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Dielectric relaxation measurements of the methylated alkanes, 3-methylpentane, 3-methylheptane,
4-methylheptane, 2,3-dimethylpentane, and 2,4,6-trimethylheptane by S. Shahriari, A. Mandanici, L-M Wang,
and R. RichertfJ. Chem. Phys.121, 8960s2004dg have found a primarya relaxation of these glass-forming
liquids and a slow secondaryb relaxation that are in close proximity to each other on the frequency scale.
These glass formers have one or more methyl groups individually attached to various carbons on the alkane
chain. They cannot contribute to such a slow secondary relaxation. Hence the observed secondary relaxations
is not intramolecular in origin and, similar to secondary relaxations found in rigid molecules by Johari and
Goldstein, they are potentially important in the consideration of a mechanism for the glass transition. These
secondary relaxations in the methylated alkanes are special and belong to the class of Johari-Goldstein in a
generalized sense. The coupling model has predicted that its primitive relaxation time should be approximately
the same as the relaxation time of the secondary relaxation if the latter is of the Johari-Goldstein kind. This
prediction has been shown to hold in many other glass formers. The published data of the methylated alkanes
provide an opportunity to test this prediction once more. The results of this work confirm the prediction.
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I. INTRODUCTION

Some secondary relaxations bear no relation in dynamic
properties with the primary ora relaxation. An example is
the lack of any appreciable pressure dependence of the sec-
ondary relaxation time in contrast to the observed strong
pressure dependence of thea relaxation in many glass
formers.1–4 These secondary relaxations likely have intramo-
lecular origin, involving local motion of a part of the mol-
ecule, and are unimportant for the consideration of glass
transition. On the other hand, there is a restricted class of
secondary relaxations having properties that mimic thea re-
laxation. Notable examples include4 s1d a significant pressure
dependence and a non-Arrhenius temperature dependence of
its relaxation time in the equilibrium liquid state,s2d a
change in slope of the temperature dependence of its dielec-
tric strength when crossing the glass transition temperature
Tg in a manner similar to the specific volume, enthalpy, and
entropy,s3d a good correspondence5–9 between the its relax-
ation time and the primitive relaxation time of the coupling
model.10–13 The existence of this special class of secondary
relaxations was first suggested by the discovery of secondary
relaxation in totally rigid molecules by Johari and
Goldstein.14–17Since rigid molecules have no internal degree
of freedom, their secondary relaxation cannot be assigned to
any trivial motion of an internal part of the molecule. It must
involve motion of the molecule as a whole, thereby acting
naturally as the precursor of the “cooperative” many-
molecule a relaxation. The secondary relaxation of rigid
molecules share the properties of the special class of second-
ary relaxations in nonrigid glass-formers, which are not in-
tramolecular in origin. In honor of the important discovery
by Johari and Goldstein, it is appropriate to use the term JG
relaxation to stand for this special kind of secondary relax-
ations in rigid as well as in some nonrigid glass formers. On
the other hand, the purpose or intention is ambiguous when
indiscriminately any observed secondary relaxation is called

a JG relaxation without applying any criterion.
There are indications that the JG relaxation is universal,

present in all glass formers. It is most familiar in small mo-
lecular and polymeric glass formers. The JG relaxation has
weaker relaxation strength than thea relaxation, and in some
cases may not be resolved when it is not well separated from
thea relaxation in time/freqeuncy scale. Nevertheless, it has
been found even in other classes of materials where its oc-
currence is somewhat a surprise. Examples include the mol-
ten salt 0.4CasNO3d2-0.6KNO3 sCKNd,18 the plastic
crystals19,20 especially the rigid ones such as cyanoadaman-
tane and the metallic glasses.21

Most recently, secondary relaxations were found even in
some simple glass-forming methylated alkanes including
3-methylpentane, 3-methylheptane, 4-methylheptane, 2,3-
dimethylpentane, and 2,4,6-trimethylheptane by Richert and
co-workers.22 Reference 22 called these substances branched
alkanes, but the word “branched” may give the wrong im-
pression of the presence of long side chains. For this reason,
we prefer to describe them here as methylated alkanes. Ex-
cept for the methyl groups, which execute fast rotations,
there are no side groups in these methylated alkanes that can
account for the slow secondary relaxations observed. Thus
they are likely secondary relaxations of the JG kind. In this
work the dielectric spectra of these methylated alkanes are
analyzed according to the coupling model description of the
evolution of dynamics from the primitive/independent relax-
ation to the cooperative many-moleculea relaxation, and
from which the primitive relaxation times are calculated. The
calculated primitive relaxation times are found to be in good
correspondence with the relaxation times of the observed
secondary relaxations, as previously found for JG relaxations
in many other glass formers.4–9

