; circles: T = 250 K; up
triangles: T = 240 K; down triangles: T = 230 K; diamonds: T = 220 K;
hexagons: T = 210 K; stars: T = 200 K.

worth mentioning that the data decay to 0, confirming that the
longest relaxation time of the system is investigated, namely,
the α-relaxation. The I(Q, t)/I(Q, 0) curves were analyzed in
terms of a stretched exponential decay,

I (Q, t)

I (Q, 0)
= A exp

[
−

(
t

τ

)β
]

. (3)

As can be seen in Fig. 5 plot (a) the fitting results for the
stretched exponent values are temperature independent within
the experimental uncertainties in the temperature range from
T = 220 K to T = 260 K (a temperature interval where the
β values can be obtained more reliably as the I(Q, t)/I(Q, 0)
curves decay mostly within the time range probed by NSE).
Therefore, temperature averaged values for β could be ex-
tracted and used for subsequent analysis of the NSE data. Pre-
vious dielectric and mechanical relaxation investigations of
the dynamics of m-toluidine have reported a β value decreas-
ing with temperature.12, 14 However, a more recent investiga-
tion of the shear modulus, G(t), of the system in the super-
cooled state close to the glass transition showed that the time-
temperature superposition principle applies,13 which suggests
that β could be considered constant as a function of temper-
ature, within a certain accuracy at least in a limited range.
The continuous lines in Fig. 4 show the results of the fits with
the β parameter fixed to the temperature averaged value. The
quality of the fits is excellent. Although β is temperature in-
dependent, it varies significantly with Q. From the NSE re-
sults, the temperature averaged value of β for Q = 1.3 Å−1
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(a)

(b)

FIG. 5. The results of the fits of the NSE data using a stretched exponential
function, Eq. (3). Plot (a) reports the value of β which does not show any
significant temperature dependence. The horizontal lines represent the tem-
perature averaged values at the three Q values investigated. Plot (b) shows the
values obtained for the parameter A after fitting the results with the stretching
exponent fixed to its temperature averaged value. Open symbols refer to the
data collected on the NCNR NSE whereas the closed black squares are the
results of the analysis of the SNS NSE data. The blue dashed line is the fit
of the Q = 1.7 Å−1 data to Eq. (4). The continuous black line is the average
value for the Q = 0.5 Å−1 data.

is 0.59 ± 0.01 and for Q = 1.7 Å−1 it is 0.58 ± 0.01, al-
most double the value for Q = 0.5 Å−1, 0.35 ± 0.02. This
may originate from a distribution of cluster sizes affecting the
relaxation time of the intercluster correlation. However, the
results reported in Sec. III B point to a slightly more complex
scenario where m-toluidine molecules both involved and not
involved in the clustering phenomenon determine the relax-
ation dynamics observed in the perdeuterated samples, even at
Q values corresponding to the intercluster distance, introduc-
ing a significant heterogeneity of the observed dynamics. Pre-
vious mechanical relaxation measurements have shown that
close to the glass transition G(t) can be analyzed in terms of a
stretched exponential decay with a stretching parameter equal
to 0.56.13 This value is in good agreement with the average
stretching exponent value found in the NSE data analysis for
Q = 1.3 Å−1 and Q = 1.7 Å−1. This finding suggests that
the mechanical relaxation is coupled to the dynamics of the
molecular centers. On the other hand, the value of β close
to the glass transition determined from dielectric relaxation
measurements by fitting the α peak data to a Cole-Davidson
equation is 0.45,16 intermediate between the values obtained
by NSE at the prepeak and at the two Q values investigated

near the first structure factor peak. The same set of dielectric
data16 analyzed in terms of a Havriliak-Negami function give
values of the shape parameters mapping to30, 31 a β of 0.52,
closer to the values obtained in this work at Q values close to
the structure factor peak.

Figure 5(b) reports the values of the amplitude of the ob-
served α-relaxation as a function of temperature, from a fit of
the intermediate scattering function using Eq. (3) and fixing
the stretching exponent to its temperature averaged value. Ac-
cording to MCT the amplitude of the α-relaxation is constant
and equal to the critical non-ergodicity parameter, f c

Q, above
the kinetic glass transition temperature, Tc. Tc is defined as
the temperature at which the density correlator, in this case
coinciding with I(Q, t)/I(Q, 0), diverges, not decaying within
the experimental time window, taking a constant value equal
to f c

Q. It has been suggested that for m-toluidine Tc ≈ 228 K,7

although values as high as 233 K and as low as 220 K have
been obtained as well from a different analysis.6 Below Tc the
amplitude should follow a square-root temperature behavior

A = f c
Q + hQ

√
Tc − T

Tc

. (4)

From Fig. 5(b) it can be seen that for Q = 1.3 Å−1 and
Q = 1.7 Å−1 the obtained values of A obey the prediction of
MCT. In particular, for Q = 1.7 Å−1, the A values were fit-
ted to Eq. (4) obtaining the following results: f c

Q = 0.756 ±
0.003, hQ = 0.36 ± 0.01, and Tc = 218.2 K ± 1.3 K. The ob-
tained result for Tc is within the range of values suggested in
previous studies.6, 7 It should be noted that f c

Q + hQ is greater
than one, which is not physically sound. The probable cause
of this result is an inaccuracy in the estimation of hQ which is
obtained in a too limited range of temperature insufficiently
distant from Tc for an accurate fitting. We conclude that the
error in the determination of hQ is greater than 30%.

The value obtained for the non-ergodicity parameter as
reported from inelastic x ray scattering (IXS) measurements7

is in agreement with the present results. On the other hand,
the value of fQ obtained from light scattering measurements6

is much lower. Such a discrepancy can be explained by the
fact that the two measurements are taken at very different
Q values. In fact, the values obtained from IXS for fQ at Q
values smaller than 0.4 Å−1 show a sharp decrease which
could be consistent with an extrapolated value at Q →0 of fQ
≈ 0.4, in agreement with the results obtained by light scat-
tering. The likely origin of this Q dependence is the effect of
the structure factor whose profile should be mirrored by fQ.
However, it should be pointed out that the non-ergodicity pa-
rameter does not always exactly reproduce the structure factor
and that the Q behavior of S(Q) in the hydrodynamic limit is
not easily obtained experimentally in a neutron diffraction ex-
periment. Notwithstanding these considerations the effect of
the structure factor is a reasonable explanation for the differ-
ence between the values of fQ obtained in this work and by
IXS with respect to the results obtained by light scattering.

The A values for Q = 0.5 Å−1 do not show any increase
below Tc, as was found from the measurements obtained us-
ing the SNS NSE for T as low as 140 K. Within experimen-
tal uncertainties, the amplitude is independent of temperature
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and takes the value 0.72 ± 0.01. The previous IXS study7 did
not explicitly report the results for the non-ergodicity param-
eter corresponding to the cluster peak. However, the data just
above and below Q = 0.5 Å−1 show a similar temperature be-
havior to what was found here at Q = 1.7 Å−1, and there was
no mention of a particular behavior at Q ≈ 0.5 Å−1. As men-
tioned above, A values obtained from the fitting of the NSE
data at Q = 0.5 Å−1 could be affected by an incoherent dy-
namic contribution. However, it is not clear how this would re-
sult in a temperature independent value of the non-ergodicity
parameter. The increase of the non-ergodicity parameter at
T < Tc originates from the freezing of the microscopic dy-
namics within the cage of the first neighbor shell. With the
present results, it can only be speculated that at length scales
corresponding to the intercluster distance the temperature de-
pendence of the microscopic dynamics is different from what
was observed corresponding to the structure factor peak. The
available data are not sufficient to validate a physical picture
that is able to explain this finding. However, a possible ex-
planation is that, if the observed dynamics is related to the
motion of m-toluidine molecules leaving the cluster, the short
dynamics of such molecules, before the α-relaxation dynam-
ics initiate, is qualitatively different from that of the molecules
not involved in the clustering. As will be shown in the follow-
ing, there is strong evidence that the dynamics corresponding
to the cluster peak is dominated by the time scale of the sin-
gle particle dynamics of the m-toluidine molecules leaving the
clusters.