The methylated alkanes are basically hydrocarbons.
Hence, the results of this work are compared with the JG
relaxation and the a relaxation associated with a
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polyethylene-like glass transition occurring within the
self-assembled alkyl nanodomains with a typical size of
0.5−2 nm formed by the aggregation of alkyl groups of
different monmeric units of higher polysn-alkyl acrylatesd
and polysn-alkyl methacrylatesd in the melt.23,24

II. COUPLING MODEL INTERPRETATION OF a- AND JG
RELAXATION

The coupling modelsCMd emphasizes the many-body na-
ture of the a-relaxation dynamics of a neat glass former
through the intermolecular coupling of the relaxing species
with others in its environment.10–13 A rigorous solution of
simple coupled system10,11 has given support to the premise
of the CM. Here we restate in brief the physical basis of the
CM before extending it to include the connection to the JG
relaxations. The many-moleculea dynamics are
heterogeneous25 and complicated and only averages over
these heterogeneities are considered in the CM. The CM rec-
ognizes that all attempts of relaxation have the same primi-
tive ratet0

−1, but the many-body or many-molecule dynamics
prevent all attempts of molecules to be simultaneously suc-
cessful, resulting in faster and slower relaxing molecules or
heterogeneous dynamics. However, when averaged, the ef-
fect is equivalent to the slowing down oft0

−1 by another
multiplicative factor, which is time dependent. The time-
dependent rateWstd has the product formt0

−1fstd, where
fstd,1. In particular, it has to be

Wstd = t0
−1svctd−n s1d

with 0øn,1, in order that the solution of the
averaged correlation functionf from the rate equation
df /dt=−Wstdf, is the empirical Kohlrausch stretched expo-
nential function

fstd = expf− st/tad1−ng. s2d

Heren is the coupling parameter of the CM andb;s1−nd is
the fractional Kohlrausch exponent. More important the
many-molecule dynamics or the extent of the dynamic het-
erogeneity, larger is the coupling parametern and vice versa.
The time-dependent ratet0

−1svctd−n also leads immediately to
the most important relation betweenta and t0 of the CM
given by

ta = stc−nt0d1/s1−nd, s3d

after identifying tc introduced here bytc=s1−nd−s1/nd /vc.
Many-molecule dynamics cannot start instantly. In fact, from
neutron-scattering experiments and molecular dynamics
simulations of polymeric and small molecular liquids per-
formed at short times,13 the Kohlrausch function no longer
holds at times shorter than approximately 2310−12 s, and is
replaced by the linear exponential time dependence of the
primitive relaxation. This property indicates thattc is ap-
proximately equal to 2 ps for small molecule and polymeric
glass formers.13

The CM described above has recently been extended to
make the connection of its primitive relaxation timet0 with
the most probable relaxation time of the Johari-Goldstein

relaxation.4–9,26Such a connection is expected from the simi-
lar characteristics of the two relaxation processes4 including
s1d their local nature ands2d involvement of the entire mol-
ecule, and acting as the precursor of thea relaxation.

Since it may seem that there is now another role played
by the primitive relaxation,separateanddistinctivefrom that
described in the above for the Kohlrauscha relaxation, it is
necessary to give the following clarifications. At short times,
when there are few independent relaxations present, they ap-
pear separately in space as localized motions just as with the
JG relaxation. Hence

tJGsTd < t0sTd, s4d

and this is one role played by the independent relaxation. At
times beyondt0 or tJG, more units can independently relax,
but they cannot be considered as isolated events anymore,
because some degree of cooperativitysor dynamic heteroge-
neityd is required for the motions to be possible. The degree
of cooperativity and the corresponding length scale continues
to increase with time as more and more units participate in
the motion, as suggested by the evolution of dynamics of
colloidal particles with time obtained by confocal
microscopy.27 These time evolving processes contribute to
the JG relaxation at time longer thant0 or tJG over an ex-
tended time range until the maximum cooperativesor dy-
namic heterogeneityd length scale is reached. From then on,
the a relaxation having the averaged correlation function of
Kohlrausch takes over. This description of the evolving dy-
namics means that the JG relaxation are responsible for a
broad dispersion, similar in spirit to a Cole-Cole or
Havriliak-Negami distributions customarily assumed to rep-
resent the JG relaxation in the literature by many workers.
Within this definition of the JG relaxation, experiment per-
formed to probe it will find that “essentially” all molecules
contribute to the JG relaxation and the motions are dynami-
cally and spatially heterogeneous as found by dielectric hole
burning28 and deuteron NMRsRef. 29d experiments. This
coupling model description of the JG relaxation may help to
resolve the different points of view on its nature between
Johari17 and others.28–33