When dealing with the stretched exponential function,
which indicates the presence of a distribution of relaxation
times, it is customary to report the results in terms of the aver-
age relaxation time, 〈τ 〉, defined as the zeroth moment of the
stretched exponential function,

〈τ 〉 =
∫ ∞

0
dt exp−(t/τ )β = τ

β
�

(
1

β

)
. (5)

Average relaxation values, 〈τ 〉, obtained by fitting the
data using Eq. (3) and fixing the stretching exponent to its
temperature averaged value, are reported in Fig. 6. The re-
sults from the NCNR and SNS NSE spectrometers agree sat-
isfactorily confirming the reproducibility of the experiment.
As expected because of its fragility, the behavior is strongly
non-Arrhenius. The continuous black line in Fig. 6 shows the
behavior of the viscosity,13 arbitrarily scaled, to allow visual
comparison with the obtained relaxation times. The viscosity
data were parameterized as in Ref. 13 using a Vogel-Fulcher-
Tammann (VFT) law,

η = η0 exp

(
B

T − T0

)
, (6)

with T0 = 176.3 K and B = 547 K. As can be seen, the NSE
results align themselves roughly parallel to the black line, sug-
gesting that at all three Q values investigated the dynamics is
determined by the viscosity of the system.

In order to validate this point, Fig. 7 shows a scaling plot
of the collected data where the horizontal axis is the time di-
vided by the viscosity of the system at the corresponding tem-
perature. A similar scaling of NSE data was performed for the
investigation of the glass-forming system LiCl · 6D2O, with

FIG. 6. Arrhenius plot of the average relaxation times 〈τ 〉 (see Eq. (5)) ob-
tained from the fits of the NSE data using a stretched exponential function,
Eq. (3), fixing the stretching exponent to its temperature averaged value. The
open symbols refer to the results obtained using the NCNR NSE and the
closed squares refers to the results from the SNS NSE. The continuous black
line shows the temperature dependence of the viscosity, 13 arbitrarily scaled
to allow a comparison to the 〈τ 〉 values.

the aim of verifying the validity of MCT.32 However, also be-
cause of the presence of a peritectic point in the investigated
temperature range, the results were somewhat inconclusive.
In the m-toluidine case, a previous study has shown that the
time-temperature superposition principle applies at 230 K and
256 K, at Q = 1.3 Å−1 and 2.0 Å−1.17 Here, the data, at Q

(a)

(b)

(c)

FIG. 7. Plot (a), (b), and (c) show a scaling plot of the normalized dy-
namic structure factor of perdeuterated m-toluidine measured by NSE at Q
= 0.5 Å−1, Q = 1.3 Å−1, and Q = 1.7 Å−1, respectively, as a function of
the Fourier time divided by the viscosity. 13 Squares: T = 260 K; circles:
T = 250 K; up triangles: T = 240 K; down triangles: T = 230 K; diamonds:
T = 220 K; hexagons: T = 210 K.
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TABLE I. Fitting results for the scaling plot of Fig. 7.

Q (Å−1) A τ (T)/η(T) [.ns/(Pa · s).] β

0.5 0.727 ± 0.010 3.33 ± 0.21 0.35 ± 0.01
1.3 0.803 ± 0.006 4.06 ± 0.10 0.54 ± 0.01
1.7 0.799 ± 0.003 2.08 ± 0.03 0.55 ± 0.01

values encompassing the prepeak and structure factor peak
ranges, in the temperature range from 260 K to 200 K, nicely
fall on the corresponding master curves where the time axis is
scaled by the viscosity. A note of caution is in order, since two
different VFT regimes have been reported for the relaxation
dynamics of m-toluidine.13 However, the crossover between
the two regimes has been reported to occur at ≈215 K, at
the limit of the temperature range investigated, and therefore
it was ignored. It would have been interesting to investigate
this crossover but the limitation of the instrumental resolution
prevented this study. The good quality of the scaling plots in
Fig. 7 indicates that the same relaxation process is responsi-
ble for the microscopic relaxation of density fluctuations at
the length scales corresponding to both the intercluster and
interparticle distances, as well as for the macroscopic flow
of the liquid. The scaled data were fitted using a stretched
exponential function obtaining the results reported in
Table I.

As already anticipated the stretching exponents at Q
= 1.3 Å−1 and Q = 1.7 Å−1 coincide within experimen-
tal accuracy, whereas the β value for Q = 0.5 Å−1 is
significantly smaller, which could be rationalized considering
that the dynamics probed originates from molecules in a
significantly heterogeneous molecular environment. As far
as the A values are concerned, again the obtained results at Q
= 1.3 Å−1 and Q = 1.7 Å−1 almost coincide, whereas the
value at Q = 0.5 Å−1 is slightly smaller. Finally, it is now pos-
sible to better appreciate differences in the relaxation times at
the different Q values. In fact, the dynamics at Q = 1.7 Å−1

is twice as fast as the dynamics at Q = 1.3 Å−1. The Q de-
pendence of the dynamics will be discussed in more detail in
Sec. III C.

B. NSE results on partially deuterated m-toluidine
samples

By measuring the dynamic structure factor at
Q = 0.5 Å−1 it was possible to investigate the dynam-
ics of m-toluidine at a length scale similar to the intercluster
distance. However, it is not certain that the obtained dy-
namics coincides with that of the clusters themselves. This
is because, as shown in Fig. 3 the prepeak as measured
on a NSE spectrometer with poor Q resolution is not very
evident. Therefore, it is to be expected that different groups
of atoms , both involved and not involved in the clustering
phenomenon, contribute to the measured I(Q, t)/I(Q, 0). This
is confirmed by the finding that the β value for Q = 0.5 Å−1

is significantly smaller than that measured at Q = 1.3 Å−1

and 1.7 Å−1.

FIG. 8. (a) The structure factor measured by the NCNR NSE spectrometer
for C7H7D2N (solid black symbols), for C7H2D7N (open red symbols), and
C7H9N (starred open blue symbols). Squares, circles, and triangles refer to
the total, coherent, and incoherent scattering intensity, respectively. The size
of the error bars (not shown) is approximately the same as the size of the
symbols. (b) The total (black squares), coherent (red circles), and incoherent
(blue triangles) scattering intensity of Speak(Q) as defined in Eqs. (7)–(9),
respectively.

In order to address this issue, measurements were per-
formed on two partially deuterated m-toluidine samples,
namely, C7H2D7N and C7H7D2N, and on a fully hydro-
genated sample. It is known that the prepeak is more marked
in the partially deuterated samples than in a perdeuterated
sample. However, in these cases the incoherent contribution
is non-negligible which will corrupt any attempt to study the
coherent dynamics of the system. In the best case scenario
the incoherent dynamics would be observed and in the worst
an inextricable mixture of coherent and incoherent dynam-
ics would be measured. This can be seen in Fig. 8 (a) where
the structure factors measured on the NCNR NSE for the par-
tially deuterated samples are shown. As expected the prepeak
is more evident, especially in the C7H2D7N case, and the in-
coherent dynamics is dominant.

However, under the assumption that the incoherent scat-
tering of the three samples originates from the hydrogen
atoms only, it is possible to eliminate the incoherent contri-
butions and extract the structural feature of the prepeak, by
properly combining the measurements of the three samples.
The following quantities can be defined

S
peak

coh (Q) = FC7H2D7NS
C7H2D7N
coh (Q) + FC7H7D2NS

C7H7D2N
coh (Q)

−FC7H9NS
C7H9N
coh (Q), (7)
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S
peak

inc (Q) = FC7H2D7NS
C7H2D7N
inc (Q) + FC7H7D2NS

C7H7D2N
inc (Q)

−FC7H9NS
C7H9N
inc (Q) ≈ 0, (8)

Speak(Q) = S
peak

coh (Q) + S
peak

inc (Q)

= FC7H2D7NSC7H2D7N (Q) + FC7H7D2NSC7H7D2N (Q)

−FC7H9NSC7H9N (Q) ≈ S
peak

coh (Q), (9)

where Fx = Mx
w

MxT x and Mx
w, Mx, and Tx are the molecular

weight, mass in the can, and the transmission of the sample x,
respectively. In Eq. (9), data were corrected for self-shielding
and for the number of molecules in the beam, whereas other
corrections were neglected, such as the scattering from the
sample can, because they are smaller than the statistical error.
In particular, multiple scattering effects in the three samples
are expected to partly cancel each other and will give a Q in-
dependent contribution, unaccounted for in Eq. (9), which is
much smaller than the intensity at the prepeak position.