The fully cooperative sor dynamic heterogeneousd
a-relaxation regime has the maximum cooperatve volume or
dynamic heterogeneity length scaleLDH at the given tem-
perature. The averaged correlation function of the fully co-
operativea relaxation has the fractional exponential Kohl-
rausch form of Eq. s2d. The extent of heterogeneous
dynamics isLDH, and the deviation of the Kohlrausch func-
tion from linear exponential is measured byn. Both hetero-
geneous dynamics and of Kohlrausch are both parallel con-
sequences of the slowng down of the primitive relaxation by
many-molecule dynamics. Therefore, naturally a largerLDH
is associated with a larger coupling parametern appearing in
the fractional exponents1−nd of the Kohlrausch function
because both are measures of the many-molecule dynamics.
Broad-band dielectric relaxation measurements found in
some glass-formers that the dispersion of thea relaxation
narrows and hencen decreases with decreasingta on in-
creasing temperature aboveTg. The correlation betweenLDH
andn from the CM implies in anyone of these glass formers
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thatLDH follows n to decrease with decreasingta on increas-
ing temperature. On the other hand, for some glass-formers
such asaab-tris-naphthylbenzene,34 which has a constantn
over a considerable temperature range aboveTg, the CM
would predict thatLDH is constant over the same temperature
range. In general, comparisons of the parametersLDH andn
of different glass formers should be made uniformly at con-
stant ta, preferably all at their respectiveTg’s whereta is
equal to a long time andn is no longer temperature depen-
dent. The more stringent test of the correlation is on glass
formers of the same class, such as sorbitol, xylitol, threitol,
and glycerol. Although not the ideal test of glass formers in
the same class, the corelation betweenLDH andn is borne out
by comparingLDH for glycerol, ortho-terphenyl, and polysvi-
nylacetated obtained by multidimensional13C solid-state ex-
change NMR experiments.35–37 These experiments found, at
about T=Tg+10 K, the number of molecules per slow do-
main is 390 monomer units for polysvinylacetated, 76 mol-
ecules for ortho-terphenyl, and only 10 molecules for glyc-
erol. The coupling parametern deduced from the Kohlrauch
fit to the dielectric spectra nearT=Tg is 0.53, 0.50, and 0.29
for polysvinylacetated,38 ortho-terphenyl,39 and glycerol6,40

respectively. NMR experiments also confirm that the distri-
bution of relaxation rates is narrower for glycerol than it is
for either polysvinylacetated or ortho-terphenyl.37

There is a further experimental evidence of the close
connection between the primitive relaxation and the JG
relxation from the size of their jump angles. In the context of
the CM described above, the primitive relaxation is the un-
derlying mechanism of the dynamically heterogeneous mo-
lecular reorientations of thea relaxation. Thus, characteris-
tics of the primitive relaxation can be deduced from the
dynamically heterogeneous molecular reorientation of thea
relaxation. Multidimensional NMR32,33 experiments have
shown that the dynamically heterogeneous molecular reori-
entations ofa relaxation occurs by relatively small jump
angles with exponential time dependence, just like that of the
primitive relaxation. Furthermore, from one and two-
dimensional 2H NMR studies,30,31 the JG relaxation in
toluene-d5 and polybutadiene-d6 also involves small angle
jumps of similar magnitude at temperatures aboveTg. This
similarity in size of the jump angles of the primitive relax-
ation and the JG relaxation again supports the connection
between these two relaxation processes. They give rise to the
dynamically heterogeneousa relaxation through the many-
molecule dynamics.

III. COUPLING MODEL ANALYSIS OF a- AND JG
RELAXATION IN METHYLATED ALKANES

Richert and co-workers22 have used an ultraprecision ca-
pacitance bridge to make possible the dielectric relaxation
measurements of several glass-forming methylated alkanes
with very low dielectric loss in the frequency range 50 Hz to
20 kHz. The molecular liquids of this study are
3-methylpentane, 3-methylheptane, 4-methylheptane, 2,3-
dimethylpentane, and 2,4,6-trimethylheptane. All liquids dis-
play asymmetrica-loss peaks typical of supercooled liquids
and secondaryb relaxations of smaller amplitudes. We here

analyze their results with the coupling modelsSec. IId. The
fit to the dielectric loss peak in the isothermal loss data by
the one-sided Fourier tranform of the Kohlrausch function
fEq. s2dg determines the two parameters,n andta, character-
izing thea relaxation at that temperature. The primitive re-
laxation timest0 are calculated from thesea-relaxation pa-
rameters via Eq.s3d, and compared with the observed
secondary relaxation time of each of the methylated alkanes.
The purpose of the exercise is to check whether the coupling
model prediction for JG relaxation, Eq.s4d, holds for the
methylated alkanes or not.