Figure 8(b) shows the result of the above described
method. Speak(Q) shows a very intense prepeak with a maxi-
mum at Q ≈ 0.6 Å−1 where the incoherent contribution is neg-
ligible. Admittedly the procedure is not perfect and affected
by significant statistical error but adequate for the objective of
minimizing the incoherent contribution.

The idea of Eq. (9) can be applied to obtain the interme-
diate scattering function of the prepeak at its maximum, Q
= 0.6 Å−1, from Eq. (2)

Ipeak(Q, t)

Ipeak(Q, 0)
= 2A

peak

echo

Uppeak − Dwnpeak
, (10)

with

A
peak

echo = FC7H2D7NA
C7H2D7N
echo + FC7H7D2NA

C7H7D2N
echo

−FC7H9NA
C7H9N
echo , (11)

Uppeak = FC7H2D7NUpC7H2D7N + FC7H7D2NUpC7H7D2N

−FC7H9NUpC7H9N, (12)

Dwnpeak = FC7H2D7NDwnC7H2D7N + FC7H7D2NDwnC7H7D2N

−FC7H9NDwnC7H9N . (13)

It is important to highlight that the summation and sub-
traction of the three terms have to be performed before calcu-
lating the normalized dynamic structure factor.

The rationale behind this procedure is that the coherent
dynamics of all the three samples originates from the sum of
the dynamic structure factors, Sαβ (Q, E), of the same pairs
of atoms, just differently weighted. Therefore, especially at
length scales larger than the molecular size, it is expected
that combining the coherent dynamic structure factors of the
three samples so as to eliminate the incoherent contribution
does not alter the information on the dynamics of the sys-
tem. It would be correct to say that Eqs. (9) and (10) rep-
resent a linear combination of scattering cross sections al-
though writing the corresponding equations in terms of the

definition of I n
coh(Q, t) will probably not clarify the physical

picture. In fact, although it would be possible to explicitly
write Speak(Q) in terms of different partial structure factors,
Sαβ (Q, E), the target of the present work is to single out the
contribution from the clusters of m-toluidine molecules rather
than to highlight the contribution from particular groups of
atoms as is often the case when partially deuterated samples
are employed. Concepts used in small angle neutron scatter-
ing (SANS) might help explain the underlying idea better.
At the length scale corresponding to Q ≈ 0.5 Å−1 a coarse
grained approach should still be valid for the present system
considering that the cluster size is limited. The use of partially
deuterated samples can be thought of as a way to increase the
contrast, as defined in SANS, between the clusters and the
surrounding molecules, at the expense of an increased inco-
herent background. Thus, in both partially deuterated samples
the structure associated with the clusters is a significant por-
tion of the coherent scattering in the Q range of relevance.
Also in the case of the perdeuterated and hydrogenated sam-
ples the coherent scattering can be considered, within some
approximation,33 as the sum of the coherent scattering from
the clusters with a much smaller contrast and the coherent
scattering from the other molecules not involved in the asso-
ciative behavior. The linear combination of Eqs. (9) and (10)
eliminates the incoherent background and the resulting co-
herent contribution is dominated by the well-contrasted struc-
tures related to the clusters. The validity of this approach is
verified in retrospect by the fact that S

peak

inc (Q, t) is almost
identically zero and S

peak

coh (Q, t) shows a clear peak at Q val-
ues known to correspond to cluster structures in m-toluidine.
Therefore, within a certain approximation, Ipeak(Q, t)/Ipeak

(Q, 0) at Q = 0.6 Å−1 is assumed to reflect the dynamics of
the clusters at the length scale of the intercluster distance. In
the perdeuterated sample, where the coherent scattering from
the clusters and from all other molecules is of comparable in-
tensity, the scattering length density fluctuations correspond-
ing to the length scale of 2π

0.5 Å−1 originating from molecules
involved and not involved in clusters is comparable. On the
other hand, for the partially deuterated samples those fluc-
tuations originating from the cluster dynamics have a larger
contrast and are therefore dominant.