A. 2,4,6-trimethylheptane (246TMH)

This is the largest molecule of the methylated alkanes
studied. In Fig. 1 the actually measured loss data lie within
the limited frequency range 50 Hz to 20 kHz of the ultrapre-
cision capacitance bridge. In this frequency range the four
loss peaks atT=140, 138, 136, and 134 K have the same
shape and can all be fit with the Kohlrausch-Williams-Watts
function, i.e., the one-sided Fourier transform of the Kohlra-
such functionfEq. s2dg, with n=0.44. An example of the fit

FIG. 1. Dielectric loss«9snd versus logarithmic frequency
for 2,4,6-trimethylheptane. The actually measured loss data all lie
within the limited frequency range 50 Hz to 20 kHz. The isothermal
data in this frequency range in descending order were taken at
140, 138, 136, 134, 132, 130, 128, 126, 124, 122, and 120 K. Some
of the lower-temperature data are shown as lines. The dashed line
is the KWW fit to the data at 136 K withn=0.44. For explanation
of the two master curves constructed by time-temperature superpo-
sition of isothermal loss data, and the legends of the arrows,
see text.
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to the data at 136 K is shown by the dashed line in Fig. 1. In
fitting the a loss by the Kohlrausch function, emphasis is
placed in obtaining good fit to the data near the peak and its
low frequency flank assuming there is no significant contri-
bution from conductivity or impurities. Inevitably, the Kohl-
rausch fit underestimates the loss on the high frequency flank
of the a loss. According to the CM description of the evolu-
tion of molecular dynamics with timesSec. IId, this endemic
deviation on the high-frequency flank is attributed to the de-
veloping cooperative processes with increasing length scale
that occurs in between the primitive relaxation and the fully
cooperativea relaxation having the Kohlrausch form. The
other isothermal data in the same frequency range in de-
scending order were taken at 132, 130, 128, 126, 124, 122,
and 120 K. The secondary relaxation is clearly resolved as
shoulders or peaks at the lower temperatures. For two of
these lower temperatures, 128 and 126 K, we constructing
master curves to extend the range to lower frequencies. Each
master curve shown in Fig. 1 is obtained by shifting the
actual data taken at higher temperatures horizontally to su-
perpose onto each other. A small vertical shift is applied to
account for the change in loss peak height according to the
s1/Td dependence, which has been established from the ac-
tual data taken at higher temperatures. The loss peak fre-
quencies of the master curves are approximately the frequen-
cies of thea peakna at 128 and 126 K. Another estimate of
na can be obtained from the fit to the Vogel-Fulcher-
TammannsVFTd law

log10sta/sd = A + B/sT − T0d s5d

given in Ref. 22 withA=−18, B=778 K, andT0=83.8 K.
This estimate ofna are shown by an upward pointing vertical
arrow near thea peak of the master curve at 128 and 126 K,
respectively. There is good correspondence between the two
approximations tona. The primitive frequency,n0, calculated
by a variant of the CM equations3d,

n0 = sncdnsnad1−n, s6d

wheren=0.44,nC=79.6 GHzscorresponding totc=2 psd, is
shown for each temperature by the vertical arrows. The
downward pointing arrows indicaten0 calculated fromna

determined as the loss peak frequency of the master curves at
128 and 126 K. The upward pointing arrows in the secondary
relaxation region indicaten0 calculated fromna obtained by
the VFT lawfEq. s5dg for all five temperatures 128, 126, 124,
122, and 120 K. The locations of the vertical arrows are near
where one would identify as the characteristic frequencies of
the secondary relaxationnb. We can conclude that the calcu-
latedn0 agrees well withnb and hence Eq.s4d is valid. The
results support the conclusion that the observed secondary
relaxation in 2,4,6-trimethylheptane is a JG relaxation.

At the lowest temperature 120 K of data shown in Fig. 1,
ta=103.5 s, which is quite long and this value obtained
by extrapolating the VFT equation may no longer be a good
estimate. An Arrhenius temperature dependence replaces
the VFT dependence in the glassy state, and thus the actual
ta at 120 K may be shorter than 103.5 s. This overestimate of
ta at 120 K may have something to do with the discrepancy
that the well-resolved secondarysJGd loss process at 120 and

122 K have nearly the same peak frequency, while the cal-
culatedn0 at these two temperatures differ by about 0.6 of a
decadesFig. 1d.

In Fig. 1, the master loss curves at 126 and 128 K con-
structed by shifting data at higher temperatures give a false
impression of the presence of an additional excess wingsi.e.,
a second weaker power law at the high-frequency flank of
the a-loss peak before reaching the JG relaxationd. This fea-
ture is an artifact of the shifting procedure and in fact it
originates from the data taken at the higher temperature of
128 K sopen trianglesd. At 128 K and temperatures above,nb

is not much higher thanna, and the JG relaxation is not
resolved and shows up as excess wing at the higher tempera-
tures. The true low-temperature curvessif measuredd would
not have an excess wing and thus the master curves should
not be shifted to low frequencies as far as indicated in Fig. 1,
which may also explain the discrepancy between the peak
frequencies of the master curve and that obtained by the VFT
equationsvertical arrowd at 126 K. Similar remarks apply to
other figures to be introduced in the subsections to follow.

The procedure used to extract the parametersn andna and
the construction of the master loss curves at lower tempera-
tures for 246TMH are repeated for the other methylated al-
kanes. For the sake of brevity, they are not duplicated in the
following subsections. Only brief description of the data of
the other methylated alkanes are given here. The details can
be found in Ref. 22.

B. 3-methylpentane (3MP)

The fits to the actually measured loss data of
3-methylpentane in the frequency range 50 Hz to 20 kHz by
the Kohlrausch-Williams-WattssKWWd function all yieldn
=0.39. An example is shown by the dashed curve for one of
the isothermal loss data in Fig. 2. The spectra in ascending
order were taken from 78 to 96 K with an increase of 2 K for
consecutive ones. The secondary relaxation is resolved as a
shoulder or peak at lower temperatures. The master curve
constructed for the two lower temperatures show the entire
dispersion. There is good correspondence between thena

determined as the loss peak frequency of the master
curves and from the VFT law given in Ref. 22. The legends
of the arrows drawn are the same as in Fig. 1. The primitive
frequenciesn0 calculated by Eq.s6d with na taken as the
peak frequency of the master curves are shown by the down-
ward pointing arrows. The upward pointing arrows in
the secondary relaxation region indicaten0 calculated from
na obtained by the VFT law of 3-methylpentane given in
Ref. 22. The calculatedn0 are in agreement withnb and
hence we conclude that the observed secondary relaxation in
3-methylheptane is a JG relaxation.

The intensity of theb relaxation relative to that of thea
relaxation as well the separation between their frequencies of
3-methylpentane at constantna are remarkably similar to
1,18-dis4-methoxy-5-methylphenyldcyclohexanesBMMPCd
sRef. 41d and iso-amyl bromide,42 in spite of the much
larger dipole moment of these two other glass formers.
BMMPC and iso-amyl bromide have values ofn equal to
0.40 and 0.39 respectively, practically the same as that of
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3-methylpentane. The three structurally very different glass
formers, 3-methylpentane, BMMPC and iso-amyl bromide,
is an example that the coupling parametern or the Kohl-
raucsh exponents1−nd of the a-relaxation principally deter-
mines the relation of the JG relaxation to thea relaxation.
Qualitatively, this can be expected from the Coupling Model
description in Sec. II of the evolution of molecular dynamics
as a function of time from the primitive relaxationsor the JG
relaxationd to the a relaxation. In this description, the in-
creasingly cooperative processes with developing length
scale that occurs in between the primitive relaxation and the
a relaxation are similar ifn is the same independent of the
glass former, as long asta or equivalentlyt0 fEq. s3dg is kept
constant. Thus the dielctric spectra of different glass-formers
having the samen become approximately isomorphic after
normalization by the maximum loss of thea relaxation. For
comparison of normalized spectra of glass formers with dif-
ferentn, see Fig. 12 in Ref. 43.

C. 2,3-dimethylpentane (23DMP)

The fits to the actually measured loss data of
2,3-dimethylpentane in the frequency range 50 Hz to 20 kHz
by the KWW function all yield n=0.39, same as

3-methylpentane. An example is shown by the solid curve in
Fig. 3. The spectra in ascending order were taken from 84 to
104 K with an increase of 2 K for consecutive ones. How-
ever, the intensity of the secondary relaxation relative to that
of the maximuma loss is smaller in 2,3-dimethylpentane
than in 3-methylpentane. This difference possibly explains
the secondary relaxation in 2,3-dimethylpentane was ob-
served mainly as a shoulder, while in 3-methylpentane it is
more pronouncedsFig. 2d. The master curves in Fig. 3 also
bear resemblance to BMMPC and iso-amyl bromide in dis-
persion. The legends for the arrows in Fig. 3 are the same as
in Figs. 1 and 2. The lowest temperature for whichn0 is
calculated is 86 K, where VFT equation indicates that
ta=102.9 s. Calculatedn0 at 84 K is not reported because the
VFT value ofta=104.2 s is no longer reliable. There is large
uncertainty in the location ofnb because of secondary relax-
ation shows up as a broad shoulder. Nevertheless the calcu-
lated n0 can be considered as a rough indicator ofnb for
2,3-dimethylpentane.