Figure 9 shows the results of the procedure above de-
scribed for two sets of measurements performed at T = 250
K and 230 K. As can be clearly seen, the dynamics of the
prepeak scales with the viscosity. A comparison with the re-
sults obtained for the normalized dynamic structure factor
of the totally hydrogenated samples shows that it is similar
to IC7H9N (Q, t)/IC7H9N (Q, 0). Additional measurements per-
formed on a hydrogenous sample using DCS and the high
flux backscattering spectrometer at the NCNR further con-
firm this finding. This result indicates that the lifetime of the
cluster is mainly determined by the single particle dynamics
of the individual m-toluidine molecules forming the cluster
itself. The scaled data need to be fitted using a stretched ex-
ponential, Eq. (3), although the β exponent is in this case
closer to one, indicating that a less heterogeneous dynamics is
probed. This finding can be understood considering that in the
perdeuterated sample the dynamics of any pair of m-toluidine
molecules has a roughly equivalent weight in defining the
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FIG. 9. Scaling plot of the normalized dynamic structure factor Ipeak(Q,
t)/Ipeak(Q, 0) as defined in Eq. (10), for T = 250 K and 230 K. The con-
tinuous line represents the fit of the scaled data to a stretched exponential
function, Eq. (3).

coherent intermediate scattering function, irrespective of their
microscopic environment, which is probably significantly het-
erogeneous at supercooled temperatures both structurally and
dynamically. The significant stretch of the relaxation function
originates from this. By using partially deuterated samples
and combining their scattering according to Eqs. (9) and (10),
the resulting Ipeak(Q, t)/Ipeak(Q, 0) mostly reflects the dynam-
ics of the structures related to the clustering, which have an
enhanced scattering contrast, again using a term and concept
borrowed from SANS. The fact that the stretching exponent
in the case of Ipeak(Q, t)/Ipeak(Q, 0) is significantly closer to 1
than in the perdeuterated sample case, indicates that the dy-
namics of the clusters is significantly less heterogeneous. This
could be because each cluster is surrounded by a similar en-
vironment as well as because the dynamics of the individual
molecules leaving a cluster, thus ending its existence, approx-
imates a simple Debye relaxation process.

C. ToF results on perdeuterated m-toluidine

In order to investigate in detail the Q dependence of the
dynamics of m-toluidine, the use of a ToF instrument is more
appropriate, because several Q values can be investigated
at the same time. On the other hand, the understanding of
the temperature dependence of the relaxational dynamics ac-
quired using the NSE spectrometer was used for the analysis
of the DCS data. The dynamic structure factor data, Fourier
transformed to I(Q, t)/I(Q, 0) curves, were used to obtain vis-
cosity scaled plots of the normalized intermediate structure
factor similar to those obtained using NSE. The results for
three Q values are shown in Fig. 10, as an example. Note,
that in the DCS configuration employed the relaxation times
obtained below 0.8 Å−1 are not reliable because of the limita-
tion of the resolution function and are not reported. Again the
quality of the scaling plot is good confirming the conclusions
of Sec. III A of the paper.

FIG. 10. Scaling plot of the data obtained using the ToF instrument DCS.
Squares: T = 300 K; circles: T = 280 K; up triangles: T = 260 K; down
triangles: T = 240 K; diamonds: T = 220 K. Continuous lines represent fits
to a stretched exponential function, Eq. (3).