D. 3-methylheptane (3MH)

The spectra shown in Fig. 4 in ascending order were taken
from 98 to 118 K with an increase of 2 K for consecutive

FIG. 2. Dielectric loss«9snd versus logarithmic frequency for
3-methylpentanesRef. 22d. The actually measured loss data all lie
within the limited frequency range 50 Hz to 20 kHz. The spectra in
ascending order were taken from 78 to 96 K with an increase of 2 K
for consecutive ones. The dashed line is the KWW fit to the one set
of data with n=0.39. For explanation of the two master curves
constructed and the legends of the arrows, see text.

FIG. 3. Dielectric loss«9snd versus logarithmic frequency for
2,3-dimethylpentanesRef. 22d. The actually measured loss data all
lie within the limited frequency range 50 Hz to 20 kHz. The spectra
in ascending order were taken from 84 to 104 K with an increase of
2 K for consecutive ones. The dashed line is the KWW fit to the one
set of data withn=0.39. For explanation of the two master curves
constructed and the legends of the arrows, see text.
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ones.The KWW fits to the actually measured loss data
of 3-methylheptane yield the largest coupling parameter
n=0.45 among the methylated alkanes studied in Ref. 22
ssee Fig. 4 hered. This happens possibly because of the loca-
tion of the methyl group, making the molecule asymmetric
and hence increasing the intermolecular constraints between
the molecules. In contrast, the symmetric molecule
4-methylheptane has the smallestn=0.28 as we shall see in
the next subsection.

Similar to 2,4,6-trimethylheptane with a comparable
n=0.44, the secondary relaxation of 3-methylheptane is well
separated from thea-loss peak and shows up as resolved
peaks in the isothermal spectrasFig. 4d. The legends for the
arrows drawn in Fig. 4 are the same as given in Figs. 1–3.
The lowest temperature for whichn0 is calculated is 96 K,
where VFT equation indicates thatta=102.7 s. The calcu-
lated no is in good order of magnitude agreement with the
loss peak frequencynb of the JG relaxation. Equations4d is
valid and hence the observed secondary relaxation in
3-methylheptane is the JG relaxation.

E. 4-methylheptane (4MH)

The spectra shown in Fig. 5 in ascending order were taken
from 98 to 120 K with an increase of 2 K for consecutive

ones. Thea-loss peak of 4-methylheptane is significantly
narrower than all the other alkanes discussed before.
Naturally, the KWW fits to the actual data of
4-methylheptane in Fig. 5 gives a significantly smaller cou-
pling parametern=0.28. From Eq.s6d, the separation be-
tweenno and na sin units of Hzd on a logarithmic scale is
given by

log10n0 − log10na = ns10.9 − log10nad. s7d

Combined with the other CM relationn0<nJG fi.e., Eq.s4dg,
we have

log10nJG− log10na < ns10.9 − log10nad, s8d

which says that the separation betweennJG andna is smaller
for a smaller n at constant na. As an example, for
4-methylheptane andna=10−1 Hz, the separation is 3.3
decades fromn=0.28, compared with 5.36 decades from
n=0.45 if it is 3-methylheptane. The proximity of the JG
relaxation to the dominanta-loss peak makes it difficult for

FIG. 4. Dielectric loss«9snd versus logarithmic frequency for
3-methylheptanesRef. 22d. The actually measured loss data all lie
within the limited frequency range 50 Hz to 20 kHz. The spectra in
ascending order were taken from 98 to 118 K with an increase of 2
K for consecutive ones. The dashed line is the KWW fit to the one
set of data withn=0.45. For explanation of the two master curves
constructed and the legends of the arrows, see text.

FIG. 5. Dielectric loss«9snd versus logarithmic frequency for
4-methylheptanesRef. 22d. The actually measured loss data all lie
within the limited frequency range 50 Hz to 20 kHz. The spectra in
ascending order were taken from 98 to 120 K with an increase of 2
K for consecutive ones. The dashed line is the KWW fit to the one
set of data withn=0.28. For explanation of the two master curves
constructed and the legends of the arrows, see text. The inset shows
the dielectric loss«9snd versus logarithmic frequency for glycerol
from Ref. 40 together with the KWW fitsRef. 6d with n=0.29.
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the former to be resolved from the latter in 4-methylheptane.
Thus the JG relaxation in 4-methylheptane is not resolved
but hidden on the high frequency flank of thea-loss peak as
suggested by the location of the calculatedno for the master
curves constructed for the real data at 104 K in the main part
of Fig. 5. Since the peak frequencyna of the master curve is
practically the same as that from the VFT law given in Ref.
22, it is sufficient in Fig. 5 to indicate the calculatedno by a
single vertical arrow. The other vertical arrow nearby indi-
cates the calculatedno for the data taken at 102 K. In Fig. 5
in the experimental spectra of 4MH at 98, 100, and 102 K
there is the clear indication for another secondary peak at
much higher frequencies. Its position does not seem change
as temperature is lowered from 106 down to 98 K, whilena

decreases by several orders of magnitude. Hence, it cannot
be the JG relaxation. This feature in the spectrum is unique
to 4MH and not found in the other methylated hydrocarbons.
Its origin is uncertain because of the lack of experimental
data at higher frequencies.44

According to the CM, the rationJG/na depends onn
for a constant na. Hence the frequency dispersion of
4-methylheptane should be similar to other glass-formers
having values ofn comparable to 0.28 of 4-methylheptane,
even though they have widely different chemical structures.
This similarity is demonstrated by the isothermal dielectric
loss data of glycerol6,9,40 in the inset of Fig. 5, showing
the KWW fit with n=0.29 ssolid lined and the locations of
the calculatedno svertical arrowsd. Glycerol is just one of
many other examples that can be chosen to demonstrate
the similarity of their spectra to 4-methylheptane. They in-
clude propylene carbonatesn=0.27d,6,9 cresolphthalein-
dimethylether sn=0.25d,45 and N-methyl-«-caplolactam
sn=0.24d.6 Hence, the dynamics of the JG and thea relax-
ation in 4-methylheptane conform to the general rule on their
relation derived from the CM for glass formers having
smallern.

IV. DISCUSSION AND CONCLUSION

The methylated alkanes studied are derived by attaching
one or more methyl groups individually on various carbons
on the alkane chain. Other than the attached methyl groups,
there is no subgroup the motion of which can be identified
with the weak secondary relaxation observed in the methy-
lated alkanes. However, from other experimental works it is
known that the rotational motion of the attached methyl
group is fast, and decoupled from or not merged with thea
relaxation. On the other hand, the observed secondary relax-
ation is slow, tracks with thea relaxation in the equilibrium
liquid state, and shows signs of merging with thea relax-
ation ssee changes of the isothermal spectra in Figs. 1 and 4
on increasing temperatured. Hence the attached methyl group
or groups cannot be responsible for the observed slow sec-
ondary relaxation. Just as in rigid molecular glass formers
schlorobenzene and toluened or polymer without side groups
s1,2 or 1,4 polybutadiened, the existence of the secondary
relaxation found in the methylated alkanes is intriguing.
There is the possibility that these secondary relaxations,
which involves the motion of the entire molecule, may play a

fundamental role in generating the cooperativea-relaxation
through many-molecule dynamics. That is the reason why
these secondary relaxations have to be distinguished from
the trivial ones of intramolecular origin by classifying them
as the Johari-Goldstein relaxations. Criteria based on proper-
ties have been suggested to distinguish the JG relaxations
among secondary relaxations.6 In this work we use one of
these criteria that comes from the coupling model. This cri-
terion, Eq.s4d, says that the JG relaxation time is in approxi-
mate agreement with the primitive relaxation time calculated
entirely from the parameters of thea relaxation. The crite-
rion have been shown to work previously for the JG relax-
ations in many glass-formers, and here also in the methylated
alkanes. This is the principal result of this work.