In the ToF data, we see a systematic deviation of the
data points at short time from scaling behavior. In fact, the
short time dynamics which was not in the NSE time window
can be appreciated in the DCS data. The investigation of the
fast dynamics was carried out in the energy domain. The pre-
liminary results indicate that the fast dynamics has a much
smaller temperature dependence than the α-relaxation. The
time scales involved as well as the temperature dependence
of the preliminary results are reminiscent of the behavior ob-
tained from the analysis of polarized and depolarized Bril-
louin spectra.6 This would suggest a correlation between the
observed fast dynamics and the reorientational dynamics of
the m-toluidine molecules. However, a more detailed analy-
sis and in depth discussion are necessary before this idea can
be validated. These are beyond the scope of the present paper
and will be object of a future publication.34

The results obtained in this work are summarized in
Fig. 11 as a function of Q, where the results of the fitting of the
scaling plots for both the DCS and NSE data are reported. In
general, the agreement between the results obtained using the
two spectrometers is remarkable. Plot (a) shows the amplitude
A, corresponding to the non-ergodicity parameter. According
to the MCT, f c

Q should mirror the behavior of the structure
factor. The obtained A values show a broad feature, with val-
ues in the range from ≈0.7 to ≈0.8, centered at ≈1.3 Å−1

which might reflect the S(Q), although shifted to lower Q. As
mentioned above, a previous investigation using inelastic x
ray scattering7 has shown a significant reduction of f c

Q only
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(a)

(c)

(b)

FIG. 11. This figure summarizes the results, as a function of Q, of the fitting
of the scaled data from both DCS and the NCNR NSE using a stretched
exponential function, Eq. (3): (a) the amplitude A; (b) the stretching exponent
β, and c) the average diffusion coefficient. In plot (c) the dashed black and
continuous red lines represent the inverse of the structure factor as measured
on the NCNR NSE (at T = 10 K) and on DCS (at T = 20 K), in an arbitrary
scale.

below Q = 0.4 Å−1. Finally, it is interesting to highlight that
A for Ipeak(Q, t)/Ipeak(Q, 0) is about 0.9, clearly larger than the
value obtained for the perdeuterated sample where, however,
as previously explained this value could be affected by the
presence of a non-negligible incoherent scattering contribu-
tion. As far as the stretching exponent is concerned the val-
ues for the perdeuterated sample do not show any significant
modulation in Q and are close to 0.5. In the case of the cluster
dynamics, as probed through Ipeak(Q, t)/Ipeak(Q, 0), β is sig-
nificantly higher indicating that less of a distribution of relax-
ation times is probed. This has been attributed to the fact that
Ipeak(Q, t)/Ipeak(Q, 0) is determined mostly by the m-toluidine
molecules involved in the clustering, a much less diverse en-
semble of molecules than those probed, even at the same Q
value, in the perdeuterated sample.

On the other hand, it would be more interesting to exam-
ine the Q dependence of the diffusion coefficient since evi-
dence of “de Gennes” narrowing has been reported.17 To do
so we define a viscosity corrected quantity proportional to an
average diffusion coefficient as

〈D〉η = η

〈τ 〉Q2
, (14)

where η

〈τ 〉 is determined from the fits of the viscosity scaled
data.

The obtained results for 〈D〉η are reported in Fig. 11(c).
The inverse of the structure factor in an arbitrary scale, as

measured by NSE and on DCS as the integrated intensity of
S(Q, E), is shown as well for comparison. A modulation of
the average diffusion coefficient can be appreciated. The Q
dependence of 〈D〉η mimics the behavior of 1

S(Q) , although
the slowing down of the dynamics starts at lower Q values
than the increase of S(Q). Moreover, the minimum of 〈D〉η is
reached roughly corresponding to the CC length scale rather
than at the maximum of S(Q). This finding indicates that the
α-relaxation probed is related to the motion of the molecule
as a whole. It is the first time that “de Gennes” narrowing
of the viscosity scaled dynamics in the temperature range en-
compassing both the liquid and supercooled states is reported
for m-toluidine.17 Incidentally, the bimodal behavior of S(Q,
E ≈ 0) around the structure factor peak position shown in
Fig. 2 is not exactly mirrored in the behavior of 〈D〉η. In
fact, the viscosity normalized average diffusion coefficient
has a minimum at ≈1.3 Å−1 followed by a shoulder or slight
plateau at higher Q. When comparing 〈D〉η to the height of the
quasielastic peak measured on DCS, it should also be consid-
ered that the elastic structure factor as seen in Fig. 2 is not nor-
malized by Q2 and depends on A and S(Q). More importantly,
the S(Q, E ≈ 0) as measured on DCS is affected by the instru-
mental resolution function. This, depending on the tempera-
ture, can significantly affect the relative height of the two con-
tributions at ≈1.3 Å−1 and ≈1.7 Å−1, especially considering
that the α relaxation process is significantly stretched. In fact,
where the relaxation rate is smaller, as at ≈1.3 Å−1, the height
of the quasielastic peak is smeared by the effect of the instru-
mental resolution more significantly than where the relaxation
rate is larger, as at ≈1.7 Å−1. A calculation of S(Q, E ≈ 0)
with an instrumental resolution of ≈100 μeV starting from
the results reported in Fig. 11 yields results consistent with
those measured on DCS within the used approximations.35

A comparison of the Q dependence of 〈D〉η and A with
respect to 1

S(Q) and S(Q) shows that in both cases the behav-
ior of these quantities is offset with respect to the structure
factor. Both these findings can be rationalized considering
that the shape of S(Q) is strongly affected by the amine and
methyl groups’ spatial correlation whereas both the diffusive
dynamics and the non-ergodicity parameter are related within
the MCT to the center-of-mass dynamics. In fact, both A and
〈D〉η have their extrema, maximum, and minimum respec-
tively, corresponding to the CC distance at ≈1.3 Å−1. Taken
together these results give strong support to the idea, intro-
duced by the previous NSE study on m-toluidine,17 that the
α-relaxation dynamics is more directly related to the structure
factor corresponding to the center of the molecules rather than
to the S(Q) measured not using partially deuterated samples.

No significant slowing down of the diffusion coefficient
can be appreciated, however, corresponding to the prepeak,
neither for IC7D9N (Q, t)/IC7D9N (Q, 0) nor for Ipeak(Q,
t)/Ipeak(Q, 0), indicating that no “de Gennes” narrowing
is associated with the prepeak for m-toluidine. Moreover,
the average diffusion coefficients as measured using the
perdeuterated sample and the partially deuterated ones are
largely similar, indicating that within a certain approximation,
at Q values around 0.5 Å−1, the dynamics of the molecules
in the clusters is not significantly different, although appar-
ently less heterogeneous, from that of the other m-toluidine
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molecules. In conclusion, the clusters do not behave dynami-
cally as a whole. Their dynamics coincides with the dynamics
of the molecules involved in the formation of the structures.
Moreover, the results reported here indicate that the dynamics
of these molecules amounts to their single particle dynamics.
The picture arising reminds of the one recently suggested for
the dynamics of lysozyme molecules in solution, which show
a so called “cluster” peak in the SANS spectra but which
behave dynamically as independent entities.36–38

IV. CONCLUSION

The dynamics of m-toluidine was investigated in the liq-
uid and supercooled states down to the glass transition. Us-
ing the QENS technique, and two different types of spec-
trometers, namely, a ToF and neutron spin echo, the mi-
croscopic dynamics at length scales ranging from ≈12 Å
to ≈3 Å was investigated. The data show that the micro-
scopic dynamics scales with the macroscopic viscosity in the
whole range of temperature and length scale investigated.
“de Gennes” narrowing corresponding to the interparticle dis-
tance was shown in the temperature range from 300 K to
220 K. Moreover, the dynamics of the system at Q values cor-
responding to the prepeak, the structure factor feature indi-
cating the distance between m-toluidine molecular clusters,
was investigated as a function of temperature for the first
time. The results obtained using a perdeuterated sample were
critically compared with those obtained by combining in a
novel method the information contained in the dynamic struc-
ture factors of two partially deuterated samples and of the
fully hydrogenated sample. Also the obtained dynamics of
the clusters scales with the macroscopic viscosity and a com-
parison with the incoherent dynamics structure factor sug-
gests that the lifetime of the clusters depends on the single
particle dynamics of the individual m-toluidine molecule in
the cluster. The reported results validate the hypothesis by
Morineau and Alba-Simionesco8 that the aggregates corre-
lated to the prepeak are limited in size and do not affect
the glass transition phenomenon. It might be interesting to
compare this behavior with that of other systems in which
the prepeak originates from a stronger and more extensive
structuring.
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