Parameters characterizing thea relaxation of the methy-
lated alkanes have been given in Ref. 22 and here in the
previous section. The parameters include the Kohlrausch ex-
ponents1−nd and the steepnesssfragilityd index46 m

m= Ud log10sta/sd
dsTref/Td

U
T=Tref

, s9d

where Tref is an arbitrarily chosen temperature at which
tasTrefd is equal to a specified long time.46 The standard prac-
tice is to taketasTrefd=100 as done in Ref. 22 for the me-
thylated alkanes. Data of many glass-formers indicate thatm
anticorrelates46 with s1−nd, or correlates withn. However,
there are exceptions.47 The notable ones are propylene car-
bonate sn=0.27, m=91d and cresolphthalein-dimethylether
sn=0.25, m=72.5d.45 They have largem but small n
when compared with either glycerol47,48 sn=0.29,m=53d or
OTP sn=0.50,m=81d.39,48–50The deviation from the corre-
lations by some glass formers could be rationalized by say-
ing that the exceptions have unusual physical or chemical
structures, although this is by no means a satisfactory expla-
nation. This rationalization fails here because deviations
from the correlation are found in the family of methylated
alkanes having similar chemical structures. The most con-
spicuous case comes from a comparison of 4-methylheptane
sm=46, Tg=98.8 K, n=0.28d with 3-methylheptanesm=47,
Tg=97.4 K, n=0.45d. They have about the samem and
Tg, but their n parameters are so different. They belong to
the same chemical family except they have different archi-
tectures, i.e., 4-methylheptane is a symmetric molecule
but not 3-methylheptane. This is a good example of the
breakdown of the correlation betweenm and n that cannot
be easily rationalized. On the other hand, 2,4,6-
methylheptanesm=63, Tg=122.7 K, n=0.44d is symmetric
as 4-methylheptane, but it does not show an exception to the
correlation because it has largestm as well asn. According
to the CM, the dispersion of thea relaxation orn is deter-
mined mainly by the many-molecules dynamics engendered
by intermolecular interactions or coupling. The dependence
of molecular mobility on temperature, volumeV, and en-
tropy S has already entered26 into the primitive relaxation
time t0, as evidenced by the non-Arrhenius temperature
dependence,9,50 the dependence on pressureP of the JG re-
laxation time in the equilibrium liquid state,7 and other
properties4 The many-molecule dynamics magnify the de-
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pendences oft0sT,P,V,Sd via Eq. s2d and give rise to the
observed stronger dependences26 of tasT,P,V,Sd. Since the
Tg-scaled temperature dependence ofta si.e., md is deter-
mined byt0sT,P,V,Sd andn in addition, it is not surprising
that the correlation betweenm andn can breakdown in some
glass formers.

Closely related in chemical composition to the methylated
alkanes are the self-assembled alkyl nanodomains with size
of 2 nm formed by alkyl groups of different monomeric units
in higher members of polysn-alkyl acrylatesd and
polysn-alkyl methacrylatesd.23 A polyethylene-like glass tran-
sition occurs within the alkyl nanodomains. The larger alkyl
nanodomains with size of about 2 nm formed in polysn-octal
acrylatesd and polysn-octal methacrylatesd are now compared
with the methylated alkanes in properties. One property is
the steepness indexm. Although the standard practice is to
taketasTrefd=100 s, but for cases in whichta has not been
actually determined for such long times and is only estimated
by extrapolation using the VFT lawfEq. s5dg, a more prudent
choice ofTref is a shortertasTrefd. This practice was done for
the polyethylenelike glass transition in the alkyl
nanodomains23 with the choice oftasTrefd=10−1 s. The val-
ues ofm are equal to 29 and 33 for the alkyl nanodomains in
polysn-octal acrylatesd and polysn-octal methacrylatesd, re-
spectively. The coupling parametern in the KWW exponent
s1−nd was deduced24 to have the value of 0.35 and 0.33 for
the alkyl nanodomains in polysn-octal acrylatesd and polys
n-octal methacrylatesd respectively. From the VFT fits tota

fEq. s5dg of the methylated alkanes, the values ofm can be

calculated from the formula,m=s−1−Ad+T0s−1−Ad2/B, for
the same choice oftasTrefd=10−1 s. The values ofm is 48 for
2,4,6-trimethylheptane, 36 for 3-methylpentane, 39 for 2,3-
dimethylpentane, 37 for 3-methylheptane, and 36 for
4-methylheptane. Recalling then values of the methylated
alkanes from the previous section, the combination of the
two parameterssm,nd are s36, 0.39d for 3-methylpentane,
s39, 0.39d for 2,3-dimethylpentane, ands36, 0.28d for
4-methylheptane. These are not far from the combinations
s29, 0.35d for the alkyl nanodomains in polysn-octal acry-
latesd and s33, 0.33d in polysn-octal methacrylatesd, respec-
tively. The comparablem and n values of some of these
methylated alkanes and the alkyl nanodomains are not unex-
pected because their chemical structures are closely related.
The similarity goes further in that there is evidence of the
presence of an unresolved Johari-Goldstein secondary relax-
ation in the alkyl nanodomains.24 In both cases, the JG re-
laxation time is in approximate agreement with the calculate
primitive relaxation time.
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